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Preface

This Institute of Medicine report was the result of a request by the Department of De-
fense’s (DoD’s) Military Nutrition Division of the U.S. Army Research Institute of Environ-
mental Medicine (USARIEM) to the Institute of Medicine (IOM) to review the potential role 
of nutrition in improving the outcomes of traumatic brain injury (TBI) at the acute stage. 
As background, the committee was to include an overview of types of TBI that are most 
commonly associated with combat operations. The committee also was asked to identify 
research needed in promising areas.

Active military service members experience a high percentage of traumatic brain injury 
ranging from severe to mild cases. The biological mechanisms of TBI are still not fully under-
stood, and it involves a cascade of events resulting in a diversity of adverse effects in many 
realms of an individual’s health. In fact, brain injury has been the topic of several National 
Academies studies in the past decade, many of them revealing the paucity of answers in re-
gard to treating or preventing the injury. To date, there is no single standardized or effective 
approach for managing TBI and targeting a single aspect of the injury cascade following 
TBI has largely been unsuccessful. Because of the evidence that nutrition can modulate brain 
function in the healthy and injured population, nutrient approaches have been proposed as 
a way to provide resilience prior to TBI and as an adjuvant to other treatments after injury. 
The U.S. military forces are currently deployed in areas that present new challenges, such 
as the use of new types of warfare that increases the risk of experiencing blast injuries. In 
addition, since 2001, the number of troops deployed and the frequency and length of de-
ployments augment the demands on our troops. The numbers of military personnel being 
affected by TBI in its various types (concussion/mild, mild, moderate, severe, penetrating, 
or blast) have frequently reached the news. As awareness of this public health problem 
increases, the military has devoted more resources in technology, research, diagnosis, and 
treatment to manage this disease.

A committee of 11 experts was formed with extensive knowledge across both military 
and civilian populations in the areas of neurology; nutritional sciences, clinical nutrition 
and dietetics; physiology; physical medicine and rehabilitation; psychiatry and behavior; 
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xii PREFACE

biochemical and molecular neuroscience; epidemiology/methodology; and the pathobiology 
of traumatic brain injury. In addition to its reviews of literature and discussions in closed 
meetings, the committee had the opportunity to have rich discussion with other experts 
in clinical care and research during two public workshops. On behalf of the committee, I 
sincerely thank the participants and speakers who contributed to the two workshops held 
to inform this study (see Appendix A) and to address topics critical to the completion of 
the committee’s work. Their presentations served as essential references and resources for 
the committee.

The majority of the committee recommendations direct DoD to conduct research. It is 
the opinion of the committee that nutrition is a promising component of managing TBI, but 
many answers are still needed before any nutrition intervention can be utilized.

I would like to express my appreciation to Andrew Young, Chief of the Military Nu-
trition Division for his help in clarifying the task of the committee and being available to 
answer questions. I also would like to gratefully acknowledge the effort and skill that com-
mittee members brought to this report. Their backgrounds and experience made it possible 
to integrate nutritional science and neuroscience and to think forward about improving the 
outcomes of TBI. Finally, I thank the project staff of the National Academies: Maria Oria, 
study director, Laura Pillsbury, associate program officer, and Gui Liu, senior program as-
sistant for their tireless dedication to the production of this report.

TBI also is a major health concern for the civilian population, and the actual burden 
of TBI in the United States is underestimated. It is my hope that this report assists not only 
DoD in its efforts to improve outcomes from TBI but also the public health community as a 
whole. I envision that this report will encourage different groups to work together toward 
answering the many answers still remaining.

John W. Erdman, Chair
Committee on Nutrition, Trauma, and the Brain
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1

Summary

The U.S. military has seen significant advances in the prevention and treatment of 
wartime injuries. Science, medicine, and engineering have progressed to the point that the 
number of casualties of current wars is at a historic low compared with the wars of the past 
century. Today’s warfighters benefit from multiple protections against penetrating injury. 
However, more widespread use of weapons like improvised explosive devices (IEDs) is lead-
ing to a higher number of nonpenetrating head and neck wounds, particularly traumatic 
brain injury (TBI). Mild single and recurrent injuries are especially worrisome because they 
might be silent—and consequently not treated—for months or years, only later becoming 
symptomatic and jeopardizing optimal health and performance. Although estimates of 
incidence vary, TBI has emerged as an important concern for the military, which in 1992 
established the Department of Defense (DoD)/Department of Veterans Affairs (VA) Defense 
and Veterans Brain Injury Center to serve the military through clinical care, research initia-
tives, and educational programs.

Any injury to the brain, the main center for receiving and processing information and 
response, will likely result in a complex disease or condition. The military defines TBI as a 
traumatically induced structural injury or physiological disruption of brain function result-
ing from an external force that is indicated by new onset or worsening of symptoms involv-
ing level of consciousness, memory, mental or neurological states, or intracranial lesion 
(DOD, 2009). TBI has also been categorized as an ongoing process that affects multiple 
organs and systems and that may cause or accelerate other diseases and disorders that can 
reduce life expectancy (Masel and DeWitt, 2010). Although the characteristics of the disease 
will vary with the individual and injury and the sequence of events is not yet completely 
understood, there are several common pathobiological processes, including intracranial 
hemorrhage, excitotoxicity, ionic disturbances, decreased cerebral blood flow, edema, oxida-
tive stress, inflammation, and damage and death of brain cells that occur during the acute 
(i.e., within minutes) and subacute (i.e., within 24 hours) phases. Other effects will manifest 
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2 NUTRITION AND TRAUMATIC BRAIN INJURY

much later after the injury, although they will still be a consequence of the initial insult. 
In this longer-term phase, TBI has been associated with neurological disorders, neurode-
generative disorders (e.g., Alzheimer’s disease, Parkinson’s disease, and chronic traumatic 
encephalopathy), neuroendocrine disorders, psychiatric and psychological diseases, nonneu-
rological disorders, and musculoskeletal dysfunction. Managing this multifaceted disease is 
a challenge. Given TBI’s complex pathobiology and acute, subacute, and long-term effects, 
both the timing and duration of administration of any potential interventions are important 
to consider.

Nutrition has emerged as a possible approach for the prevention of or therapy for 
injuries to the brain, including neurodegenerative disorders and ischemia. DoD requested 
that the Institute of Medicine (IOM) convene an ad hoc committee to review the existing 
evidence for the potential role of nutrition in providing resilience or treating the acute and 
subacute effects of neurotrauma, with a focus on TBI.

SCOPE OF THE STUDY AND APPROACH OF THE COMMITTEE

This report reviews nutritional approaches that show promise in providing resilience 
or treating the acute and subacute effects of TBI. The committee was not asked to evaluate 
the role of nutritional therapies in the rehabilitation phase or the potential role of nutri-
tion in ameliorating long-term effects of TBI. It is important to note that the chronological 
boundaries of acute, subacute, and long-term effects are not clear. For example, an event 
such as angiogenesis, which is typically associated with long-term wound healing, is initiated 
within the brain during the acute phase. This report therefore includes some studies that 
also evaluate seemingly long-term outcomes that may be initiated in the acute and subacute 
phases of the disease. This report does not address other outcomes such as neurodegenera-
tive (e.g., Alzheimer’s disease, Parkinson’s disease), neuroendocrine, psychiatric, and other 
nonneurological disorders that appear later in life and may be associated with TBI but for 
which a causal relationship with the original injury has not been clearly established.

In spring of 2010, the IOM appointed a committee of 11 experts with extensive knowl-
edge in the areas of neurology; nutritional sciences, clinical nutrition, and dietetics; physiol-
ogy; physical medicine and rehabilitation; psychiatry and behavioral science; biochemical 
and molecular neuroscience; epidemiology/methodology; and the pathobiology of TBI. Two 
public workshops featuring presentations by civilian and military subject matter experts in 
TBI provided important information for the committee. A review of the scientific literature 
was conducted to examine physiological sequelae and metabolic responses to TBI, with the 
purpose of identifying mechanistic interventions. Nutrients were reviewed for their efficacy 
on TBI or on brain injuries with pathologies related to TBI, such as hypoxia, epilepsy, and 
subarachnoid hemorrhage. The committee also reviewed current practice guidelines for spe-
cific nutritional approaches to the clinical treatment of TBI on the battlefield, in garrison, 
or in hospital intensive care units (ICUs). In general, the nutrients were selected based on 
their potential role in restoring cellular energetics, reducing oxidative stress and inflamma-
tion, and repairing and recovering from the injury. The following nutritional interventions 
were identified for review: energy needs for severe cases of TBI, acetyl coA, antioxidants, 
branched-chain amino acids, choline, creatine, ketogenic diets, magnesium, nicotinamide 
adenine dinucleotide (NAD+), n-3 fatty acids, polyphenols, probiotics, vitamin D, and zinc. 
Three of the nutritional interventions (i.e., acetyl-L-carnitine, niacin, and probiotics) initially 
selected were not included in the report because of insufficient evidence to reach conclusions 
about effectiveness from animal and human studies, or concerns for harm.
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SUMMARY 3

CONCLUSIONS AND RECOMMENDATIONS

This report emphasizes the importance of nutrition not only to augment overall defen-
sive mechanisms against the effects of TBI but also as postinjury treatment to lessen the acute 
and subacute effects of TBI. The committee found that the majority of clinical guidelines for 
TBI do not specifically address optimal nutritional support for TBI. Based on the literature 
searches the committee concluded that conducting a review of the nutrition approaches 
to improve long-term effects of TBI, which was part of the initial task and later excluded 
because of financial constraints, would also be important (see also workshop papers by 
Metzger, Gomez-Pinilla, and Sands in Appendix C).

The recommendations were reached by consensus and are a reflection of the gap in data 
about the efficacy of most of the nutrition approaches reviewed. For this reason, except for 
early feeding of severe cases, the committee thought it premature to direct DoD to adopt 
any of them at this time. For the approaches that are supported by enough preclinical and, 
in some cases, clinical data, the committee sees the potential benefits for TBI patients and 
reached consensus about research needed in some promising areas. The report includes 
recommendations for research on the specific nutrition approaches that are promising and 
warrant further investigation. The research recommended will serve to confirm published 
results and to refine the protocols (i.e., optimal route of administration, timing, and dose).

The committee made recommendations for updating the evidence-based guidance for 
severe TBI with the provision of early feeding (Box S-1) as well as for research on continu-
ing the development of animal models and the identification of biomarkers (Box S-2), on 
assessing nutritional status and intake of military populations (Box S-3), and on promising 
areas of nutrition research (Boxes S-4 and S-5). Finally, the committee includes a general 
recommendation to develop and update evidence-based guidance for TBI in the future, as 
more evidence about the value of nutritional interventions becomes available (Box S-6). The 
committee offers here its reflections on the prioritization of research based on its opinion of 
the likelihood of positive results for lessening the effects of TBI. Research on interventions 
for which human trials to explore the efficacy of improving the outcomes of TBI already 
exist or are ongoing have been presented as “most promising research” (Box 17-4). Research 
on interventions for which animal studies in TBI or human studies in associated conditions 
have shown improvements in outcomes are presented as “other research” (Box 17-5). DoD 
is encouraged to conduct the research internally, to support extramural research, or to col-
laborate with others in order to obtain answers more effectively.

The committee recognizes that conducting clinical research on TBI is extremely complex 
and that the understanding of the differences in pathophysiology between mild and severe 

BOX S-1 
Standardize the Provision of Energy and Protein to Patients with Severe TBI

RECOMMENDATION 6-1. The committee recommends that evidence-based guidelines include the 
provision of early (within 24 hours after injury) nutrition (more than 50 percent of total energy expen-
diture and 1–1.5 g/kg protein) for the first two weeks after injury. This intervention is critical to limit the 
intensity of the inflammatory response due to TBI, and to improve outcome.
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4 NUTRITION AND TRAUMATIC BRAIN INJURY

injuries is continuously evolving. Randomized clinical trials in a TBI population are difficult 
to carry out, and long-term prospective studies among high-risk populations are costly. Still, 
the committee emphasizes the need to follow best practices when designing such studies, 
and the importance of the following: (1) using appropriate biomarkers and animal models 
(see recommendations 3-1 and 3-2), (2) considering the full spectrum of TBI, (3) recording 
adverse effects, (4) recording gender and age differences, (5) carefully monitoring the quality 
of the compounds being tested, (6) using effective chemical forms and sources, based on their 
bioavailability, metabolism, and ability to reach the target area, (7) optimizing the route and 
timing of administration and dosage, and (8) recording synergistic and antagonistic effects 
with nutrients and dietary supplements or other substances in the diets of military personnel.

Energy and Protein Needs in Patients with Severe TBI

The current clinical practice guidelines for patients with TBI or other critical illnesses 
recommend early feeding, but the elements of the feeding regimen vary substantially, from 

BOX S-3 
Assessing Nutrition Status

RECOMMENDATION 5-1. DoD should conduct dietary intake assessments in different military set-
tings (e.g., when eating in military dining facilities or when subsisting on a predominantly ration-based 
diet) both predeployment and during deployment to determine the nutritional status of soldiers as a 
basis for recommending increases in intake of specific nutrients that may provide resilience to TBI.

RECOMMENDATION 5-2. Routine dietary intake assessments of TBI patients in medical treatment 
facilities should be undertaken as soon after hospitalization as possible to estimate preinjury nutri-
tion status as well as to provide optimal nutritional intake throughout the various stages of treatment.

RECOMMENDATION 5-3. In individuals with TBI, DoD should estimate pre-injury and post-injury 
dietary intake or status for those nutrients, dietary supplements, and diets that might show a relation-
ship to TBI outcome. For example, based on the current evidence, the committee recommends col-
lecting those estimates for creatine, n-3 fatty acids, choline, and vitamin D. The data could be used to 
investigate potential relationships between preinjury nutritional intake or status and recovery progress. 
Such data also would show possible synergistic effects between nutrients and dietary supplements.

BOX S-2 
Continue Improving Animal Models and Identifying Biomarkers

RECOMMENDATION 3-1. The committee recommends that DoD, in cooperation with others, refine 
the existing animal models to investigate the potential benefits of nutrition throughout the spectrum 
of TBI injuries, that is, mild/concussion, moderate, severe, and penetrating, as well as repetitive and 
blast injuries. Development of animal models is particularly urgent for concussion/mild TBI and brain 
injuries due to blast as well as for repetitive injuries. These models also will aid in understanding the 
pathobiology of TBI, which is particularly needed for concussion/mild TBI, blast, and repetitive injuries.

RECOMMENDATION 3-2. The committee recommends that DoD, in cooperation with others, continue 
to develop better clinical biomarkers of TBI (i.e., mild/concussive, moderate, severe, penetrating, 
repetitive, and blast injuries) for the purposes of diagnosis, treatment, and outcome assessment. In 
addition, the committee recommends the identification of biomarkers specifically related to proposed 
mechanisms of action for individual nutritional interventions.
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SUMMARY 5

BOX S-4 
Most Promising Research Recommendations

RECOMMENDATION 6-2. DoD should conduct human trials to determine appropriate levels of blood 
glucose following TBI to minimize morbidity and mortality. These should be clinical trials of early feed-
ing using intense insulin therapy to maintain blood glucose concentrations at less than 150–160 mg/
dL versus current usual care of acute TBI in ICU settings for the first two weeks.

RECOMMENDATION 6-3. DoD should conduct clinical trials of the benefits of insulin therapy for care 
of acute TBI in inpatient settings with total parenteral nutrition (TPN) alone (or plus enteral feeding) 
versus enteral feeding alone. The goals for blood glucose in the TPN group should be lower (e.g., 
less than 120 mg/dL) than in the enteral group (e.g., less than 150–160 mg/dL). Variables to measure 
include clinical outcomes and incidence of hypoglycemia.

RECOMMENDATION 6-4. DoD should conduct studies to determine the optimal goals for nutrition 
(e.g., when to begin meeting total energy expenditure for optimal lean tissue maintenance or repletion) 
after the first two weeks following severe injury.

RECOMMENDATION 8-1. DoD should continue to monitor the literature on the effects of nutrients, 
dietary supplements, and diets on TBI, particularly those reviewed in this report but also others that 
may emerge as potentially effective in the future. For example, although the evidence was not suf-
ficiently compelling to recommend that research be conducted on BCAAs, DoD should monitor the 
scientific literature for relevant research.

RECOMMENDATION 9-1. DoD should monitor the results of the Citicoline Brain Injury Treatment 
(COBRIT) trial, a human experimental trial examining the effect of CDP-choline and genomic factors 
on cognition and functional measures in severe, moderate, and complicated mild TBI. If the results 
of that trial are positive, DoD should conduct animal studies to define the optimal clinical dose and 
duration of treatment for choline (CDP-choline) following TBI, as well as to explore choline’s potential 
to promote resilience to TBI when used as a preinjury supplement.

RECOMMENDATION 10-1. Based on the evidence supporting the effects of creatine on brain func-
tion and behavior after brain injury in children and adolescents, DoD should initiate studies in adults 
to assess the value of creatine for treating TBI patients.

RECOMMENDATION 13-1. DoD should conduct animal studies that examine the effectiveness of 
preinjury and postinjury oral administration of current commercial preparations of purified n-3 fatty 
acids on TBI outcomes.

RECOMMENDATION 13-2. Based on the evidence that fish oil decreases inflammation within hours 
of continuous administration, human clinical trials that investigate fish oil or purified n-3 fatty acids 
as a treatment for TBI are recommended. For acute cases of TBI, it should be noted that there are 
intravenous fish oil formulations available in Europe, but these are not approved by the FDA. Continu-
ous enteral feeding with a feeding formula containing fish oil should provide equivalent effects for this 
purpose in the early phase of severe TBI when enteral access becomes available.

RECOMMENDATION 16-1. Based on a report showing efficacy in humans, the committee recom-
mends that animal studies be conducted to determine the best practices for zinc administration after 
concussion/mild, moderate, and severe TBI, such as determining the therapeutic window for zinc ad-
ministration, the length of treatment time for greatest efficacy, and the optimal level of zinc to improve 
outcomes. These trials should also evaluate the safety of zinc, based on concerns about toxicity and 
overload. Results from these studies should be used to design human clinical trials using zinc as a 
treatment for TBI.
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the route of administration to the specific timing of initiation and the optimal method to 
estimate energy needs.

Based on recent meta-analyses showing that mortality and morbidity of TBI patients 
are improved by early feeding, the committee strongly supports the provision of energy and 
protein to patients with severe TBI early after injury. This important recommendation should 

BOX S-6 
Future Update of Evidence-Based Guidelines

RECOMMENDATION 2-1. Evidence-based nutrition guidelines specific for severe TBI should be 
updated. These guidelines should address unique nutritional concerns of severe TBI when different 
from generic critical illness nutrition guidelines (e.g., meeting energy needs and benefits of specific 
nutrients, food components, or diets). In addition, current guidelines to manage mild and moderate TBI 
should include recommendations for nutritional interventions. The guidelines should be developed in a 
collaborative manner with the various key stakeholders (e.g., American Dietetic Association, Depart-
ment of Veterans Affairs, DoD).

BOX S-5 
Other Research Recommendations

RECOMMENDATION 7-1. Based on the literature from animal and human trials concerning stroke 
and epilepsy, DoD should consider a clinical trial with TBI patients using an array of antioxidants in 
combination (e.g., vitamins E and C, selenium, beta-carotene) should be considered by DoD.

RECOMMENDATION 11-1. DoD should conduct animal studies to examine the specific effects of ke-
togenic diets, other modified diets (e.g., structured lipids, low-glycemic-index carbohydrates, fructose), 
or precursors of ketone bodies that affect energetics and have potential value against TBI. These 
animal studies should specifically consider dose, time, and clinical correlates with injury as variables. 
Results from these studies should be used to design human studies with these various diets to deter-
mine if they improve outcome against severe TBI. These studies should include time as a variable to 
determine whether there is an optimal initiation point and length of use.

RECOMMENDATION 11-2. If these studies show benefits, DoD should further investigate whether 
the potential beneficial effect of such ketogenic or modified diets or precursors to ketone bodies ap-
plies to concussion/mild and moderate TBI. Before conducting these studies, DoD should consider the 
feasibility (i.e., how to ensure compliance with a modified diet) of using diets that affect the metabolic 
energy available, such as ketogenic diets, for the treatment of TBI.

RECOMMENDATION 14-1. Based on positive outcomes in small-animal models of TBI with curcumin 
and resveratrol, DoD should consider conducting human trials. In addition, other flavonoids (e.g., 
isoflavones, flavanols, epicatechin, theanine) should be evaluated in animal models of TBI.

RECOMMENDATION 15-1. The committee recommends more animal studies be conducted to de-
termine if vitamin D enhances the beneficial actions of progesterone in the treatment of TBI. If this 
synergistic effect is confirmed in animals, then studies in humans should be conducted to evaluate 
the extent to which vitamin D supplementation might improve the efficacy of progesterone treatment.

RECOMMENDATION 15-2. Based on animal studies showing a requirement of vitamin D for the ef-
ficacy of progesterone therapy, future animal studies are recommended to test the efficacy of using 
vitamin D supplements to improve resilience to TBI. Should the data from animal studies support 
use of this steroid hormone, human trials should be implemented to test the efficacy of vitamin D in 
populations at high risk for TBI.

RECOMMENDATION 16-2. Future work is needed in both humans and animal models to determine 
the extent to which chronic preinjury zinc supplementation can improve resilience in the event of a TBI.
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be implemented immediately and will achieve significant positive outcomes by reducing the 
inflammatory response, which is likely to be at its height during the first 2 weeks after the 
injury.

Continue Improving Animal Models and Identifying Biomarkers

Appropriate animal study designs and biomarkers of injury and recovery are important 
components of a research agenda to support any hypothesis about the benefits of nutrition 
interventions (Box S-2). Reviews of the literature on animal models reveal limitations, es-
pecially for animal models of mild/concussion and blast TBI. Likewise, recent reviews on 
biomarkers for TBI reveal substantial limitations that decrease their value, such as poor 
discrimination between levels of injury severity, especially mild TBI; limited sensitivity; 
poor correlation between serum and brain levels; or systemic increases in the absence of 
TBI. Developing better clinical biomarkers of all types of TBI for the purposes of diagnosis, 
treatment, and outcome assessment is warranted. Nutrient mechanisms of action in TBI are 
still being studied, and it would be premature to identify any marker of nutritional interven-
tions. Multiple biomarkers in conjunction with clinical data may offer better predictability 
of outcome.

Conducting Nutrition Assessments

Conducting nutrition assessments among active duty military personnel is costly and 
logistically challenging, particularly in combat zones, but collecting such information is 
necessary because the equivalent of NHANES data (i.e., health and nutritional data for 
adults and children in the United States) is lacking for the military population. Data on food 
consumption and nutrient intakes prior to mobilization would be valuable when making 
nutrition recommendations as a preventive approach. Knowing the nutrition status of TBI 
patients pre- and postinjury will also be essential to determine whether specific nutrient 
supplements would improve their health outcomes. The committee makes general recom-
mendations about evaluating nutrition status in the military (Box S-3).

Research Needs on Nutritional Goals for Severe TBI

Although the importance of early feeding for patients with severe TBI is recognized and 
recommended in this report, there are still key questions, such as determining the optimal 
blood glucose concentration for the period immediately after a severe injury. The committee 
concluded that it is important to develop best feeding practices both for the initial period 
after TBI when the systemic inflammatory response is likely to be at its height, and also 
after about two weeks when concern about lean tissue maintenance and repletion assumes 
greater importance and tolerance to feeding is likely to be improved. Both hyperglycemia 
and hypoglycemia can occur in the critically ill, with the risk of hypoglycemia being higher 
in brain tissues that have glucose as their required source of energy. A number of recent 
studies have shown the negative effects of hypoglycemia on the likelihood of mortality in 
the critically ill, including TBI patients. The concept of permissive underfeeding has been 
applied to TBI patients in order to reduce the risk of hyperglycemia and its adverse effects. 
Increasing protein intake while following a lower energy intake regimen will improve the 
retention of lean tissue and may favorably affect clinical outcome in these patients. Intensive 
insulin therapy has been widely used to produce normal blood glucose levels, but its use 
appears most valid for the reduction of inflammation and improvement in morbidity and 
mortality in surgical patients. The utility of intensive insulin therapy has not been established 
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in medical patients, and although a few human studies have been conducted with intensive 
insulin therapy in TBI patients, the goals for the level of nutritional support and glucose 
homeostasis still need to be established (Box S-4).

Research Needs on Nutrients and Dietary Supplements

The existing evidence varies, but not enough has been accumulated on any of the 
selected nutritional interventions to recommend their provision to increase resilience or 
ameliorate the acute effects of TBI. For some of the selected interventions, studies have 
demonstrated benefits in animal models of TBI or related brain injuries, but there are no 
clinical trials that confirm similar beneficial effects in humans. In other cases, human trials 
are under way, and the military should review those studies as the results are made public. 
Depending on the strength of the evidence for resilience or treatment, the committee makes 
recommendations for research in animal models or humans to confirm efficacy or determine 
the optimal dose, route of administration, or timing of administration.

Antioxidants

Oxidative stress is identified early after the initial injury, and compounds that intercept 
the production of reactive oxygen species could be beneficial for TBI outcomes. However, 
based on the fact that, even in the case of the most-studied compounds such as vitamins C 
and E, the use of single antioxidants has not been successful in treating oxidative-related 
diseases, the committee does not recommend any future research with single antioxidants 
and TBI. The committee’s recommendation for further research is based on the limited suc-
cess of some combinations of antioxidants in treating stroke and cancer.

Branched-Chain Amino Acids

Branched-chain amino acids (BCAAs) are commonly used by military personnel seeking 
a good source of protein to build muscle mass and reduce fatigue. Although these perfor-
mance claims for BCAAs are not well supported, the possibility that BCAAs will help TBI 
patients cannot be discarded. BCAAs are precursors of neurotransmitters and compete with 
other neurotransmitters for transport through the blood-brain barrier. However, there is no 
strong evidence from animal or human studies on its effects in brain injury, and the com-
mittee suggests that research on BCAAs and TBI should not be a priority for the military 
until more compelling evidence is collected by other researchers.

Choline

Choline has been shown to act as an anti-inflammatory and antioxidant in other 
diseases, and also to decrease calcium-mediated cell death, a feature of TBI. Although 
substantial research has been conducted on choline and treatment of brain injury (stroke), 
differences in study design and study limitations have produced varying results; no conclu-
sions about its efficacy can therefore be made at this time. There is one ongoing human trial 
on the effect of CDP-choline on cognition and functional measures on severe, moderate, and 
complicated mild TBI being led by a member of the committee. The committee recognizes 
the importance of this trial in that the findings will reveal more insights about the potential 
for this nutrient and whether there is a need for more human studies.
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Creatine

Military personnel are using creatine in the form of dietary supplements to increase 
strength and muscle mass. In the context of TBI, the committee found good evidence of im-
provements in cognition and behavior from trials with creatine in children and adolescents. 
Although this evidence comes from long-term studies, treatment with creatine was started 
early after injury and may have influenced disease processes during the acute phase. In fact, 
creatine is thought to maintain mitochondrial energetics and improve cerebral vascular func-
tion, both of which are disrupted during the acute phase of TBI. The military is urged to 
resolve questions about whether these results can be extrapolated to adults and about the 
timing of administration and optimal dose.

Ketogenic Diet

Results from studies of children with epilepsy suggest that ketogenic diets (or other 
modified diets that increase levels of ketone bodies) might be therapeutic for TBI. It is hy-
pothesized that ketogenic diets might provide an alternative source of energy and reduce 
dependence on glucose, whose metabolism is impaired after TBI. There are, however, con-
cerns about the feasibility of these diets in the TBI context, where meeting nutritional needs 
is important, especially early after injury; adherence to ketogenic diets by patients might also 
be difficult once they are outside a hospital setting.

Magnesium

Magnesium has a role in inhibiting the actions of the excitatory neurotransmitter gluta-
mate by regulating calcium entry into the postsynaptic neuron, a process intimately related 
to a TBI event. Despite this seemingly neuroprotective action, there is no clear evidence that 
magnesium supplementation will affect TBI outcomes. The committee offered no recommen-
dation for supplementing with or conducting further research on magnesium. The window 
of opportunity for magnesium use in the treatment of TBI is a critical issue that remains to 
be addressed. The military should follow the results from current magnesium trials, which 
will evaluate potential benefits of magnesium when administered one to two hours after the 
onset of brain damage.

N-3 Fatty Acids

Despite surveys indicating that n-3 fatty acids (eicosapentaenoic acid [EPA] and docosa-
hexaenoic acid [DHA]) are being taken as dietary supplements by military personnel, it has 
been suggested that the n-3 fatty acid status of the active duty military population might be 
low. Because it is well documented that fish oil supplementation decreases inflammation, n-3 
fatty acids are the subject of many studies evaluating their health benefits and elucidating 
their mechanism of action. The ratio of n-3:n-6 composition may affect cell membrane fluid-
ity, thickness, or other characteristics. Although animal models and human studies on other 
brain injuries suggest they may provide benefits, there has been no human trial evaluating 
the effects of n-3 fatty acids on resilience to or treatment of TBI.

Polyphenols

Polyphenols are a heterogeneous group of compounds widely found in nature that have 
been evaluated for their benefits to health when consumed either singly or in combination, 
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and as either dietary supplements or as a component of foods. The committee selected fla-
vonoids as a group of compounds, and curcumin (a flavonoid) and resveratrol (a stilbene) as 
single components. Although none of these compounds has been tested in human trials, the 
positive findings from animal models of TBI indicate that resveratrol and curcumin warrant 
more research to study their effects both in providing resilience to and in treatment of TBI.

Vitamin D

The role of vitamin D in the brain has only recently been recognized and is not well 
understood. Vitamin D and its receptor are thought to act by binding to DNA response 
elements that regulate gene transcription involved in cell proliferation, differentiation, and 
neural function in the brain.

Trials to evaluate the effects of progesterone in animal models of TBI have revealed that 
adequate vitamin D status might affect the outcomes of progesterone treatment, an example 
of the synergistic effects that may result from interactions among compounds. Vitamin D’s 
potential to increase resilience to TBI is supported by findings that vitamin D alone was also 
neuroprotective against animal models of stroke. Although there are only a few studies on 
vitamin D’s benefits for TBI treatment, the findings are promising and need to be evaluated 
further.

Zinc

Zinc is an essential nutrient required for the function of many enzymes in the central 
nervous system. In the brain, zinc is released in the synaptic cleft where it modulates the 
activity of neuroreceptors. An excessive release of zinc can result in neural cell death. In the 
context of TBI, zinc deficiency might exacerbate the oxidative cascade that results in cell 
death. The nutrition assessments of TBI patients recommended here will help substantiate 
the hypothesis that zinc deficiency affects outcomes of TBI. Findings from animal studies 
suggest that supplementation of diets beyond required levels might be even more beneficial, 
and this possibility should be explored. Trials of patients with severe closed head injuries 
showed positive effects after treatment with zinc.

FUTURE APPLICATION OF RESEARCH TO CLINICAL CARE

Ultimately, interventions for which there is sufficient evidence of efficacy need to be 
transferred to clinical care situations. In general, the majority of clinical guidelines for criti-
cal care and for TBI do not include specific recommendations to ensure adequate nutrition 
early after injury or in the long term. The findings of the research gaps outlined above 
would present an opportunity to update the existing clinical guidelines with evidence-based 
nutritional interventions.
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1

Introduction

Recognizing the role of nutrition in maintaining optimal mental and physical condition, 
the military has long been devoted to ensuring adequate nutrition for its personnel. Service 
members experience a wide range of environmental and physiological circumstances associ-
ated with a variety of situations, including training for or performing combat operations. 
The current combat operations in Afghanistan (referred to as Operation Enduring Freedom 
[OEF]) and Iraq (referred to as Operation Iraqi Freedom [OIF]) have also presented new 
wartime challenges. Since 2001, the OEF and OIF conflicts have been characterized by ex-
tended and repeated deployments of a smaller, all-volunteer force, new tactics and weapons 
(such as improvised explosive devices [IEDs]), and higher rates of injury to the head and 
neck region than in past conflicts (Owens et al., 2008; Tanielian et al., 2008). Although 
estimates of incidence and prevalence are elusive, the available data indicate that traumatic 
brain injury (TBI) is a significant cause of mortality and morbidity in the OEF and OIF 
conflicts (Elder and Cristian, 2009).

Contributing to nearly one-third of all injury-related deaths in the United States, TBI is 
also a major health concern for the civilian population, especially because the complications 
of this injury are not always readily apparent (Faul et al., 2010). The Centers for Disease 
Control and Prevention (CDC) estimates that 1.7 million people in the United States sus-
tain a TBI each year (Faul et al., 2010). In addition, an estimated 207,830 patients with 
sports-related TBIs were treated in U.S. emergency departments annually between 2001 and 
2005 (Schroeder et al., 2007). Because the CDC surveillance system only draws data from 
hospitalizations and emergency department visits, the actual burden in the United States is 
underrepresented in this estimate. In fact, when the data on sports-related brain injuries are 
extrapolated based on cases involving loss of consciousness, they suggest that on an annual 
basis, only 5.5–13 percent of patients visit hospital emergency departments. It is therefore 
estimated that 1.6–3.8 million sports-related TBIs actually occur in the United States annu-
ally, including those not treated by a health care provider (Langlois et al., 2006; Schroeder 
et al., 2007).

The increased attention that the issue of head injuries is receiving from sports leagues 
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and the military is generating greater overall awareness about this significant public health 
problem. However, TBI’s mechanisms and its damaging effects on the brain are still not fully 
understood. The multifactorial injury process of blast injuries—the most frequent cause of 
TBI in current combat operations—adds to the complexity of TBI. Similarly, multiple clini-
cal trials on the acute treatment of TBI in civilian populations using pharmacological agents 
targeted at a single aspect of the injury cascade that follows TBI have been largely unsuccess-
ful. Combat-related brain injury and stress disorders (such as posttraumatic stress disorder 
[PTSD]) as well as sports-related brain injuries have been the topic of several National Acad-
emies studies since 2000, including Returning Home from Iraq and Afghanistan: Preliminary 
Assessment of Readjustment Needs of Veterans, Service Members, and Their Families (IOM, 
2010); Gulf War and Health: Volume 7: Long-Term Consequences of Traumatic Brain 
Injury (IOM, 2009); Opportunities in Neuroscience for Future Army Applications (NRC, 
2009); Systems Engineering to Improve Traumatic Brain Injury Care in the Military Health 
System Workshop Summary (NAE/IOM, 2009); Treatment of Posttraumatic Stress Disor-
der: An Assessment of the Evidence (IOM, 2008); Evaluating the HRSA Traumatic Brain 
Injury Program (IOM, 2006a); Posttraumatic Stress Disorder: Diagnosis and Assessment 
(IOM, 2006b); and Is Soccer Bad for Children’s Heads?: Summary of the IOM Workshop 
on Neuropsychological Consequences of Head Impact in Youth Soccer (IOM, 2002).

Despite the paucity of evidence on effective treatments for TBI, new information is 
advancing the understanding of the relationship between nutrition status and brain func-

BOX 1-1 
Statement of Task

An expert committee will review the existing evidence that supports the potential role for nutrition in providing 
resilience (i.e., protecting), mitigating, or treating of primary (i.e., within minutes of insult) and secondary 
(i.e., within 24 hours of insult) associated effects of neurotrauma, with a focus on traumatic brain injury. As 
a background, it will include an overview of types of central nervous system–related neurotrauma (primary 
and secondary effects) that are most commonly associated with combat operations. Research in promising 
areas will also be identified. Specifically the committee will respond to the following questions:

(1)  What specific types of CNS-related neurotrauma (primary and secondary effects) are most commonly 
associated with combat operations? (Developed as an overview for background)

 (a)  Compare injury effects of severe neurotrauma produced by a single causative event versus ac-
cumulating effects of multiple concussions associated with lower-level events.

 (b)  What clinical standards qualitatively and quantitatively define severity of neurotrauma-associated 
injury?

(2)  What biological mechanisms of combat-associated CNS-related neurotrauma injury (primary and sec-
ondary effects) are likely to have nutritional implications, vis-à-vis resilience to injury and/or severity of 
injury?

 (a)  What are the metabolic responses to neurotrauma in cells and tissues?
 (b)  How do metabolic responses to neurotrauma influence development of physiological sequelae and 

functional outcomes associated with injury?
 (c)  Do biological mechanisms (metabolic and cellular) and physiological sequelae of combat-associated 

neurotrauma (items 2.a and 2.b, above) exhibit “dose-dependency” such that concussion elicits the 
same response, albeit quantitatively less pronounced, compared to a single severe neurotrauma, 
or do the biological mechanisms in response to neurotrauma initiate in a “threshold” manner?

 (d)  Do quantitative and temporal relationships among metabolic responses, physiological sequelae, 
and functional outcomes to neurotrauma provide any useful clinical biomarkers of the severity, 
progression, or resolution of injury?
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tion, and increasingly indicates that nutritional interventions could possibly help with the 
prevention, resilience, or treatment of the acute events of TBI. Because the literature on the 
pathophysiology and treatment of TBI still contains significant information gaps, this study 
effectively raises more research questions than it provides specific recommendations for 
preventive interventions or acute treatments to mitigate an injury.

PURPOSE AND SCOPE OF THE STUDY

For these reasons, the Institute of Medicine (IOM) was requested to convene an ad hoc 
expert committee under the oversight of the Committee on Military Nutrition Research to 
review the potential role of nutrients and dietary supplements in the prevention and treat-
ment of TBI. As requested in the statement of task presented in Box 1-1, this study reviews 
only the potential nutritional implications for primary and secondary physiological sequelae 
of neurotrauma. Although the effects of TBI (primary, secondary, and long-term effects) 
are conceptually expressed according to the amount of time elapsed after the initial insult, 
the boundaries of these definitions are actually ambiguous, and extrapolating the timing 
of effects from animal models to humans is not always feasible. That is, some of the early 
pathogenic events related to cell death may extend into the more chronically injured brain, 
while other pathogenic events typically associated with wound healing are also initiated—
and perhaps resolved—within the more acutely injured brain. Given these challenges, this 

 (e)  Do the metabolic responses to neurotrauma suggest that resilience and susceptibility to neu-
rotrauma might be positively or negatively modulated by metabolic or nutritional status (and hydra-
tion) before injury?

 (f)  If nutritional status does affect resilience and susceptibility, would a preventive nutritional approach 
be feasible to mitigate the primary or secondary physiological sequelae and functional outcomes 
of neurotrauma when it does occur?

(3)  Do the metabolic and physiological responses to CNS-related neurotrauma (primary and secondary 
effects) have nutritional implications for optimal clinical treatment?

 (a)  What nutrition interventions for concussion and other CNS-related neurotrauma are included in cur-
rent standards of practice, best practice, or clinical practice guidelines for treatment and recovery?

 (b)  How do regulation of metabolism and physiology in tissues injured by neurotrauma differ from non-
injured tissue? Are the differences, if any, “dose-dependent”? Do those differences have nutritional 
implications for optimizing treatment?

 (c)  What specific nutritional approaches (e.g., nutrients, diets and nutritional interventions, including 
enteric and intravenous nutrition) have been shown to enhance efficacy of clinical treatment for 
patients experiencing CNS-related neurotrauma?

(4)  What research is needed to adequately address the questions listed above?
 (a)  What research methods and models are appropriate for evaluating putative nutritional interventions 

for neurotrauma (e.g., animal models, epidemiological and clinical studies)?
 (b)  Are there other injuries (e.g., high pressure nervous syndrome) or situations (e.g., high altitude 

exposure) that might have similar underlying biological mechanisms as those for brain injury and 
recovery that could be useful models when exploring nutrition interventions for CNS-related neu-
rotrauma and health disorders?

 (c)  Are there other populations (e.g., football, boxing, cyclists) that would be useful models for studying 
how nutrition modulates resilience, susceptibility, and recovery from neurotrauma? What specific 
nutrients, botanicals, and other nutritional interventions are the highest priority, i.e., most promising, 
for the military to study for mitigating and treating combat neurotrauma?
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report includes a select number of studies that also evaluate outcomes that are seemingly 
long term but that might be initiated in the acute phase of the disease. In general, however, 
long-term health disorders associated with neurotrauma, such as PTSD, neurodegenerative 
diseases (Alzheimer’s disease or parkinsonism), neurocognitive deficits, psychosocial health 
problems (e.g., major depression, impairment of social functioning and ability to work, sui-
cide), epilepsy, pain, and other alterations in personality or behavior that might be affected 
by the nutritional status of the individual are not reviewed in this study.

It also should be noted that descriptions of diagnostics tools, such as imaging techniques 
or neuropsychological tests, are not included in this report because such descriptions are 
beyond the scope of the task. Although genetic factors may be identified as increasing risk 
of TBI effects in the acute and subacute phases in the future, this report does not include 
discussion of this consideration because the committee is unaware of research identifying 
genetics as a risk factor of TBI, and it would therefore be premature to make conclusions 
or recommendations concerning this possibility.

TRAUMATIC BRAIN INJURY

CDC defines TBI as being caused by a bump, blow, or jolt to the head or a penetrating 
head injury that disrupts the normal function of the brain.1 A penetrating brain injury is the 
result of an object, such as a bullet, shrapnel, or debris, piercing the skull. A closed head 
injury is caused by blunt-force trauma that does not break through the skull, as in a fall or 
hitting a car dashboard. Closed head injuries are commonly categorized by the severity of 
the symptoms, i.e., as mild, moderate, or severe. The definitions of severity are based on the 
clinical signs listed in Table 1-1. Mild TBI (mTBI), also referred to as concussion, accounts 
for over 75 percent of TBIs that occur annually in both civilian and military populations. 
Concussion and mTBI are often used interchangeably in clinical practice guidelines covering 
the management of TBI and by military and civilian health-care providers. For the purposes 
of this report, the two terms frequently appear together to recognize their consistent defini-
tions. Much more is known about the effects of moderate to severe brain injuries, however, 
than those of mild or concussion injuries.

The cellular- and molecular-level events initiated by injury can be roughly characterized 
according to their sequence during and following injury (as described in Margulies et al., 
2009). The complexity of TBI markedly restricts the precision of such characterization be-
cause the emergence and duration of pathogenic events are variable, and can even overlap. 
Primary effects refer to those effects that arise within minutes. The effects that emerge over 
the next 24 hours are considered secondary, and are believed to exacerbate the primary 
neurological damage. In this report, primary and secondary effects are also referred to as 
acute and subacute effects. Finally, long-term or chronic effects are those that are associ-
ated with the injury, but that occur weeks to years later. This characterization, described in 
greater detail in Chapter 3, served as the basis for the committee’s review of the effectiveness 
of select nutrients in treating the complex cascade of events initiated during the acute and 
subacute phases of TBI.

TBI in the Military

The definition of TBI currently used by the military, which has been modified to include 
combat-related mechanisms, appears in Box 1-2. Between 2000 and 2010, 195,547 service 

1 Available online: http://www.cdc.gov/traumaticbraininjury/ (accessed December 1, 2010).
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TABLE 1-1 Severity Ratings of TBI Based on Clinical Signs

Criteria Mild Moderate Severe

Structural Imaging Normal Normal or Abnormal Normal or Abnormal
Loss of Consciousness (LOC) 0–30 min > 30 min and < 24 hrs > 24 hrs
Alteration of Consciousness/Mental State (AOC) ≤ 24 hrs > 24 hrs > 24 hrs
Posttraumatic Amnesia (PTA) ≤ 24 hrs > 24 hrs and < 7 days > 7 days
Glasgow Coma Scale (GCS) (best available score 

in first 24 hours)
Score 13–15 Score 9–12 Score 3–8

NOTE: Although commonly used in practice, the official DoD definition for TBI does not include GCS.
SOURCE: DoD, 2010.

members were diagnosed with TBI.2 This number includes injuries sustained in both combat 
operations and in garrison. The leading causes of TBI in the military are blasts, fragments, 
bullets, motor vehicle crashes, and falls (DoD, 2010). Figure 1-1 breaks down the incidence 
of TBI for 2000 through 2010 by severity, according to the clinical classifications listed in 
Table 1-1.

The epidemiological data for combat-related TBI, especially blast-induced and mild TBI, 
are still evolving, with some researchers finding that 10–20 percent of returning veterans 
have sustained a TBI (Hoge et al., 2008; Tanielian et al., 2008; Terrio et al., 2009), while 
others estimate that TBI accounts for up to one-third of combat-related injuries in Iraq and 
Afghanistan (Meyer et al., 2008). About 78 percent of the TBIs occurring in 2009 across 
all military services were classified as mild,3 which has generated great concern for the 
military because of their high incidence, persistent health outcomes, and the often unnotice-
able effects at the time of injury. The 2009 IOM report on long-term consequences of TBI 
identified several outcomes that can persist even after mTBI, including unprovoked seizures, 
depression, aggression, and postconcussion symptoms. These symptoms include headache; 
dizziness; fatigue; irritability; subjective concentration difficulty; memory impairment; in-
somnia; and reduced tolerance to stress, emotional excitement, or alcohol. The report also 
highlighted the research finding of a dose-response relationship with regard to severity of 
injury and outcome; that is, the more severe the TBI, the more severe the outcome (IOM, 
2009).

Concurrent disorders have been found common among TBI patients, particularly post-
traumatic stress disorder and other mental health disorders, substance abuse, and risk of 
suicide (Tanielian et al., 2008; Warden, 2006). The 2010 IOM report on readjustment needs 
indicated a greater prevalence of many of these health outcomes than in previous conflicts. 
Furthermore, in a study of more than 2,000 U.S. Army infantry soldiers three to four months 
after their return from Iraq, Hoge et al. (2008) found the highest prevalence of PTSD oc-
curred among soldiers who had lost consciousness, suggesting a stronger association be-
tween TBI and PTSD than other types of injury and PTSD. This relationship is complicated 
and still not completely understood because of the overlap of symptoms between PTSD, 
TBI, and postconcussion syndrome.

The increased use of IEDs in the current conflicts has produced more blast-related inju-
ries than previous combat operations. Approximately two-thirds of medical evacuations are 
blast-induced injuries, and these can often involve concurrent injuries resulting in cognitive, 
physical, or psychological impairments (commonly referred to as polytrauma), necessitating 

2 Available online: http://www.dvbic.org/TBI-Numbers.aspx (accessed February 25, 2011).
3 Available online: http://www.dvbic.org/TBI-Numbers.aspx (accessed December 1, 2010).
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Figure 1-1

76.8%
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Penetrating

Severe

FIGURE 1-1 TBI Categories, 2000–2010Q3.
NOTE: Numbers for the current year are updated on a quarterly basis. 2009–2010Q3 numbers up-
dated as of November 15, 2010.
SOURCE: See http://www.dvbic.org/TBI-Numbers.aspx (accessed December 1, 2010).

BOX 1-2 
Department of Defense Definition of Traumatic Brain Injury (2007)

A traumatically induced structural injury and/or physiological disruption of brain function as a result of 
an external force that is indicated by new onset or worsening of at least one of the following clinical 
signs immediately following the event:

	 •	 Any	period	of	loss	of	or	a	decreased	level	of	consciousness
	 •	 Any	loss	of	memory	for	events	immediately	before	or	after	the	injury	(i.e.,	PTA)
	 •	 	Any	alteration	in	mental	state	at	the	time	of	the	injury	(confusion,	disorientation,	slowed	thinking,	

etc.)
	 •	 	Neurological	deficits	(weakness,	loss	of	balance,	change	in	vision,	praxis,	paresis/plegia,	sen-

sory loss, aphasia, etc.) that may or may not be transient
	 •	 Intracranial	lesion

External forces may include any of the following events:

	 •	 Head	being	struck	by	an	object
	 •	 Head	striking	an	object
	 •	 	Brain	undergoing	an	acceleration/deceleration	movement	without	direct	external	trauma	to	the	

head
	 •	 Foreign	body	penetrating	the	brain
	 •	 Forces	generated	from	events	such	as	blast	or	explosion,	or	other	force	yet	to	be	defined

multiple health-care services (IOM, 2010; Warden, 2006). Of 433 TBI patients from OEF 
and OIF being treated at Walter Reed Army Medical Center between 2003 and 2005, 19 
percent also required an amputation (Warden, 2006; Warden et al., 2005). TBI outcomes 
can be affected by some of these associated injuries. Significant blood loss and dehydration 
can produce hypotension, which has been associated with more adverse outcomes. A single 
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hypotensive episode during the prehospital phase of severe TBI has been associated with 
doubling of mortality and increased morbidity (Fearnside et al., 1993). In polytrauma situa-
tions where the other injuries require more immediate medical attention, it can be especially 
difficult to identify cases of mild or concussion injuries. Similar to the evidence on the det-
rimental long-term effects of repetitive sports-related concussion injuries and second impact 
syndrome, exposure to multiple blasts has been linked to increased probability of further 
injury that can result in long-term physical and psychological impairments (Lew et al., 2006, 
2007; Tanielian et al., 2008). The understanding of blast as a contributing mechanism to 
TBI—and its clinical similarities to and differences from other forms of TBI—continues to 
evolve. A summary of some recent findings is included in the discussion on pathobiology 
found in Chapter 3.

The reader is referred to the workshop papers by Col. Michael Jaffee, Dr. Mårten 
Risling, and Col. Geoffrey Ling in Appendix C for greater detail on the epidemiology of 
TBI in the military.

Sports-Related Brain Injuries

With nearly half of Americans of all ages participating in non-work-related sports ac-
tivities annually, there are ample opportunities for sports-related injuries, despite the health 
benefits of being physically active (Schroeder et al., 2007). Almost 16 percent of all cases 
of injury in the United States between 2004 and 2005 occurred during sports or exercise 
(Bergen et al., 2008). Among people under the age of 25, sports injuries are most preva-
lent, accounting for about 30 percent of all injury episodes (Bergen et al., 2008). The risk 
for sports-related TBI is likewise particularly high for children and adolescents, who had 
the highest rates among those treated in hospital emergency departments (Schroeder et al., 
2007). Overall, an estimated 1.6–3.8 million sports-related TBIs occur in the United States 
each year (Langlois et al., 2006).

A review of the literature indicates that the blast-induced brain injuries most commonly 
seen in the military population have pathological characteristics that differ from other TBIs, 
despite their similar secondary effects (Cernak and Noble-Haeusslein, 2010). Although 
more research is needed to differentiate and draw parallels between the various injury 
mechanisms, much is being shared between the military and sports communities, particularly 
on the assessment and management of concussions. Because of the parallels between the 
acute pathological effects of blast-induced brain injuries and other injury mechanisms, the 
nutrients considered in this report can similarly be considered for sports-related and other 
civilian brain injuries.

STUDY APPROACH AND ORGANIZATION OF THE REPORT

From patient to patient, brain injuries are remarkably diverse. Apart from differences 
in the cause and severity of the injury, the insult initiates a complex cascade of mechanistic 
events, making it impossible for any therapeutic intervention to target a single event. The 
ability of nutrients to interact with a variety of physiological and metabolic injury responses 
suggests the advantage of nutritional approaches to the treatment of TBI. The committee 
believes that nutritional approaches, or interventions, should not been seen as singular thera-
pies but rather as complementary or supportive of other therapies. The committee considers 
nutritional interventions to range from the clinical support provision of essential nutrients 
and energy for recovery from major trauma, to individual nutrients or dietary supplements 
that may uniquely alter the repair process. It is from this perspective that the committee 
approached its charge.

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

20 NUTRITION AND TRAUMATIC BRAIN INJURY

Initial work for this study began at a June 2008 meeting of the IOM Committee of Mili-
tary Nutrition Research, with various researchers and neurosurgeons attending. Potential 
mechanistic targets, such as inflammation or mitochondrial dysfunction, were identified as 
relevant to the consideration of nutritional interventions for TBI. A preliminary exploration 
of the published literature was conducted, and several nutrients were selected for further 
exploration of their effectiveness in alleviating or mitigating various components of the 
injury process.

In spring of 2010, the IOM appointed a committee of 11 experts with extensive knowl-
edge across both military and civilian populations in the areas of neurology; nutritional 
sciences, clinical nutrition, and dietetics; physiology; physical medicine and rehabilitation; 
psychiatry and behavior; biochemical and molecular neuroscience; epidemiology/methodol-
ogy; and the pathobiology of traumatic brain injury. The committee gathered further infor-
mation during two public workshops in June and October 2010 that featured presentations 
by civilian and military subject matter experts on TBI in the military, the pathophysiology 
of TBI, nutritional considerations in the clinical management of TBI, and various nutritional 
interventions studied in animal and human models of brain injury or other brain disorders.

The committee conducted a review of the scientific literature to examine physiological 
sequelae and metabolic responses to TBI. After identifying neuroprotective targets possibly 
responsive to nutritional interventions, the committee established a search plan to investi-
gate the effect of promising nutrients on outcomes of brain injury, stroke, hypoxia, epilepsy, 
and subarachnoid hemorrhage. These additional conditions were selected for the literature 
review because of their pathophysiological similarities to the secondary events associated 
with TBI. Based on expert consultation, discussions, and their review of the literature, the 
committee focused on nutritional approaches that have demonstrated some level of efficacy 
in relevant physiological processes. The details of the committee’s approach to identifying 
the most promising nutrients that may be of benefit for the treatment of or resilience to TBI 
are described in Chapter 4. As with other ad hoc study reports prepared by The National 
Academies, the recommendations in the following chapters were reached by consensus.

In their comprehensive examination of the literature, the committee addressed the ques-
tion of which specific nutritional approaches have been shown to enhance efficacy of treat-
ment for patients experiencing neurotrauma, as well as which nutritional strategies might 
help with resilience to brain injury. The committee’s approach to reviewing the literature 
for the selected nutritional interventions targeted brain injuries with physiological effects 
similar to those of TBI (subarachnoid hemorrhage, hypoxia-ischemia, stroke, and epilepsy) 
because there was not enough evidence solely from TBI models for a thorough evaluation. 
The review did not include the preventive literature on other areas such as brain health and 
cognitive function of healthy individuals. The committee also reviewed current practice 
guidelines for specific nutritional approaches to the clinical treatment of TBI on the battle-
field, in garrison, or in hospital intensive care units.

This report has been organized into three major sections based on the breakdown of 
the committee’s charge. Part I provides a background on the acute effects of neurotrauma 
most commonly associated with combat operations. Chapter 2 reviews the current clini-
cal practice guidelines across all levels of severity of TBI, highlighting those practices that 
specify nutritional approaches for treatment and recovery. Chapter 3 provides background 
on the pathophysiological changes that accompany TBI. This review of the physiological 
mechanisms of TBI serves as the committee’s framework for the selection of nutrients, based 
on functions and mechanisms of action that suggest they might promote resilience and/or be 
efficacious when provided after TBI. Part II outlines the preliminary selection of nutritional 
interventions for TBI (Chapter 4), the importance of nutrition in resilience to TBI (Chapter 
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5), and energy and protein needs during early feeding following TBI (Chapter 6). Chapters 
7 through 16 discuss the evidence on the nutrients and dietary supplements reviewed by the 
committee. Part III presents a summary of the committee’s findings and conclusions, and 
highlights its recommendations on promising areas for future research. Chapter 17 includes 
a breakdown of research, organized by topic, needed to overcome gaps in information, in-
cluding assessing nutrition status of military personnel and TBI patients, improving animal 
models and identifying biomarkers of TBI, and prioritizing research that would address 
questions of TBI treatment efficacy for the most promising nutrients. Appendixes provide 
the workshop agenda, relevant nutrition advice in current clinical guidelines, workshop pre-
sentations, biographical sketches of committee members and speakers, a glossary of terms, 
and a list of acronyms and abbreviations.
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2

Nutrition in Clinical Practice Guidelines 
for Traumatic Brain Injury

Evidence-based guidelines (EBGs) are a common tool used in evidence-based medicine 
by health-care practitioners. Evidence-based medicine is founded on the following two 
principles (Guyatt et al., 2000; Sackett et al., 1996): (1) there is a hierarchy of strength of 
evidence behind recommendations, and (2) the clinician uses judgment when weighing the 
trade-offs associated with alternative management strategies, including consideration of 
patient values and preferences as well as societal values.

As will be obvious in Chapters 6–16, much of the available evidence suggesting potential 
benefits of specific nutritional interventions in traumatic brain injury (TBI) comes from find-
ings in animal models and, in a handful of cases, randomized human trials. The committee 
has defined a research agenda for the many questions that still remain. This research agenda 
provides an opportunity for those developing clinical guidelines to be made cognizant of the 
questions that remain to be elucidated.

This chapter includes a brief summary of the nutrition-related recommendations from 
selected clinical guidelines for severe trauma patients, including TBI patients, and for pa-
tients with mild or moderate TBI.

EVIDENCE-BASED CLINICAL GUIDELINES

Hierarchy of Strength of Evidence

There is a hierarchy of strength of evidence behind recommendations in evidence-based 
clinical guidelines. The hierarchy of strength of evidence (i.e., which studies are best able to 
answer the question with certainty) varies, depending on the type of question being asked. 
Many questions addressed in EBGs are treatment questions best answered by a systematic 
review of randomized controlled human trials, or by several large, well-designed, random-
ized controlled human trials designed to answer the specific inquiry with consistent results 
(Howick et al., 2011). The EBGs are usually based on one or more systematic reviews, and 
these appear at the top of the hierarchy of evidence for treatment. Other questions are better 
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answered by different types of research designs. For example, systematic reviews of cross-
sectional studies would best respond to diagnostic issues. Questions about the likelihood of 
causing harm would be best answered by either a systematic review of randomized n-of-1 
trials for common harms and rare harms, by a systematic review of case-control studies, 
or by studies revealing dramatic effects. Prognosis questions would be best answered by 
systematic review of inception cohort studies. There often is no best evidence, but a clinical 
guideline is still needed by health-care practitioners. Therefore, in addition to attending to 
the kind of study needed, the reviewer needs to explicitly describe the strength of the evi-
dence supporting a specific guideline. Such description provides the health-care practitioner 
an indication of the level of certainty of a guideline recommendation (ADA, 2010; Howick 
et al., 2011). Guidelines with weak supporting evidence need to be updated as new evidence 
becomes available.

The Bradford-Hill criteria provide a framework for epidemiological research demon-
strating causality between environment and disease states (Hill and Bradford, 1965). These 
criteria can be applied to the development of EBGs because they help determine whether an 
association between an intervention and an outcome is causal. For the task of this commit-
tee, establishing a causal relationship between a nutritional intervention and a TBI outcome 
would rely on the following: strength of evidence, consistency of evidence, specificity, tem-
poral relationship (temporality), biological gradient (dose-response relationship), plausibil-
ity (biological plausibility), coherence with existing knowledge, experimental testing, and 
analogy (consideration of alternative explanations).

Use of Clinical Judgment

The second principle of evidence-based medicine is that the clinician uses judgment 
when weighing the trade-offs associated with alternative management strategies, including 
consideration of patient values and preferences as well as societal values (Guyatt, 2002; 
Guyatt et al., 2000).

DEVELOPMENT OF EVIDENCE-BASED GUIDELINES

Evidence-based guidelines are developed by professional organizations, health-care 
organizations, or other nonprofit, disease- or condition-specific organizations (DoD, 2008; 
Grilli et al., 2000; Knuth et al., 2005; Thomas et al., 1999). There are well-established pro-
cedures to systematically review and synthesize the research best suited to answer the clinical 
questions faced by health-care practitioners. More than 40 clinical guidelines for TBI were 
identified at the National Guideline Clearinghouse online database.1 However, many of these 
guidelines focus on emergency department treatment or evaluating for the presence or ab-
sence of TBI in primary care or sports settings, and only a few address nutritional concerns.

In addition to guidelines developed specifically for TBI, generic evidence-based clinical 
practice guidelines for critical care of adults in intensive care units may also be appropri-
ate in acute TBI. For mild TBI, other EBGs might also be appropriate based on additional 
conditions, such as obesity.

For this report, EBGs from the following organizations were selected for more compre-
hensive evaluation because of their relevance to TBI: the American Society of Parenteral and 
Enteral Nutrition (ASPEN), the Society of Critical Care Medicine (SCCM), the American 
Dietetic Association (ADA), the Brain Trauma Foundation, the National Neurotrauma Soci-

1 Available online: http://www.guideline.gov/ (accessed October 26, 2010).
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ety, the American Association of Neuroscience Nurses (AANN), the Department of Defense 
(DoD), and the U.S. Department of Veterans Affairs (VA) (ADA, 2006; Bratton et al., 2007; 
Kattelmann et al., 2006; Knuth et al., 2005; McClave et al., 2009; VA/DoD, 2009). The 
following section summarizes the nutrition components of these EBGs. For this chapter, the 
EBGs were divided into two types: those for patients with severe TBI in the acute phase who 
are in the intensive care unit (ICU) critical-care setting, and those for patients with mild TBI, 
who are more likely to be outpatients.

EBGS FOR SEVERE TBI IN THE ACUTE STAGES

DoD’s Guidelines for the Field Management of Combat-Related Head Trauma (Knuth 
et al., 2005) address assessment of oxygenation and blood pressure, Glasgow Coma Scale, 
airway, ventilation, fluid treatment, pain management and sedation, triage for transport, and 
brain-targeted therapy. The only nutrition-related content is the discussion of assessment of 
nausea as a side effect of pain medication. Nutrition needs are not specifically addressed.

In contrast, other guidelines do recognize the importance of nutrition to accelerate 
progress in trauma patients. For example, the SCCM/ASPEN Guidelines for Provision and 
Assessment of Nutrition Support Therapy in the Adult Critically Ill Patient include recom-
mendations for timing of initiation of enteral nutrition, use of parenteral nutrition, dosage 
of enteral feeding, monitoring, intolerance and adequacy of enteral nutrition, selection of 
appropriate enteral formulation, adjunctive therapies, and maximizing the efficacy of par-
enteral nutrition, as well as specific recommendations for the following medical conditions: 
pulmonary failure, renal failure, hepatic failure, acute pancreatitis, and end-of-life treat-
ments (McClave et al., 2009).

The ADA Critical Illness Evidence-Based Nutrition Practice Guideline also includes 
recommendations for assessing nutritional issues in trauma patients. The recommendations 
address energy expenditure and needs, choosing enteral versus parenteral nutrition, timing 
of feeding, feeding tube site, use of immune-enhancing formulas, use of blue dye in enteral 
nutrition to detect aspiration, monitoring criteria and blood glucose control, and special 
considerations for persons with diabetes (Kattelmann et al., 2006).

The third edition of the Guidelines for the Management of Severe Traumatic Brain 
Injury from the Brain Trauma Foundation includes a recommended time frame for patients 
to attain adequate energy (within seven days), but concludes there is insufficient evidence 
to make recommendations on how to determine whether enteral or parenteral nutrition is 
preferred or whether the use of vitamin, minerals, or other supplements is warranted (Brat-
ton et al., 2007).

Nursing interventions to maintain adequate nutrition are considered in the AANN EGB. 
The Nursing Management of Adults with Severe Traumatic Brain Injury guidelines include 
four main recommendations for adequate nutrition and glycemic control: timing of feeding, 
feeding tube site, the effect of certain agents on feeding tolerance, and the administration of 
intensive insulin therapy (Mcilvoy and Meyer, 2008).

Extracts from these guidelines related to nutrition appear in Appendix B, Table B-1. The 
following are key recommendations pertinent to TBI patients.

Estimating Energy Needs

The ASPEN and ADA EBGs discuss the need to determine energy requirements at the 
time of initiation of nutritional therapy. Both indicate that predictive equations should be 
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used with caution and that indirect calorimetry is more accurate in determining resting 
metabolic rate (ADA, 2006; McClave et al., 2009).

There is no clear consensus, however, on the best method to determine energy needs or 
how frequently they should be adjusted or remeasured. The ADA EBGs evaluated various 
formulas for estimating resting metabolic rate in the ICU patient population, and concluded 
that measurement was preferable to estimation formulas. If estimation is needed, the fol-
lowing formulas for nonobese patients are recommended in the following order, based on 
their accuracy: the Penn State equation (2003a) is the most accurate, with ~79 percent 
accuracy,2 followed by Swinamer (55 percent accuracy) and Ireton-Jones, 1992 (52 percent 
accuracy). An estimation of resting metabolic rate was considered accurate if it was within 
10 percent of the measured rate. These estimation formulas are preferred over the more 
traditional Harris-Benedict formula (ADA, 2006). The recommendations are summarized 
in Box 2-1. However, it should be noted that these are recommendations for estimating the 
resting metabolic rate, and although they present a good starting point for determining total 
energy needs, they are not specific for TBI patients and do not account for injury factors.

Meeting Energy Needs

Enteral Nutrition

The ASPEN and ADA EBGs recommend enteral feeding be started early, within the 
first 24–48 hours of admission, and advanced toward optimal nutrition goals over the next 
48–72 hours (ADA, 2006; McClave et al., 2009). The European Society for Parenteral and 
Enteral Nutrition also supports early feeding (< 24 hours if patients are hemodynamically 
stable and have functioning gastrointestinal tracts); however, they note there are no data to 
document improvement in relevant outcome parameters associated with early enteral feeding 
(Kreymann et al., 2006). Continuous intragastric feeding and initiating adequate nutrition 
within 72 hours of injury are recommended by the AANN to improve feeding tolerance and 
outcomes, respectively (Mcilvoy and Meyer, 2008). The Brain Trauma Foundation guidelines 
emphasize the need for feeding at least by the end of the first week postinjury, and indicate 
that feeding prior to seven days improves outcomes (Bratton et al., 2007). By the end of 
the first week of hospitalization, it is recommended that patients receive greater than 50 to 
65 percent of their energy needs in order to achieve the clinical benefit of enteral nutrition.

Parenteral Nutrition

ASPEN supports the concept of permissive mild underfeeding (i.e., the restriction of 
nutrient intake, specifically in critically ill patients, over a short term) with a recommenda-
tion to meet at least 80 percent of energy requirements as the ultimate goal for patients 
receiving parenteral nutrition (see Appendix B, Recommendation G.2). As the patient stabi-
lizes, parenteral nutrition may be increased to meet energy needs. The ASPEN guideline has 
different goals for parenteral feeding than for enteral feeding. A separate recommendation 
(see Appendix B, Recommendation C.2) is made for enteral feeding that specifies a goal of 
providing from 50 to 65 percent of calories within the first week to achieve clinical benefit 
(McClave et al., 2009).

2 The 2003a Penn State equation has been updated since the ADA guidelines were published in 2006.
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BOX 2-1 
Critical Illness Recommendations from the ADA Evidence Analysis Librarya 

Regarding Determining Resting Metabolic Rate (RMR)

Indirect calorimetry to determine RMR
Indirect calorimetry is the standard for determination of RMR in critically ill patients, because RMR 
based on measurement is more accurate than estimation using predictive equations.
Rating: Strongb

Imperativec

RMR predictive equations for nonobese patients
If predictive equations are needed in nonobese, critically ill patients, consider using one of the fol-
lowing, as they have the best prediction accuracyd of equations studied (listed in order of accuracy): 
Penn State, 2003ae (79%), Swinamer (55%), and Ireton-Jones, 1992 (52%). In some individuals, errors 
between predicted and actual energy needs will result in under- or over-feeding.
Rating: Fairf

Conditionalg

Inappropriate RMR predictive equations for this population
The Harris-Benedict (with or without activity and stress factors), the Ireton-Jones, 1997 and the Fick 
equation should not be considered for use in RMR determination in critically ill patients, as these 
equations do not have adequate prediction accuracy. In addition, the Mifflin-St. Jeor equation should 
not be considered for use in critically ill patients, because it was developed for healthy people and has 
not been well researched in the critically ill population.
Rating: Strong
Imperative

RMR predictive equations for obese patients
If predictive equations are needed for critically ill, mechanically ventilated individuals who are obese, 
consider using Ireton-Jones, 1992 or Penn State, 1998, as they have the best prediction accuracy of 
equations studied. In some individuals, errors between predicted and actual energy needs will result 
in under- or over-feeding.
Rating: Fair
Conditional

 a Available online: http://www.adaevidencelibrary.com/template.cfm?key=1309&cms_preview=1 (accessed No-
vember 30, 2010).

 b A Strong recommendation means that the workgroup believes that the benefits of the recommended approach 
clearly exceed the harms (or that the harms clearly exceed the benefits in the case of a strong negative recom-
mendation), and that the quality of the supporting evidence is excellent/good (grade I or II). In some clearly identified 
circumstances, strong recommendations may be made based on lesser evidence when high-quality evidence is 
impossible to obtain and the anticipated benefits strongly outweigh the harms. Practitioners should follow a Strong 
recommendation unless a clear and compelling rationale for an alternative approach is present.

 c Imperative recommendations “require,” or “must,” or “should achieve certain goals,” but do not contain conditional 
text that would limit their applicability to specified circumstances.

 d A formula was considered accurate if it predicted resting metabolic rate within +/– 10% of measured resting 
metabolic rate.

 e The 2003a Penn State equation has been updated since these 2006 ADA guidelines.
 f A Fair recommendation means that the workgroup believes that the benefits exceed the harms (or that the harms 

clearly exceed the benefits in the case of a negative recommendation), but the quality of evidence is not as strong 
(grade II or III). In some clearly identified circumstances, recommendations may be made based on lesser evidence 
when high-quality evidence is impossible to obtain and the anticipated benefits outweigh the harms. Practitioners 
should generally follow a Fair recommendation but remain alert to new information and be sensitive to patient 
preferences.

 g Conditional statements clearly define a specific situation, while imperative statements are broadly applicable to 
the target population without restraints on their pertinence.
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Serum Glucose Control

ASPEN, ADA, and AANN EBGs discuss serum glucose control. ASPEN recommends 
moderate glucose control, indicating that 110–150 mg/dL may be most appropriate (McClave 
et al., 2009). AANN supports the intravenous administration of intensive insulin therapy for 
elevated serum glucose (greater than 110 mg/dL) to improve glycemic control and possibly 
even reduce intracranial pressure (Mcilvoy and Meyer, 2008). The ADA recommendation 
is currently under revision.

Antioxidants and Immune-Enhancing Formulas

ASPEN EBGs recommend that immune-modulating enteral formulations (supplemented 
with agents such as arginine, glutamine, nucleic acid, omega-3 fatty acids, and antioxidants) 
be used for appropriate patient populations (including major elective surgery and trauma 
cases) while urging caution in their use for patients with severe sepsis. ADA indicates that 
in trauma patients, any benefit of immune-enhancing formulas has not been associated with 
reduced mortality, reduced length of stay, reduced complications from infections, or fewer 
days on mechanical ventilation (ADA, 2006). ASPEN recommends that a combination of 
antioxidant vitamins and trace minerals (specifically including selenium) be provided to all 
critically ill patients receiving specialized nutrition therapy (McClave et al., 2009). Neither 
ADA nor ASPEN address the specific needs of TBI patients.

EBGS FOR MODERATE OR MILD TBI AND CONCUSSION

DoD’s Updated Mild Traumatic Brain Injury (mTBI) in Non-Deployed Medical Activi-
ties (2008) addresses the assessment of TBI (and classification into acute [injury to 7 days], 
subacute [8–90 days], and chronic [> 90 days]), visual complaints, balance and hearing, 
use of imaging, medication management, and specialty referral and duty restrictions. The 
guideline recommends a multidisciplinary team with some identified specialties, but does 
not specify a practitioner with nutrition expertise (e.g., a registered dietitian) as a member 
of that team.

The VA/DoD Evidence-Based Clinical Practice Guideline for Management of Concussion/
Mild Traumatic Brain Injury (2009) includes a consensus document with definitions, clas-
sification and taxonomy, and guidelines and tools for initial presentation including screening 
and management of symptoms and follow-up of persistent symptoms for individuals with 
mild TBI. The guidance acknowledges the two previously developed DoD guidelines for 
management of mild TBI in theater and in nondeployed circumstances. A summary of the 
nutrition-related content of this guideline is included in Appendix B, Table B-2. Key recom-
mendations are summarized here.

Nutrition-related assessment factors include nausea and vomiting as well as changes in 
appetite, taste, or smell. DoD guidance for nondeployed settings also mentions the need to 
assess weight status and, in cases with a body mass index greater than 30, consider referral 
to polysomnogram (sleep study) to evaluate for sleep apnea.

Nutritional interventions mentioned in DoD guidance include the use of novel therapy 
(unspecified nutrition supplements). The VA/DoD guideline addresses limiting caffeine, alco-
hol, and herbal supplements, specifically some “energy” products that may interact with psy-
chiatric medication and lead to hypertensive crisis. The VA/DoD guideline also mentions that 
nutritional supplements are being explored for potential treatment applications, and should 
only be included as part of a research protocol with institutional review board oversight.
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Although all of the guidelines acknowledged nausea and vomiting as side effects of med-
ications used in treating TBI, none specifically addressed their impact on weight in the longer 
term or a need for referral for complete nutritional assessment by a registered dietitian.

CONCLUSIONS AND RECOMMENDATIONS

Medical and nutrition care in the field, military treatment facilities, VA medical facili-
ties, and in the home environment after discharge from medical treatment facilities are in-
creasingly guided by EBGs. The TBI-specific EBGs currently available are extremely limited 
in their discussion of nutrition assessment, nutrition-specific interventions, and nutrition 
monitoring and evaluation criteria. The generic critical-illness EBGs that may apply do not 
specifically identify any unique nutritional concerns of TBI patients. There is general agree-
ment among the existing EBGs on the need to determine energy requirements and to meet 
those needs in acute TBI early in treatment, the preference of use of enteral nutrition over 
parenteral nutrition when possible (in U.S. guidelines), and the need to maintain serum glu-
cose control. The consensus is less clear on the use of antioxidants and immune-enhancing 
formulas, the method or frequency of determining energy requirements, and the percentage 
of energy needs that should be met in acute TBI treatment.

The body of research to support clinical practice guidelines specific to the nutrition care 
of TBI patients is extremely limited. To aid those preparing such guidelines, specific ques-
tions of interest for future research are included in Appendix C, Table B-3. The questions are 
based on the recommendations of the committee (Chapters 6–16) and have been tabulated 
in the Population, Intervention, Comparator, Outcome format. The general topics are:

•	 Identification	of	specific	nutrients,	dietary	supplements,	and	food	components	that	
promise benefits in providing resilience or treating TBI and for which nutritional 
status should be assessed in the military population.

•	 Determination	of	optimal	feeding	regimens	(e.g.,	energy	needs	and	sources,	route	of	
administration, novel nutrition therapies) at various points (e.g., less than 24 hours, 
24 hours to 7 days, post 7 days, chronic home care) within the nutrition care treat-
ment cycle for varying levels of severity of TBI injury.

•	 Identification	of	biomarkers	and	assessment	indicators	to	reflect	level	of	mitochon-
drial function and inflammatory responses.

 RECOMMENDATION 2-1. Evidence-based nutrition guidelines specific for severe 
TBI should be updated. These guidelines should address unique nutritional concerns of 
severe TBI when different from generic critical-illness nutrition guidelines (e.g., meeting 
energy needs and benefits of specific nutrients, food components, or diets). In addition, 
current guidelines to manage mild and moderate TBI should include recommendations 
for nutritional interventions. The guidelines should be developed in a collaborative man-
ner with the various key stakeholders (e.g., ADA, VA, DoD).
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3

Understanding Pathophysiological Changes

Traumatic brain injury (TBI) is characterized by both the primary damage resulting 
from physical disruption of neural and vascular structures and the early emergence of sec-
ondary pathogenic events, which collectively contribute to neurologic deficits (Andriessen 
et al., 2010; Dash et al., 2010; Marklund et al., 2006). The identification of nutrients, 
dietary supplements, or specific diets that may provide resilience or treat TBI requires an 
understanding of the key pathophysiological events that govern both injury and reparative 
processes. A detailed description of those events for the various types of TBI can be found 
in the published literature and will not be repeated in this document. The reader is referred 
to recent reviews addressing the pathophysiology of focal and diffuse TBI including dif-
fuse axonal injury, a common consequence of TBI (Andriessen et al., 2010; Farkas and 
Povlishock, 2007); moderate, severe, and penetrating TBI (Dash et al., 2010; Maas et al., 
2008); blast TBI (Cernak and Noble-Haeusslein, 2010; Desmoulin and Dionne, 2009; Elder 
and Cristian, 2009; Hicks et al., 2010; Ling et al., 2009; Taber et al., 2006); and mild or 
concussion TBI, including recurrent injuries (Dash et al., 2010; Elder and Cristian, 2009; 
Mazzeo et al., 2009; McKee et al., 2009b; Weber, 2007). As background for the report, 
this chapter includes a brief review of the literature on the pathophysiological changes that 
accompany TBI. The sequence of events following TBI has been the subject of different 
classifications. The committee relies on a recent working definition that describes the onset 
of secondary pathogenic processes after TBI (Margulies et al., 2009). This chapter will refer 
to primary or acute effects as those effects that begin within the first minutes after injury, 
secondary or subacute effects as those that arise over the next 24 hours after injury, and 
long-term or chronic effects as those that are associated with the insult but occur at a later 
time. The committee recognizes that, as Margulies and colleagues (2009) observe, these 
definitions are estimates of the emergence of pathogenic events whose duration is likely to 
be variable and possibly overlapping. Both the cascade of secondary effects and the long-
term effects are consequences of the primary insult and are susceptible to interventions to 
improve resilience or to treat TBI. The chapter also includes a brief review of the animal 
models and biomarkers used for TBI. Although the information in this chapter is provided 
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as background to this report, the committee acknowledges the importance of developing 
good animal models and identifying biomarkers of the disease progression and outcomes, 
and therefore recommendations are made for improving these areas of research.

EXPERIMENTAL MODELS OF TBI

Much of our understanding of the pathobiology of TBI has arisen from animal models 
that mimic features of human TBI. There are a number of detailed reviews of models of TBI 
(Artinian et al., 2006; Morales et al., 2005; O’Connor et al., 2005). Some examples of in 
vivo models are presented in Figure 3-1. The general objective of these models is to repli-
cate certain aspects of human brain injury. It is important to note that there is currently no 
single model that can accurately reflect the heterogeneity of human TBI, and in each of these 
models, pathologic and neurologic outcomes vary according to the severity and location of 
the insult and heterogeneity of the vasculature. Also, there are no good animal models for 
mild or repetitive TBI.

Here the committee briefly reviews several of the most commonly used animal models 
of TBI (Morales et al., 2005): the weight-drop model, the controlled cortical impact model, 
the fluid percussion model, and the impact acceleration model (Figure 3-2). Each of these 
models produces motor/sensory and cognitive impairments. The weight-drop, midline fluid 
percussion, and controlled cortical impact models produce focal contusions and, depending 
on injury severity, may be associated with subarachnoid and intraparenchymal hemorrhages, 
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disruption of the blood-brain barrier (BBB), cortical and subcortical cell loss, and diffuse 
axonal injury. The weight-drop model relies on a free-falling, guided weight that strikes the 
exposed skull or the dura; the head may be either restrained or unrestrained. The midline 
fluid percussion injury model entails delivery of a brief pulse of fluid to the intact dura. The 
skull is exposed and after a craniectomy to expose the dura, an injury is produced by deliv-
ery of a fluid bolus, resulting from the release of a pendulum. The controlled cortical impact 
model utilizes a rigid impactor, controlled by pressurized air, to strike the exposed dura.

The impact acceleration model is characterized by a more diffuse injury that includes 
hemorrhage (typically intraparenchymal as well as subarachnoid); disruption of the BBB; 
cortical and subcortical damage; and widespread axonal swelling, damage, or both. This 
model uses a weight-drop strategy. However, a plate is secured to the skull to distribute the 
weight and minimize skull fractures. The head is unrestrained and positioned on a cushion 
with specified properties that allow a defined movement of the head after impact. Finally, it 
is noteworthy that a modification to the fluid percussion injury, with the insult shifted from 
midline to a more lateral position, results in both focal and diffuse brain injury.

Models of blast-induced brain injury, developed and characterized in both large and 
small animals, were reviewed by Cernak and Noble-Haeusslein in 2010. In brief, shock 
waves are produced by either shock tubes using compressed air or gas, or blast tubes that 
rely on explosive charges. There is increasing evidence that these models share pathologic 
and biochemical characteristics seen in the more traditional models of focal and diffuse TBI, 
including hemorrhage, diffuse axonal injury, cortical and subcortical cell injury, metabolic 
disturbances/energy failure, inflammation, and oxidative stress. What remains controversial 
is the extent to which blast-induced brain injuries have unique temporal and spatial profiles 
of pathogenic events that would distinguish them from other types of TBIs.

Figure 3-3.eps
bitmap

FIGURE 3-2 Rodent models of TBI: (A) weight-drop model, (B) impact acceleration model,  
(C) controlled cortical impact model, and (D) fluid percussion model.
SOURCE: Morales et al., 2005.
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MODERATE, SEVERE, AND PENETRATING TBI

As discussed by the National Institutes of Health (NIH) in 2002, while concussion is 
the most minor and common type of TBI, more severe types of TBI have been described 
(Chapter 1) as moderate, severe, and penetrating. Moderate, severe, and penetrating TBI 
will be considered together as one specific type of TBI for the purpose of presenting mecha-
nisms; however, it is important to note that every case will present unique characteristics due 
to the nature of the insult itself, the location of the injury in the brain, and the individual. 
Such heterogeneity is a likely determinant of outcome and is considered a major barrier to 
developing or optimizing therapeutics for the brain-injured patient (Saatman et al., 2008).

This section draws from the 2009 Institute of Medicine (IOM) report Gulf War and 
Health: Volume 7: Long-Term Consequences of Traumatic Brain Injury, which describes the 
biology of TBI based on animal models and brain-injured patients and from other reviews 
(Cederberg and Siesjo, 2010; Margulies et al., 2009; Morganti-Kossmann et al., 2007, 2010; 
Unterberg et al., 2004; Werner and Engelhard, 2007; Ziebell and Morganti-Kossmann, 
2010). A schematic hypothesis of the series of events resulting from injury is shown in 
Figure 3-3. These events will be presented as primary and secondary, depending on the 
time of appearance. [This background does not present long-term events because they are 
not included in the statement of task for this study.] Repair and recovery mechanisms that 
have also been identified as potential targets for interventions are briefly described as well. 
Finally, the existence of endogenous neuroprotective factors provides another mechanism to 
influence the health outcomes of TBI, and it is also included here.

Primary or Acute Effects

Primary (i.e., acute) effects are those that occur during the first minutes after the injury 
(Table 3-1). The primary effects are the result of mechanical damage that includes stretching 
and/or rupture of cellular membranes, release of intracellular and vascular contents, and 
alterations of cerebral blood flow and metabolism. Axons may be severely compromised, as 
evidenced by perturbations in axonal transport, cytoskeletal damage, swelling, and discon-
nection (Povlishock and Katz, 2005; Smith et al., 2003). Injury to the head often results in 
damage to the vascular system that can, depending on the extent of the damage, result in 
serious complications. For example, hemorrhage and intravascular coagulation can develop, 
potentially leading to hemorrhagic or ischemic stroke. Studies in animals and humans have 
revealed that focal or global ischemia frequently occurs both early after the injury and in late 
stages, and suggest that ischemic stroke and TBI share similar mechanisms. Morphological 
injury, hypotension, inadequate availability of nitric oxide or cholinergic neurotransmitters, 
and potentiation of prostaglandin-induced vasoconstriction are all mechanisms that result 
in ischemia.

TBI patients might experience hypoperfusion or hyperfusion; each represents a mis-
match between cerebral blood flow and metabolism, and both are pathological conditions 
with detrimental outcomes. For example, cerebral blood flow that exceeds the metabolic 
requirement would result in increased cerebral blood volume and intracranial pressure. 
Intracranial pressure also occurs as a result of swelling of tissues and fluid accumulation. 
Depending on the injury, metabolic failure also occurs, leading to mitochondrial dysfunc-
tion (i.e., reduced respiratory rates and production of adenosine 5′-triphosphate [ATP] and 
calcium overload) (see also Sullivan in Appendix C). The ischemia pattern and impaired 
regulation of aerobic metabolism result in greater reliance upon anaerobic metabolism of 
glucose that in turn results in an accumulation of lactic acid from the accelerated anaerobic 
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FIGURE 3-3 Cascade of pathophysiological events after traumatic brain injury.
SOURCE: Jain, 2008.

glycolysis. Hypermetabolism and anaerobic glycolysis from glucose occur in an attempt to 
meet energy needs.

One major event that happens early after insult is the massive ionic influx referred to as 
traumatic depolarization. Anaerobic glycolysis is inadequate to maintain energy states of the 
transient transmembrane ionic fluxes and neuroexcitation, and the consequent depletion of 
ATP results in alterations of ion pumps (i.e., efflux of potassium and influx of sodium and 
calcium) and the release of neurotransmitters. The release of neurotransmitters, specifically 
glutamate, into the extracellular compartment results in an overstimulation of glutamate 
receptors linked to ion channels and creates prolonged membrane depolarization, depletion 
of ATP stores, and an increase in intracellular calcium derived from both extracellular and 
intracellular stores, indicating disturbances in mitochondrial function. (For a discussion of 
the timing of the cascade typically seen in experimental brain injury models and the con-
sequences of the early, high glycolytic rate resulting in ionic pump disturbance, the reader 
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TABLE 3-1 Initiation of Acute Secondary Events Post-TBI

Within Minutes Minutes–24 Hours 24–72 Hours

Cell/axon stretching, compaction of 
neurofilaments, impaired axonal transport, 
axonal swelling, axonal disconnection

Oxidative damage: increased reactive 
oxygen and nitrogen species (lipid 
peroxidation, protein oxidation, 
peroxynitrite), reduction in endogenous 
antioxidants (e.g., glutathione)

Nonischemic 
metabolic failure

Disruption of the blood-brain barrier Ischemia

Excessive neuronal activity: glutamate 
release

Edema: cytotoxic vasogenic

Widespread changes in neurotransmitters: 
catecholamines, serotonin, histamine, 
GABA, acetylcholine

Enzymatic activation: kallikrein-kinins, 
calpains, caspases, endonucleases, 
metalloproteinases

Hemorrhage (heme, iron-mediated, 
toxicity)

Decreased ATP: changes in brain 
metabolism (altered glucose utilization and 
switch to alternative fuels), elevated lactate

Physiologic disturbances: decreased 
cerebral blood flow, hypotension, 
hypoxemia, increased cranial pressure, 
decreased cerebral perfusion pressure

Cytoskeletal changes in cell somas and 
axons

Increased free radical production Widespread changes in gene expression: 
cell cycle, metabolism, inflammation, 
receptors, channels and transporters, signal 
transduction, cytoskeleton, membrane 
proteins involved in transcription/
translation 

Disruption of calcium homeostasis Inflammation: Cytokines, chemokines, cell 
adhesion molecules, influx of leukocytes, 
activation of resident macrophages

Mitochondrial disturbances

SOURCE: Margulies and Hicks, 2009.

is referred to Hovda et al., 1995.) A series of proteases becomes activated by the increase 
in calcium, resulting in cytoskeletal damage and further BBB breakdown, cell injury, and 
generation of free radicals. In this sense, a decrease in glutamate transporters in glial cells is 
also thought to be responsible for the significant increase in glutamate levels early after TBI.

Although there may be direct damage to axons from shear and tensile forces, it is now 
the prevalent opinion that damage to axons occurs mostly via deformation and changes in 
permeability that permit the influx of calcium and the opening of calcium channels. This 
increase in intracellular calcium induces proteolysis by calcium-dependent proteases; calcium 
may also enter and damage the mitochondria and disrupt ionic homeostasis, leading to more 
proteolysis and swelling, impaired axonal transport, and disconnection.

After head injury, electroencephalogram recordings show early signs of dysfunction. 
There is a significant risk of developing recurrent seizures that can start as early as within 
a week of injury, or as late as years afterward. The hippocampus is particularly vulnerable 
to TBI, as evidenced in part by immediate mechanically induced damage to interneurons 
in the dentate granule cell layer of the hippocampus that are remote from the site of insult 
(Gallyas and Zoltay, 1992; Toth et al., 1997). These morphologic findings correlate with an 
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early selective depolarization of the resting membrane potentiation, attributed to a decrease 
in the activity of the electrogenic Na+/K+-ATPase, that results in an enhancement of the ef-
ficacy of excitatory inputs to these interneurons (Ross and Soltesz, 2000).

Secondary or Subacute Effects

Secondary (i.e., subacute) effects are defined as those experienced up to 24 hours after 
injury (Table 3-1). There are multiple sources of reactive oxygen and nitrogen species, as 
mentioned in the process described in the preceding paragraphs. The formation of free 
radicals is augmented by their own reactivity as lipid, protein, and DNA (deoxyribonucleic 
acid) oxidation continues. The brain is especially vulnerable to oxidative damage, in part 
because of its high rate of oxidative activity and relatively low antioxidant capacity. In the 
setting of TBI, the oxidative cascade overwhelms endogenous antioxidants (e.g., superoxide 
dismutase and catalase) and low-molecular antioxidants (e.g., glutathione and melatonin, 
tocopherol, and ascorbic acid), resulting in cell injury and death.

Ischemia may occur at this stage of the injury, leading to further accumulation of lactic 
acid, depletion of ATP, alteration of membrane function, and release of neurotransmitters. 
The depolarization of membranes in smooth muscle, release of endothelin and reduced nitric 
oxide, vasoconstriction, and formation of free radicals may lead to cerebral vasospasm, a 
condition that determines the outcome of the patient.

The immune response to TBI may promote both pathogenesis and recovery processes; 
the precise mechanisms underlying the duality of inflammation are not yet clearly defined. 
The BBB is compromised early after TBI, resulting in the emergence of vasogenic edema 
and an influx of circulating leukocytes including neutrophils, monocytes, and lymphocytes 
(Ziebell and Morganti-Kossmann, 2010). These leukocytes release inflammatory mediators 
such as prostaglandins, free radicals, complement factors, and cytokines, which in turn 
further support the travel of leukocytes into the brain and mobilize glia to the injury site 
(Morganti-Kossmann et al., 2007). Cytokines generated in response to TBI likely have 
multiple roles that may support tissue damage as well as repair mechanisms. For example, 
interleukin-1, which triggers cell activation by binding to specific membrane receptors, plays 
a key role in initiating an inflammatory cascade, but interleukin-10, produced by microglia 
and astrocytes and lymphopoietic cells, appears to play a neuroprotective role by producing 
anti-inflammatory cytokines. Opposing roles may even be seen in the same cytokine. For 
example, whether the cytokine tumor necrosis factor, which is released early after injury, 
will function as a neuroprotectant or neurotoxin seems to be related to concentration and 
the timing of release. Vasoactive inflammatory molecules promote vascular dilation and 
trigger vasogenic edema, resulting in decreased oxygen and failure of metabolism. Further 
damage from inflammation comes directly from the triggering of death receptors leading to 
apoptotic death, and direct cell death by nitrogen oxide. From a prophylactic point of view, 
the increased permeability of the BBB during injury presents an opportunity for beneficial 
nutrients to reach the injury site. Reviews that identify inflammation as a target for inter-
ventions conclude that novel treatments should aim at minimizing the secondary injury by 
modifying the inflammatory response, rather than completely eliminating it.

The cascade of events described (activation of proteases, generation of free radicals, 
and inflammation) after TBI results in cytoskeletal damage, death of glia and neurons, and 
white matter degeneration. The two types of cell death that have been most studied are 
necrosis (due to mechanical or hypoxic tissue damage) and apoptosis (programmed cell 
death). Necrosis appears within hours to days after injury and is characterized by neurons 
that initially appear swollen, and over time assume a shrunken eosinophilic phenotype with 
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pyknotic nuclei (Raghupathi, 2004). In contrast to necrosis, cells that die via apoptosis show 
membrane disintegration, chromatin condensation, and DNA fragmentation. Recent dis-
coveries suggest a less obvious distinction between necrosis and apoptosis, with dying cells 
showing structural changes that are common to both necrosis and apoptosis (Raghupathi, 
2004). Such findings have led to the definition of cell death evolving to reflect a continuum 
between necrosis and apoptosis. Experimentally, the time course may show a biphasic pat-
tern with peak periods of death occurring at 24 hours and one week after injury (Conti et al., 
1998). Activation and deactivation of caspases are important mediators of programmed cell 
death. It is also believed that the delayed occurrence of cell death may offer opportunity 
for interventions.

Other important effects of this secondary phase are both vasogenic and cytotoxic brain 
edema (Unterberg et al., 2004). Vasogenic edema arises from disruption of the BBB and the 
concurrent ion and plasma protein transfer to the extracellular matrix, and results in ac-
cumulation of extracellular water. Cytotoxic edema reflects the intracellular accumulation 
of water. Cytotoxic edema is partly associated with the early release of glutamate and ac-
cumulation of ions and osmotically active solutes, and with failure of the active ion pumps 
in the neurons and glia. The ion pump system of the membrane cannot compensate for the 
increase in sodium uptake. This failure of the ion pump to maintain homeostasis and the 
associated cytotoxic edema is aggravated by mitochondrial structural and functional impair-
ment. Importantly in the setting of TBI, a marked increase in net water content of the brain 
leads to an increase in tissue volume. With limited ability to expand due to the confines of 
the intracranial compartment, there is an increase in intracranial pressure and a reduction 
in perfusion and oxygenation, giving rise to additional ischemic damage.

BIOMARKERS OF INJURY AND OUTCOMES

Excellent reviews on biomarkers for TBI appeared in 2009 and 2010 (Dash et al., 2010; 
Svetlov et al., 2009). These included consideration of TBI biomarkers, inflammatory bio-
markers, small-molecule biomarkers, lipid metabolite biomarkers, and biomarkers for mild 
and penetrating TBIs, secondary pathologies, predicting outcome, and polytrauma (Dash 
et al., 2010). Dash et al. (2010) provides a complete listing of these biomarkers, including 
their diagnostic value. Table 3-2 summarizes those biomarkers of greatest interest in the 
scientific community (Svetlov et al., 2009): S-100B, neuron-specific enolase, glial fibrillary 
acidic protein, and myelin basic protein. Cellular localization as well as strengths and limita-
tions for each of these candidate markers are summarized in Table 3-2.

There is also an emerging interest in brain-type fatty acid–binding proteins, phosphory-
lated neurofilament H and ubiquitin C-terminal hydrolase, and proteolytic breakdown prod-
ucts of cell proteins such as alpha-II spectrin and the microtubule-binding protein tau (Dash 
et al., 2010). These candidates show general promise in terms of specificity and, in some 
cases, sensitivity. There is additional ongoing research to address pro- and anti-inflammatory 
biomarkers and lipid metabolites such as F2-isoprostane and 4-hydroxynonenol (Dash et al., 
2010). Although the newest imaging may suggest brain damage after mild traumatic brain 
injury (mTBI) (Mayer et al., 2010), the committee concluded that there is not enough data 
yet to demonstrate that the results of imaging can be used as accurate markers of outcome.

Researchers are also interested in blast injury biomarkers in an animal model. Recent 
studies modeling blast injury show that glial fibrillary acidic protein (GFAP) and neuron-
specific enolase (NSE) are increased in blood within the first 48 hours after blast injury. 
Ubiquitin C-terminal hydrolase-L1 (UCH-L1) shows a similar early increase in blood, and 
is also detected in cerebrospinal fluid (CSF) throughout 14 days after injury (Svetlov et al., 
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TABLE 3-2 Examples of Biomarkers for TBI

Biomarker Description Localization Strengths Limitations

S-100B Calcium binding 
protein. Serum 
half-life is 
< 60 minutes.

Astrocytes, 
Schwann 
cells, 
adipocytes, 
chondrocytes, 
melanocytes

Readily detected early 
after injury.
Correlated to injury 
magnitude and outcome.

May be insensitive to mild TBI.
Poor correlation between serum 
and brain levels suggesting that 
barrier integrity is a determinant of 
serum levels.
Increases after extracranial trauma.

Neuron-
specific 
enolase

Isozyme of enolase. 
Serum half-life is 
24 hours; can be 
detected within 
6 hrs after TBI

Neuronal 
cytoplasm, 
platelets, 
erythrocytes

Serum levels thought to 
be sensitive indicator of 
mortality and outcomes.

Possible cross-contamination with 
blood. May not correlate with 
injury severity. Limited sensitivity. 
Systemic increase can occur with 
trauma in the absence of TBI.

Glial 
fibrillary 
acidic 
protein

Intermediate 
filament protein

Astrocytes Specific for brain. Not 
affected by extra-cranial 
trauma.
Serum levels predictive 
of mortality, increased 
intracraneal pressure, 
and poor Glacow 
outcome scores.

Not studied in mild or moderate 
TBI.

Myelin 
basic 
protein

Major constituent 
of myelin

Myelin Marker of axonal 
damage—released into 
serum and CSF after 
white-matter injury. 
Specificity in both CSF 
and serum. May be 
predictive of outcome.

Limited sensitivity.

2010). Other strategies are being developed to define biomarkers for blast-induced brain 
injury. Among them is blastomics, an approach involving delineation of a functional interac-
tion map of proteins that are affected by a blast-wave exposure (Svetlov et al., 2009).

While the list of putative biomarkers continues to expand, it is becoming increasingly 
clear that there may be no single biomarker that can adequately meet the requirements of 
specificity and sensitivity, and that multiple biomarkers, in conjunction with clinical data, 
may offer better predictability (Dash et al., 2010). There are new approaches being applied, 
such as trajectory analysis that takes into account temporal changes in multiple biomarkers 
(Berger et al., 2010).

ENDOGENOUS NEUROPROTECTIVE TARGETS

The brain produces endogenous substances that protect against insults or neurodegen-
erative diseases (Leker and Shohami, 2002). Enhancing their activity or increasing their 
levels is another target for interventions that is already under investigation. Compounds 
that serve as antioxidants, such as enzymes (e.g., Cu/Zn-superoxide dismutase [SOD], ex-
tracellular SOD, Mn-SOD, glutathione peroxidase, catalase) and low-molecular-weight an-
tioxidants (e.g., uric acid and ascorbate), are induced early after ischemia and trauma. Heat 
shock proteins (i.e., HSP-70, HSP-90, GRP-78, HSP-27) are also induced after ischemia; 
they mainly prevent protein denaturation. Many growth factors (e.g., bFGF, NGF, BDNF, 
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NT-4, TGF-B, GDNF; Table 3-3) and their receptors have been implicated in the repair and 
recovery phase of injury. However, many questions remain about their control and modu-
lation of repair, and it appears that their effects depend on many determinants, including 
timing, levels, specific binding to receptors, and interaction with other factors. As mentioned 
above, inflammatory processes also contribute to resolution of inflammation, and cytokines 
have been identified that could be targeted as interventions to enhance the reparative pro-
cesses. One cytokine that has received much attention is erythropoietin, which regulates 
hematopoiesis as a growth factor and inhibits apoptotic cell death. It is induced in cultured 
neurons and astrocytes under hypoxic and ischemic conditions, and it has been shown to 
have neuroprotective properties in various animal models of brain injury. Sex hormones (i.e., 
estrogen and progesterone) protect the brain from ischemia via both vascular and neuronal 
mechanisms. In the setting of TBI, progesterone has received more attention. Progesterone 
functions as a pleiotropic drug; it reduces edema, excitotoxicity, lipid peroxidation, and 
ischemia, and increases prosurvival growth factors and improves mitochondrial function 
(Cekic and Stein, 2010). It is currently being investigated in a phase III, multi-center, double-
blind, randomized clinical trial for TBI (Cekic and Stein, 2010). Hypoxia-inducible factor 
1 is a key regulator in hypoxia and is thought to be an important player in neurological 
outcomes following ischemic stroke. It regulates the functions of downstream genes that are 
involved in promoting glucose metabolism, angiogenesis, erythropoiesis, and cell survival. 
Its effects on neuronal tissue injuries, based on evidence from in vitro and preclinical stud-
ies, are still debatable. Understanding the fundamental mode of action and modulation of 
these potential endogenous neuroprotectants will provide a more complete picture of the 
pathophysiology of TBI, together with more opportunities for effective therapies, including 
nutritional therapies.

REPAIR AND RECOVERY MECHANISMS

This section draws from a 2007 review of the topic by Lykissas and colleagues. As a re-
sult of the processes described above, repair and recovery mechanisms are initiated concomi-
tantly with the resolution of inflammation and edema. Although much of the information in 
this section comes from research in the areas of stroke and spinal cord injury, the processes 
described are also relevant for head injury. Processes that belong to the category of repair 
and recovery are revascularization of the surviving area (angiogenesis), cell genesis (glio- 

TABLE 3-3 Biological Role of Neurotrophins in Axonal Guidance and Nerve 
Regeneration

Neurotrophins Action

Nerve Growth Factor (NGF) Stimulates nerve regeneration
Axonal guidance molecule

Neurotrophin-3 (NT-3) Stimulates neurite outgrowth
Stimulates nerve regeneration
Axonal guidance molecule
Growth cone collapse

Neurotrophin-4/5 (NT-4/5) Stimulates nerve regeneration

Brain-derived Neurotrophic Factor (BDNF) Essential condition for nerve regeneration
Stimulates nerve generation

SOURCE: Lykissas et al., 2007.
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and neurogenesis), axonal plasticity, and changes in the neuronal network (synaptogenesis). 
From a temporal perspective, these mechanisms fall into three consecutive phases: recovery 
of function and cell repair, axonal growth, and consolidation of new neural networks. 
Like the events leading to death and damage, repair and recovery processes are amenable 
to interventions that facilitate them and that might improve functional outcomes beyond 
what the normal repair mechanisms could achieve. Angiogenesis is prominent after brain 
injury, and it has a crucial role in supporting wound healing. Among several angiogenesis 
factors, vascular endothelial growth factor (VEGF) has been the most thoroughly studied. 
In recent reviews (Greenberg and Jin, 2005; Rosenstein et al., 2010), the authors highlight 
the neuroprotective role of VEGF and the detrimental effects (e.g., in motor function) of 
reduced levels of VEGF in animal models. VEGF has been shown to be neuroprotective after 
experimental TBI models (Thau-Zuchman et al., 2010). Altogether, it appears that VEGF 
might have two roles in neuroprotection: as a direct neurotrophic agent and as an angiogenic 
factor stimulating endothelial cells to provide adequate perfusion and neurotrophic factors 
(Rosenstein et al., 2010).

Neurogenesis, arising within the subventricular zone (SVZ) and the subgranular zone of 
the dentate gyrus, has led to the speculation that neurons recruited from these regions may 
contribute to some functional recovery after brain injury. For example, cerebral ischemia and 
seizures stimulate neurogenesis and the migration of neurons toward the affected zone. TBI 
induces hippocampal cell proliferation, with many of these cells differentiating into neurons 
that sometimes extend axonal projections and glia. As in cerebral ischemia, cortical injuries 
also result in the migration of new cells, generated in the SVZ, to areas of tissue damage. 
Of particular interest are treatments to enhance neurogenesis to promote cognitive recovery 
after TBI (Kernie and Parent, 2010).

Neurotrophic factors also may modulate recovery processes. Neutrophins constitute 
a family of neurotrophic factors (other families include neuropoietic cytokines, includ-
ing interleukin-6; fibroblast growth factors; transforming growth factors; and insulin-like 
growth factors) that regulate neuronal survival, growth, and synaptic plasticity and neuro-
transmission both in the central and peripheral nervous system. They may act in other target 
organs, in nearby cells, or in the same cell. A discussion of the identification, functions, 
and interactions of the neurotrophins is beyond the scope of this study, and the reader is 
referred to existing reviews (Hagg, 2009; Lykissas et al., 2007). Table 3-3 lists examples of 
neurotrophins with roles in axonal guidance and nerve regeneration. Neurotrophins perform 
their functions by binding to two different types of receptors, tyrosine kinase receptors and 
neurotrophic receptor 75. Nerve growth factor (NGF), brain-derived neurotrophic factor 
(BDNF), and neurotrophin 3 (NT-3) are perhaps the most studied neurotrophic factors in 
the context of axonal growth. Of these, the role of BDNF has generated interest among nu-
tritionists because it has been suggested that some food components (e.g., docosahexaenoic 
acid and curcumin) may act as neuroprotectants by affecting the levels of this neurotrophin 
in the brain (Wu et al., 2004; see also Gomez-Pinilla in Appendix C).

Although in vitro studies of the injured peripheral nerve suggest a role in neuronal 
regeneration, neurotrophins—BDNF and N/T-4/5 in particular—have the ability to bind 
both growth-promoting and growth-inhibiting receptors. In vitro experiments also suggest 
that the timing of the signaling, the level, and the type of neurotrophin are key variables in 
nerve regeneration. Importantly, in vitro assays may not accurately predict the behavior of 
these growth factors in the central nervous system, particularly in the complex environment 
of the injured brain.
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MILD TRAUMATIC BRAIN INJURY

The term mild traumatic brain injury (mTBI) is interchangeable with concussion. Mild 
TBI as defined by the Veterans Affairs/Department of Defense Clinical Practice Guidelines, 
is classified as structural or physiological disruption of brain function resulting from an 
external traumatic force. Presentation includes loss of consciousness for < 30 minutes, al-
teration of mental state for < 24 hours, posttraumatic amnesia for < 1 day, and a Glasgow 
Coma Score of 13–15 (Maruta et al., 2010). Postconcussion syndrome, which may follow 
mTBI, is characterized by experiencing numerous cognitive, affective, or somatic symptoms 
(Table 3-4) for longer than three months, and can lead to chronic disability. Recent data 
from the military suggest that about five percent of all the mild TBI cases suffer from post-
concussion syndrome, which still represents a high number of cases (Ling, 2010).

Mild TBI is difficult to model because the insults, whether produced by fluid percussion, 
cortical impact, or focal brain contusions, often generate focal damage, diffuse axonal dam-
age, cell loss, and varying degrees of hemorrhage. Nevertheless, there has been a growing 
effort to refine these models to better approximate the mTBI seen in a clinical setting. Several 
examples, listed in Table 3-5, demonstrate that although only relatively modest changes are 
seen in the histopathology, brain-injured animals show cognitive deficits. Of interest, despite 
negative findings by magnetic resonance imaging (MRI), patterns of neuronal cell loss are 
apparent by subsequent histological analysis (Henninger et al., 2005). Finally, it is notewor-
thy that following mTBI, the cortex presents with very early alterations in mitochondrial 
bioenergetics (Gilmer et al., 2009). Early initiation of strategies to support mitochondrial 
function may therefore limit the subsequent progression of secondary pathogenesis.

A common feature of TBI is diffuse axonal injury (DAI) (Maruta et al., 2010), which 
is characterized by a focal alteration of the axolemma, leading to an impairment in axonal 
transport and the appearance of a local swelling that then detaches from its distal segment 
(Povlishock and Katz, 2005). The latter culminates in disconnection from its downstream 
segment. DAI may be an accompanying feature of mTBI (Maruta et al, 2010). Because 
structural features of DAI are difficult to detect by traditional computed tomography (CT) 
or magnetic resonance imaging (MRI) scans (Maruta et al, 2010), mTBI is not easily diag-
nosed in the acute stage, and in fact may go unnoticed until the emergence of postconcus-
sion symptoms (Maruta et al, 2010). Nevertheless, recent advances in neuroimaging using 
high resolution MRI and diffusion tensor imaging have made it possible to identify axonal 
damage in the brain after an mTBI (Barkhoudarian et al., 2011). Such advances offer the 
opportunity to better understand the vulnerability of the brain to a mild insult, and to deter-
mine the extent to which indices of damage correlate with measures of functional outcomes.

TABLE 3-4 Symptoms of Postconcussion Syndrome

Cognitive Somatic Affective

Memory difficulties Headache Irritability
Decreased concentration Dizziness Depression
Decreased processing speed Nausea Anxiety

Fatigue
Sleep disturbances
Blurred vision
Tinnitus
Hypersensitivity to light/noise

SOURCE: Maruta et al., 2010.
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TABLE 3-5 Animal Models of Mild TBI

Model Pathologic Findings Behavioral Findings Molecular/Biochemical Findings Reference

Cortical 
impact 
(rat)

Neuronal vulnerability in 
the hippocampus

Deficits in performance 
on Morris water maze

Involvement of sulfonylurea 
receptor 1 in hippocampal cell 
injury

Patel 
et al., 
2010

Fluid 
percussion 
injury 
(rat)

Deficits in performance 
on Morris water maze

Protein oxidation (elevated 
protein carbonyls and reduced 
levels of SOD and Sir2)
Reduced levels of BDNF, 
synapsin I, CREB, CaMKII

Wu et al., 
2010

Cortical 
contusion 
(rat)

Alterations in mitochondrial 
respiration

Gilmer 
et al., 
2009

Weight-
drop (rat)

Serial MRI: no 
abnormalities in the 
cerebrum. Histology: loss 
of neurons in the frontal 
cortex and hippocampus, 
but preserved cytoskeletal 
architecture

Brief loss of 
consciousness, extended 
loss of the corneal 
and righting reflexes; 
deficits in performance 
on Morris water maze

Henninger 
et al., 
2005

RECURRENT MILD HEAD INJURIES/CONCUSSIONS

There is a substantial body of literature to support recognition of second impact syn-
drome, which results when a mild head injury is followed shortly thereafter by a second one. 
Such a situation has marked clinical ramifications, including possible death. This has been 
documented most recently in the sphere of competitive contact sports, where determining 
the resting time needed before an injured athlete (e.g., a football player) can return to play 
has been the focus of much debate. Like competitive athletes, military personnel are also 
subject to recurrent concussions. If these are mild concussions (see definitions in Chapter 
1), they may go unrecognized. As part of an effort to manage episodes of recurrent mild 
TBI, the U.S. military (the Department of Defense [DoD] and Department of Veterans Af-
fairs [VA]) convened an expert committee in 2008 to develop evidence-based guidelines for 
the management of concussion/mild TBI; the product was the first system-wide codified 
approach to mTBI (Ling, 2010). DoD’s Policy Guidance for Management of Concussion/
Mild Traumatic Brain Injury in the Deployed Setting was updated in June 2010, and the 
2008 Zurich Consensus Statement on Concussion in Sports (McCrory et al., 2009) has been 
adapted to determine when a soldier can return to duty, based on a functional assessment 
of the individual. Among military personnel, there is no epidemiological data available on 
the incidence of recurrent head injury (Ling, 2010).

Second impact syndrome is a rare complication associated mostly with contact sports 
but also with active duty military service. There is often no loss of consciousness, but suf-
fering a second concussion before complete recovery from the first can cause cerebral edema 
and death. It has been suggested that the effect of recurrent mild concussions is synergistic 
instead of additive. Based on a handful of case reports that involved a second injury within 
days of the primary event, it is hypothesized that second impact syndrome results from a 
loss of autoregulation of cerebral blood flow and a resultant vascular engorgement. These 
authors (Mori et al., 2006) have also postulated that acceleration forces, substantial enough 
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to produce a small acute subdural hematoma in many cases, are the cause of second impact 
syndrome and hyperemic swelling.

Repetitive mild TBIs have been studied in vitro and in vivo using weight-drop and con-
trolled cortical impact injuries to either the rodent skull or to the dural surface (see Table 3-6 
for examples). In vitro studies, such as those that produce a stretch-induced model of injury 
to murine hippocampal cells, demonstrate that repeated insults produce more pronounced 
damage to both neurons and glia than single insults (Slemmer and Weber, 2005; Slemmer 
et al., 2002). Although in vivo findings vary depending on the experimental design, there 
are also some common characteristics. In general, a single mild injury may show either no 
or only a modest behavioral phenotype in terms of cognitive or motor sensory impairments, 
whereas repeated injuries produce a more robust adverse behavioral phenotype. An excep-
tion to this is one report that mild repetitive injuries may have a conditioning effect on the 
brain, with a subsequent severe injury producing no or modest effects on motor control 
loss when compared to severe injury alone (Allen et al., 2000). Histologic evidence of cell 
injury or loss and BBB dysfunction after repeated mild injuries is variable, and may reflect 
differences in the experimental design. There is some evidence for a temporal window of 

TABLE 3-6 Examples of Experimental Models of Repetitive TBI

Experimental Model Experimental Design
Species/Strain/
Age/Sex General Findings

Concussion weight-
drop (closed head 
injury) (DeFord 
et al., 2002)

1 or 4 mild injuries each 
separated by 24 hours. 
Various weight-drop 
distances (40 and 60 cm) 
and masses (50, 100, and 
150 g) were studied.

Mice/B6C3/ 
9 weeks old/
male

No overt cell death or evidence of disruption 
of the barrier in any groups. Some groups 
(100 and 150 g masses) showed greater 
spatial learning deficits than other groups.

Concussion weight-
drop (closed head 
injury) (Laurer 
et al., 2001)

1 or 2 mild injuries 
separated by 24 hours.

Mice/C57BL6/ 
10 weeks old/
male

More pronounced disruption of the BBB and 
somatodendritic cytoskeletal damage and 
motor sensory impairment after a second 
hit. No cognitive dysfunction or overt cell 
loss between groups.

Weight-drop injury 
(exposed dural 
surface) (Allen 
et al., 2000)

3 groups: mild, repetitive 
mild (3 mild injuries 
separated by 3 days), 
repetitive mild + severe 
as above followed by a 
severe injury between 3 
and 5 days after last mild 
injury, and severe TBI.

Rats/Sprague-
Dawley/adult/
male

Repetitive mild injuries had little or no effect 
on motor function, whereas severe injuries 
showed motor dysfunction. Severe injury 
preceded by mild injuries showed little or 
no motor deficits. Cell injury and loss were 
minimal in mild and repetitive mild, whereas 
severe and repetitive mild + severe produced 
a similar-sized necrotic cavity.

Controlled cortical 
impact (closed head 
injury) (Longhi 
et al., 2005)

1 or 2 mild injuries 
separated by 3, 5, or 7 
days.

Mice/C57BL6/ 
6–8 weeks old/
male

When injuries were separated by 3 days 
there were significantly more learning 
impairment, greater axonal injury and 
somatodendritic cytoskeletal damage, and 
prolonged cognitive deficits. No differences 
in water content or neuronal injury (Fluoro-
Jade staining).

Controlled cortical 
impact (closed head 
injury) (Manville 
et al., 2007)

1 versus 2 mild injuries, 
separated by 1 day.

Mice/C57BL6/
adult/male

Single injury did not affect ATP, glucose, 
or lactate, whereas repetitive injury caused 
severe depression in cerebral metabolism.
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vulnerability, with repeated mild injuries in close temporal proximity producing greater 
damage than injuries separated by longer periods of time (in the case of rodents, a separa-
tion of seven days) (Longhi et al., 2005).

Postmortem studies of athletes have suggested that repetitive head injury is associated 
with chronic traumatic encephalopathy (CTE) (McKee et al., 2009b). CTE presents memory 
disturbances, behavioral and personality changes, parkinsonism, and speech and gait ab-
normalities that may arise long after the last concussion blow. De Beaumont and colleagues 
(2009) have demonstrated neurophysiological changes in Canadian football players decades 
after their last game. The neuropathology consists of atrophy of the cerebral hemispheres, 
medial temporal lobe, thalamus, mammillary body, and brainstem, with ventricular dila-
tion and fenestrated cavum septum pellucidum. At the microscopic level, the pathology of 
CTE is characterized by a tauopathy where neurofibrillary tangles are found throughout 
the brain in the relative absence of b-amyloid deposits. A 2010 investigation (McKee et al., 
2010) indicated the presence of the DNA-binding protein TDP-43 in the frontal and tem-
poral cortices, medial temporal lobe, basal ganglia, diencephalon, and brainstem among 
athletes with CTE. An association between the presence of TDP-43 in the spinal cord and 
CTE cases with a progressive motor neuron disease, amyotrophic lateral sclerosis (ALS), is 
evidence that repetitive head trauma might be linked to impairments in the motor system. 
TDP-43 was also found in the cerebral cortex of boxers with CTE, and in cases with a va-
riety of neurodegenerative disorders including frontotemporal lobar degeneration as well as 
Alzheimer’s disease and ALS. It has been hypothesized that ALS develops as an interaction 
between genetic and environmental factors. Several epidemiological investigations document 
the incidence of ALS in athletes who had been exposed to repetitive head trauma (Chiò et al., 
2005; Chen et al, 2007). Notably, the time between the injury-related events and diagnosis 
of ALS seems to be less than previously thought (Chiò et al., 2005). Among those who had 
experienced repetitive head injuries within the previous 10 years, the diagnosis of ALS was 
calculated to be three times higher than in those with no history of head injury (Chen et al., 
2007). A few epidemiological investigations with military personnel reveal similar findings. 
For example, the risk of ALS among veterans of the 1991 Gulf War was about double the 
risk among civilians during the 10 years after the war (Horner et al., 2003).

There are many mechanisms by which recurrent head concussions may trigger neuronal 
degeneration (see above in moderate and severe TBI). As with moderate and severe TBI, in 
the case of mild concussions, there is an opportunity to investigate interventions that will im-
pede the progress of the pathology. There are also, as with moderate and severe TBI, genetic 
factors contributing to this pathology that have not been identified. Neural degeneration 
might be associated with a widespread TDP-43 proteinopathy that contributes to the clini-
cal manifestations of recurrent TBI, such as cognitive and memory loss, behavioral changes, 
and motor dysfunction. Mechanisms for the involvement of TDP-43 in neuronal degenera-
tion have been hypothesized. For example, loss of TDP-43 activity due to sequestration in 
inclusions could affect its regulatory function during transcription of neurofilaments, leading 
to aggregates. Alternatively, abnormal phosphorylation of TDP-43 may disrupt important 
signaling pathways, leading to neuronal dysfunction (Forman et al., 2007).

In order to ameliorate or treat the effects of concussion, there are many research ques-
tions to answer, such as the physiological and biochemical pathways that lead to proteinopa-
thies and tauopathies in recurrent head injuries, and the contribution of genetic or other 
factors (e.g., age) to outcome. As will be apparent below, an understanding of the effects of 
exposure to repetitive blasts and the proximity of each exposure is even more incomplete. 
Although human epidemiological studies are being conducted to address the effect of repeti-
tive blasts (e.g., with Marines) and a longitudinal study is being carried out with combat 
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veterans and retired athletes (see Stern et al., Appendix C), there is also a need for animal 
models that replicate repetitive TBI in humans.

BLAST INJURIES

Relatively few studies have been conducted to elucidate the mechanisms of blast TBI and 
even fewer have examined the consequences of exposure to repetitive blast episodes. One 
2010 study examined whether exposure to repeated explosions or firing is associated with 
detection of neurochemical markers of brain damage (Blennow et al., 2011). Biomarkers 
measured in cerebrospinal fluid were tau and neurofilament protein (for neuron damage), 
GFAP and S-100b (for glial cell injury), and hemoglobin and bilirubin (for hemorrhage). 
Serum levels of GFAP and S-100b also were measured. All levels were normal, suggesting 
that repeated exposure to blasts does not result in neurochemical effects. This study pres-
ents some potential limitations, however, such as the timing of sampling and the sensitivity 
and specificity of the biomarkers. Another study with 12 Iraq war veterans diagnosed with 
mTBI who reported one or more blast injuries showed decreased cerebral metabolic rate for 
glucose in the cerebellum, vermis, pons, and medial temporal lobe. Clinical examination re-
vealed impairments in verbal and cognitive abilities (Peskind et al., 2011). At the time of this 
writing, a two-week controlled study was being conducted with Marines who, during their 
training to be breachers, are exposed to 50 to 70 blasts of weapons-grade explosives. The 
outcomes will be measured using magnetic resonance imaging (MRI), functional magnetic 
resonance imaging (fMRI), electroencephalogram, and neurobehavioral and biochemical 
testing (Ling, 2010). Although repeated blast exposures below a certain threshold result in 
no cumulative damage, the long-term impacts of multiple blasts above that threshold are 
not known (Ling, 2010).

There have been ongoing efforts to correlate some of the emerging clinical data from 
service members and veterans with blast as a mechanism of injury. Severe TBI from blast 
has been associated with a greater incidence of traumatic vasospasm (Armonda et al., 2006) 
than severe nonblast TBI. Evaluation of the performance of severity-matched populations 
with blast and nonblast injuries using neuropsychological testing did not find any significant 
difference between these two populations (Belanger et al., 2009). Evaluations of vestibular 
assessment with blast patients have shown a pattern different from that seen in nonblast 
injuries (Hoffer et al., 2010). There are some data utilizing neuroimaging techniques such 
as diffusion tensor imaging, which, in patients whose injuries were matched for severity, 
has shown a more diffuse pattern of brain injury in patients with blast as part of their con-
tributing mechanism than in those without blast (Moore, 2009). To better understand and 
determine the role of blast as a mechanism of injury, 75 experts from the Department of 
Defense, the Department of Transportation, the Department of Veterans Affairs, academia, 
and industry were gathered from five countries in May 2009 to evaluate evidence from past 
and ongoing blast research at the International State-of-the-Science Meeting on Non-Impact, 
Blast-Induced Mild Traumatic Brain Injury. Based on the data reviewed, which included pub-
lished and unpublished data from human and animal research, the participants determined 
there was evidence that mild trauma to the brain can occur because of blast and that this 
injury is different from nonblast injury. From the proceedings, this conclusion was based on 
evidence that demonstrated:

•	 Statistically	 significant	differences	 in	 diffusion	 tensor	 imaging-based	 fractional	 an-
isotropy between service members with documented mTBI associated with blast, and 
service members with impact-only mTBI.
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•	 Statistically	significant	differences	in	event-related	potentials	between	blast	and	non-
blast exposures in human studies.

•	 Preliminary	evidence	of	disturbed	phase	synchrony	following	blast	exposure.
•	 Differences	in	fMRI	between	breacher	instructors	and	students	(statistically	signifi-

cant fMRI results, statistically nonsignificant neurocognitive results).
•	 Alterations	in	inflammatory	markers	in	animal	studies.
•	 Physiological,	histological,	and/or	behavioral	differences	between	blast	and	nonblast	

exposures in shock tubes models with rodents.
•	 Low-level	axonal,	neuronal,	and/or	glial	damage/reactivity	in	blast	studies	(including	

free field and other) in porcine models.

The existence of comorbidities with psychological stress for those who sustained a TBI 
involving blast as a mechanism has been another challenge in attempting to compare blast 
TBI with nonblast (impact) TBI. One attempt to better understand and clinically correlate 
some of the disparate findings described above is comparison of the total number of domains 
or symptoms produced by those who have had TBI with a comorbidity of posttraumatic 
stress disorder (PTSD), those with TBI without a PTSD comorbidity, and those with PTSD 
but with no history of TBI or concussion. For example, it has been demonstrated (Brenner 
et al., 2010) that patients who had TBI with a PTSD comorbidity reported more symptoms 
than patients who had TBI without PTSD or patients who had PTSD without a history of 
TBI or concussion.

Furthermore, there is an acknowledged lack of data about long-term complications from 
blast injury (IOM 2009) and about how blast also may have similar effects to emerging data 
on CTE from recurrent injuries from sports concussions (McKee et al., 2009a).

CONCLUSIONS AND RECOMMENDATIONS

In general, TBI is characterized by its heterogeneity, reflecting the nature, severity and 
location of the insult. Despite this heterogeneity, there are shared mechanisms of secondary 
pathogenesis that are potentially amenable to therapeutic intervention. This chapter is writ-
ten as background and serves as the basis for subsequent chapters in which the committee 
considers nutrients, dietary supplements, or specific diets whose functions and mechanisms 
of action suggest they might promote resilience, be efficacious when provided after TBI, or 
both.

Appropriate animal study designs and biomarkers of injury and recovery are consider-
able components of the exploration of hypotheses about the benefits of nutritional inter-
ventions. Therefore, although not related to nutrition specifically, the committee thought it 
important to urge the advancing of these experimental tools. There are still significant inad-
equacies in the current TBI animal models and biomarkers of injury, and greater advances 
will be realized in TBI management when these are improved. The committee made two 
general recommendations: first, to continue to develop better animal models, and second, 
to identify biomarkers of injury and improved brain function.

 RECOMMENDATION 3-1. The committee recommends that DoD, in cooperation 
with others, refine existing animal models to investigate the potential benefits of nutri-
tion throughout the spectrum of TBI injuries, that is, concussion/mild, moderate, severe, 
and penetrating, as well as repetitive and blast injuries. Development of animal models is 
particularly urgent for concussion/mild TBI and brain injuries because of blast as well as 
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for repetitive injuries. These models will also aid in understanding the pathobiology of 
TBI, which is particularly needed for concussion/mild TBI, blast, and repetitive injuries.

 RECOMMENDATION 3-2. The committee recommends that DoD, in cooperation 
with others, continue to develop better clinical biomarkers of TBI (i.e., concussion/
mild, moderate, severe, penetrating, repetitive, and blast injuries) for the purposes of 
diagnosis, treatment, and outcome assessment. In addition, the committee recommends 
the identification of biomarkers specifically related to proposed mechanisms of action 
for individual nutritional interventions.
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4

Approach for Selecting Nutritional Interventions:  
Mechanistic Targets

The relationship between nutrition and brain function continues to be investigated, 
and there is still much to be discovered about brain function, brain disease processes, and 
interventions to improve or restore brain function following injury. There are likewise nu-
merous challenges in identifying pharmaceutical interventions to improve resilience or treat 
traumatic brain injury (TBI). Despite years of pharmaceutical research, there is still no ef-
fective drug treatment for TBI (see Hall in Appendix C); since the 1970s, not a single phase 
III human clinical trial has shown a significant benefit (Maas et al., 2010).

In this second part of the report, the committee presents its core recommendations. In 
particular, this chapter describes the committee’s rationale for selecting specific nutritional 
interventions for review. Briefly, the committee based its selection on the current understand-
ing of the injury process and of mechanisms of action of specific nutritional interventions. 
When the function and biochemistry associated with a particular nutritional approach 
appeared promising, a literature search was initiated. Based on the experience with phar-
maceuticals mentioned above, the committee understands that nutrition will not be the sole 
treatment for TBI, but it is a potentially powerful adjunct to promote metabolic support 
during wound healing, and may even exert neuroprotection in some instances if provided 
prior to injury.

GENERAL APPROACH FOR SELECTING NUTRITIONAL INTERVENTIONS

The committee’s approach to identifying nutritional interventions of potential use in the 
treatment of TBI consisted of expert discussions, literature reviews on the pathophysiology 
of TBI, initial identification of promising nutrients, and reviews of their effectiveness.

Expert Discussions

A public workshop was held June 23–24, 2010, in Washington, DC, where invited 
civilian and military subject-matter experts (e.g., medical experts, nutritionists, and neu-
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roscientists) presented their findings and experiences on various TBI-related topics, with a 
focus on potential nutrient interactions with the pathogenic sequelae of TBI. The commit-
tee also reviewed the existing literature examining the pathology and metabolic alterations 
of the insult with the goal of identifying nutrients that had the potential to favorably alter 
metabolism, oxidative stress, and tissue structure and repair, following and sometimes in 
advance of TBI.

Review of the Literature on Pathophysiology and Identification 
of Targets for Nutritional Interventions

As a background to elucidate the committee’s rationale, a summary of current knowl-
edge about the pathophysiology of TBI was presented in Chapter 3. Briefly, brain injuries 
differ dramatically from patient to patient depending upon the location, type, intensity, 
and duration of the initiating concussion force. One common feature of severe brain injury 
is reduced blood flow and oxygen deficiency. Neuronal membranes become damaged and 
ion channels malfunction, leaking proteins and neurotransmitters. Apoptotic genes are ac-
tivated, brain cells begin to swell, and mitochondrial function diminishes as the brain cells 
enter a “death spiral” (Scudellari, 2010). Production of free radicals increases and calcium 
ions are released, resulting in tissue damage and cell death (Mattson and Chan, 2003). For 
the purposes of this report, TBI pathology has been divided into primary, secondary, and 
long-term injury mechanisms to permit more specific focus on the timing and locus of the 
nutrient intervention. Box 4-1 shows a summary listing of adverse physiological responses 
as well as select potential neuroprotective targets (e.g., control of inflammation, angiogenic 
and neurogenic repair and recovery) discussed during the June public workshop and com-
mittee meetings that might respond to nutritional interventions. Box entries with an asterisk 
indicate especially promising potential targets for nutritional intervention. These potential 
nutritional targets and the mechanism or metabolic bridge linking them to TBI treatment 
or prevention have been grouped into three topic areas and will be discussed briefly in this 
chapter. Table 4-1 matches these potential nutritional targets with nutrients having relevant 
mechanisms of action; however, the reader should make no conclusions about the clinical 
efficacy of any of these nutrients based on this table. The information in this table is not 
meant to imply that there is any evidence from animal models or human trials showing 
benefits in ameliorating TBI. The table was constructed to illustrate that those nutrients and 
food components act on multiple and diverse processes that are common to brain injury, 
and therefore their effects (beneficial and adverse) should be reviewed.

For most nutrients, more than one mechanism is proposed. The scientific community 
believes that, based on the variations in injuries, responses, and outcomes after TBI, no 
single nutritional mechanism will serve as the magic bullet for TBI. The evidence on the 
ability of these putative nutrients to improve resilience or ameliorate the effects of TBI will 
be discussed in detail in subsequent chapters (Chapters 6–16).

Review of the Literature on Effectiveness of Nutrients

From its discussions, the committee identified an initial list of search criteria and promis-
ing pre- and postinjury nutritional interventions that might be useful adjuncts in the overall 
medical treatment and prevention of TBI. The committee decided on the search criteria and 
vocabulary included in Box 4-2.
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BOX 4-1 
Physiologic Responses to TBI and Protective/Reparative Targets

Physiologic responses
Intracranial hemorrhage
Release of glutamate/excitotoxicity
Ionic disturbances: Efflux of potassium, influx of calcium and sodium
Decreased cerebral blood flow
Vasogenic edema
Cytotoxic edema
Disruption of the blood-brain barrier
Intravascular coagulation
Ischemia
*Decreased ATP (altered glucose metabolism [hyper- followed by hypoglycolysis] and switch to alterna-
tive fuels, elevated lactate) cerebral acidosis
Nonischemic metabolic failure
*Mitochondrial disturbances/failure
Reactive oxygen and nitrogen species
Seizures
Vasospasm
*Inflammation
*DNA damage
*Cell injury: apoptosis, necrosis, cytoskeletal changes in cell bodies and processes
Activation of enzymes: e.g., calpains, caspases, endonucleases, metalloproteinases
*Altered neurotransmitters: e.g., catecholamines, serotonin, histamine, acetylcholine, GABA, dopamine

Endogenous Neuroprotective Targets
*Antioxidants (e.g., Cu/Zn-SOD, extracellular SOD, Mn-SOD, glutathione peroxidase, catalase)
Heat shock proteins (e.g., HSP-70, HSP-90, GRP-78, HSP-27)
Hypoxia-inducible-1 factor
*Erythropoietin
Antiapoptotic genes (e.g., XIAP, c-IAP2, Bcl-xL)
Antiapoptotic proteins (e.g., Bcl-2, Bcl-XL)
Growth factors (e.g., bFGF, NGF, BDNF, NT-4, TGF-B, GDNF)
*Anti-inflammatories (e.g., IL-10, IL-18)
Sex hormones (e.g., estrogen, progesterone)

Plasticity/Repair/Recovery Targets
*Neurotrophic factors: (e.g., nerve growth factor, glial-derived neurotrophic factors, neurotrophin 4/5)
*Inflammation
Angiogenesis
*Neurogenesis

* Promising mechanistic target areas for nutritional intervention.
SOURCES: Bales et al., 2009; Bazan, 2006; Bazan et al., 2005; Bramlett and Dietrich, 2004; Dietrich and Bramlett, 
2010; Dubreuil et al., 2006; Faden, 2002; Graham et al., 2000; Kokiko and Hamm, 2007; Longhi et al., 2001; Maas 
et al., 2010; Mammis et al., 2009; Margulies et al., 2009; Marklund et al., 1997, 2006; Mattson et al., 2002; Moppett, 
2007; Morales et al., 2005; Morganti-Kossmann et al., 2007; Povlishock and Katz, 2005; Raghupathi, 2004; Royo 
et al., 2003; Schouten, 2007; Stein et al., 2008; Stetler et al., 2010; Thompson et al., 2005, 2006; Unterberg et al., 
2004; Werner and Engelhard, 2007; Yi and Hazell, 2006.
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BOX 4-2 
Literature Search Criteria and Vocabulary

Inclusion Criteria
•	 	Health	 condition:	 patients	or	 animal	models	of	TBI	 (including	 in	 the	developing	brain),	 subarachnoid	

hemorrhage, intracranial aneurysm, stroke, anoxic or hypoxic ischemia, epilepsy
•	 	Study	designs:	(1)	randomized	controlled	trials	or	clinical	controlled	studies,	(2)	epidemiological/obser-

vational studies, (3) animal studies, (4) reviews and meta-analyses
•	 	No	minimum	sample	size	or	age	limit	in	human	trials
•	 	Language:	limited	to	articles	published	in	English
•	 	Publication	date:	1990	and	later
•	 	Dietary	supplementation	or	therapeutic	use	of	nutrient

Search Vocabulary
Health Condition:
•	 	Brain	injuries:	brain	concussion,	traumatic	brain	hemorrhage,	chronic	brain	injury,	diffuse	axonal	injury,	

posttraumatic epilepsy, pneumocephalus
•	 	Subarachnoid	hemorrhage	or	intracranial	hemorrhage
•	 	Intracranial	aneurysm
•	 	Hypoxia–ischemia,	brain
•	 	Stroke
•	 	Epilepsy

TABLE 4-1 Plausible Mechanisms of Action by Selected Nutrients and Food 
Components That Might Affect TBI Outcomesa

Nutrient/Mechanistic Target Edema
Reduced 
CBF Hypoxia

Inflam- 
mation

Oxidative 
Stress Apoptosis

Ionic 
Disturbances

Decreased ATP/
Mitochondrial 
Dysfunction Excitotoxicity Revascularization Neuroplasticity Neurogenesis

Neurotrophic 
Factors Synapses

Antioxidants (vit E, vit C) X X
Branched-chain amino acids X X
Choline X X X X
Creatine X
Curcumin
Flavonoids X X X X X
Ketogenic diet X X X X
Magnesium X X X X
n-3 FAs X X X X
Resveratrol X X X
Vitamin D + Progesterone X X X X X
Zinc X X X X X X X

 aThe information in this table does not imply there is any evidence from animal models or human trials showing 
benefits in ameliorating TBI. The table was constructed to demonstrate that those nutrients and food components 
act on multiple and diverse processes that are common to brain injury, and therefore their effects (beneficial and 
adverse) should be reviewed. Summaries of reviews and committee’s conclusions and recommendations are found 
in Chapters 6–16.
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Intervention:
•	 	Acetyl-L-carnitine
•	 	Amino	acids,	branched-chain:	aminoisobutryic	acids,	isoleucine,	leucine,	valine
•	 	Antioxidants
•	 	Ascorbic	acid	(vitamin	C)
•	 	Creatine
•	 	Curcumin
•	 	Cytidine	Disphosphate	Choline
•	 	Diet	therapy	or	nutritional	support
•	 	Fatty	acids,	n-3
•	 	Flavonoids:	anthocyanins,	benzoflavones,	biflavonoids,	catechin,	chalcones,	flavanones,	flavones,	

flavonoligans, flavonols, isoflavones, proanthocyanidins
•	 	Ketogenic	diet
•	 	Magnesium
•	 	Stilbenes	(resveratrol)
•	 	Vitamin	D
•	 	Vitamin	E:	tocopherol,	tocotrienols
•	 	Zinc

TABLE 4-1 Plausible Mechanisms of Action by Selected Nutrients and Food 
Components That Might Affect TBI Outcomesa

Nutrient/Mechanistic Target Edema
Reduced 
CBF Hypoxia

Inflam- 
mation

Oxidative 
Stress Apoptosis

Ionic 
Disturbances

Decreased ATP/
Mitochondrial 
Dysfunction Excitotoxicity Revascularization Neuroplasticity Neurogenesis

Neurotrophic 
Factors Synapses

Antioxidants (vit E, vit C) X X
Branched-chain amino acids X X
Choline X X X X
Creatine X
Curcumin
Flavonoids X X X X X
Ketogenic diet X X X X
Magnesium X X X X
n-3 FAs X X X X
Resveratrol X X X
Vitamin D + Progesterone X X X X X
Zinc X X X X X X X

 aThe information in this table does not imply there is any evidence from animal models or human trials showing 
benefits in ameliorating TBI. The table was constructed to demonstrate that those nutrients and food components 
act on multiple and diverse processes that are common to brain injury, and therefore their effects (beneficial and 
adverse) should be reviewed. Summaries of reviews and committee’s conclusions and recommendations are found 
in Chapters 6–16.
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NUTRITIONAL MODIFIERS OF TBI: PROMISING TARGETS

The treatment and recovery of TBI typically involves one or more of the following 
interventions: fueling hypermetabolism, reestablishment of vascularity, supporting brain 
plasticity, prevention of posttrauma protein tangle development, and controlling glutamate 
excitotoxicity. For the purposes of this report, the potential nutritional approaches targeting 
these interventions and the mechanism or metabolic connection linking them to TBI have 
been grouped into three target areas: (1) restoration of cellular energetics, (2) reduction of 
oxidative stress and inflammation and repair of cellular damage, and (3) repair and recovery. 
Each of these approaches is discussed briefly below, with example(s) of potentially useful 
nutrients that may have implications across several of these target areas. It is important to 
note that nutrients typically have multiple modes of action, interacting with various aspects 
of the potential target areas, so they may be considered in more than one target area.

Restoration of Cellular Energetics

Metabolic characteristics of TBI include cerebral acidosis, hypoxia, decreased adeno-
sine triphosphate (ATP) production, and resultant mitochondrial malfunction followed by 
apoptotic cell death. Apoptosis can be triggered by many different stimuli such as certain 
cytokines, toxins, oxidative stress, and calcium influx through damaged plasma membrane 
channels or release from the endoplasmic reticulum. Mitochondrial calcium dynamics 
are involved in the regulation of cellular energy metabolism and neurotransmitter release 
(Mattson and Chan, 2003). Although it is a nutrient, calcium acts in this case as a messenger 
to coordinate cellular reactions that drive apoptosis. Calcium release is normally under tight 
physiological control, but this normally close regulation is altered by the events following 
a traumatic brain injury. Calcium released from the endoplasmic reticulum triggers a mass 
exodus of cytochrome C from mitochondria in the cell, activating caspases and other nucle-
ase enzymes that finalize cell death (Mattson and Chan, 2003). Many of the hypothetical 
mechanisms of nutrients included in this report may have the effect of preventing apopto-
sis. Neuronal apoptosis can be induced by activation of glutamate receptors confined to 
the postsynaptic membrane of a dendrite, permitting a local influx of calcium that triggers 
cytochrome C release from mitochondria throughout the dendrites and cell body (Boehning 
et al., 2003). The series of events that triggers the malfunctioning of mitochondria severely 
disrupts the energetics of the cell. Thus, restoration of mitochondrial function or provid-
ing sources of energy other than glucose is a key objective after a TBI event. In addition, 
nutrients or food components that counteract or prevent ionic disturbances and excito-
toxicity have the potential to improve outcomes of TBI. One such nutrient is magnesium, 
which plays a role in the pathobiology leading to TBI (Sen and Gulati, 2010). The level of 
magnesium in the brain has been found to affect the influx of calcium and glutamate to the 
postsynaptic neuron, one potential mechanism by which magnesium exerts its effects.

Several other food components could potentially ameliorate the described effects on 
mitochondrial malfunction by augmenting energy metabolism. Creatine, a nitrogenous 
guanidine compound found naturally in vertebrates, accesses the brain via a creatine trans-
porter. Creatine and the creatine kinase/phosphocreatine system serve to buffer energy in 
tissues with high and fluctuating energy requirements (e.g., muscle and brain). Since the 
brain requires significant ATP turnover to maintain membrane potentials and its signaling 
capacity, creatine metabolism and the creatine kinase/phosphocreatine system are important 
for normal brain functioning; these may be compromised in diseases of the central nervous 
system. Studies also suggest that creatine’s neuroprotective effects are at least partly due to 
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increased cerebral blood flow and reduction in the processes associated with secondary brain 
damage, such as an increase in free fatty acid and lactate (Sullivan et al., 2000).

Acetyl-L-carnitine (ALC), another food component, has been shown to confer neuro-
protection in models of both global and focal ischemia (see review, Zanelli et al., 2005). It 
is postulated that ALC serves as an alternative source of acetyl coA, and as such promotes 
aerobic energy metabolism and reduces tissue acidosis. With reduced tissue acidosis, oxida-
tive stress may likewise be ameliorated. Data further suggest that ALC modulates excitotox-
icity, apoptosis, and inflammation. The beneficial effects of ALC may reflect the targeting of 
multiple pathogenic pathways. However, a review of the literature did not deliver enough 
evidence for the committee to write a chapter and make recommendations. Only a few stud-
ies have been done in animal models of ischemia. In addition, improvements in neurological 
outcomes were only seen when ALC was administered within 30 minutes after the injury, 
which might not be feasible in the field. The acetate precursor glyceryl triacetate, a food 
additive and dietary supplement, has also been found to effectively supply acetyl coA as an 
alternative energy source in an animal model of TBI (Arun et al., 2010), which can contrib-
ute to more immediate energy production for mitochondria than glucose.

Essential nutrients might also be promising in the treatment of TBI. Dietary branched-
chain amino acids (BCCAs) are important for de novo synthesis of glutamate, which plays 
an important role in maintaining synaptic neurotransmitter pools. In an experimental model 
of TBI, BCAAs (i.e., valine, isoleucine, leucine) were found to be reduced (Cole et al., 2010), 
and dietary delivery resulted in improved cognitive outcomes that correlated with restored 
net synaptic efficacy. Although these findings are quite encouraging, further studies, as 
recommended in the next chapter, are needed to determine if this benefit is sustained over 
time. It is postulated that BCAAs are beneficial as precursors of neurotransmitters as well as 
providing an alternative energy source. It is unclear to what extent the synthesis neurotrans-
mitters might contribute to the potential effects of BCAAs in TBI, because BCAAs influence 
the synthesis of both excitatory and inhibitory neurotransmitters.

Other promising interventions include specific diets rather than a single food component 
or nutrient. The ketogenic diet is a high-fat, low-carbohydrate diet used as a therapy for epi-
lepsy, especially in children (Beniczky et al., 2010). This diet provides an alternative source 
of fuel to the brain and enhances energy production in the brain when glucose utilization is 
impaired. Although the mechanisms of protection in epilepsy are not completely understood, 
it appears that following a ketogenic diet provides resistance to metabolic stress and may 
thereby provide protection to the injured brain. Animal studies have shown that ketogenic 
diets improve mitochondrial antioxidant status and protect the DNA (deoxyribonucleic 
acid) from oxidative damage by increasing glutathione, a major mitochondrial antioxidant, 
and by reducing both acetyl coA, an indicator of mitochondrial redox status, and lipoic acid, 
a thiol antioxidant. One drawback of ketogenic diets is that patient compliance is difficult 
to maintain. Alternative diets could be developed that are more organoleptically acceptable 
and have similar effects in the brain.

Reduction of Oxidative Stress and Inflammation and Repair of Cellular Damage

Oxidative stress and chronic inflammation are among the root causes of many diseases, 
such as cardiovascular disease, insulin resistance, autoimmune diseases like rheumatoid 
arthritis, and Alzheimer’s disease. Brain injuries such as ischemic brain injury and TBI have 
also implicated oxidative stress as a key pathological factor in secondary injury progression. 
Mitochondria, the main source of cellular ATP production under normal aerobic conditions, 
are susceptible to reactive oxygen species (ROS), which generate localized oxidative stress. 
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Injury to the brain also promotes inflammation, which can eventually lead to further tissue 
damage if not well regulated and resolved promptly. These observations suggest that dietary 
antioxidant and anti-inflammatory therapy may be useful approaches to promote protective 
mechanisms in the injured brain (Wu et al., 2006).

One class of nutrients that could be important to improve TBI outcomes is niacin (i.e., 
vitamin B3, nicotinamide adenine dinucleotide [NAD+]) and its derivatives, since it plays an 
important role in maintaining and regulating cellular redox states, calcium ion stores, DNA 
damage and repair, response to cellular stress, and energy metabolism (Xu and Sauve, 2010). 
Enhanced oxidative stress can induce DNA strand breaks, which in turn are repaired by 
activation of poly(ADP-ribose) polymerase (PARP). Under certain pathological conditions 
such as trauma and resulting sepsis, this process of DNA damage and repair can consume 
large amounts of NAD+, leading to its cellular depletion, which in turn promotes inflam-
mation (Wendel and Heller, 2010). The nuclear protein poly(ADP-ribose) polymerase-1 
(PARP-1) functions as a molecular stress sensor and DNA repair mechanism. Overactivation 
of PARP-1 followed by NAD+ depletion is a major contributor to ischemic brain damage 
(Love, 1999). PARP-1 is believed to be a key mediator of cell death in excitotoxicity, is-
chemia, and oxidative stress (Alano et al., 2010). Reactive oxygen species strongly activate 
the enzymatic activity of PARP-1 (Altmeyer and Hottiger, 2009). Excessive activation of 
PARP-1 is believed to be a key link between oxidative stress, glutamate excitotoxicity, and 
cell death (Ying and Xiong, 2010; Yu et al., 2009). NAD+ links PARP-1 to energy metabo-
lism (Altmeyer and Hottiger, 2009), suggesting that NAD+ depletion, such as that observed 
in TBI, is a causal event in PARP-1 mediated cell death. Preventing the depletion of cyto-
solic NAD+ that characterizes the massive disruption of energy metabolism following TBI 
could therefore ameliorate the chain of events that lead to cell death. Despite this role in 
regulating redox states, a literature search on niacin did not reveal any study to explore its 
effects in outcomes of TBI. For this reason, niacin was excluded from the list of promising 
nutritional approaches.

There are numerous other nutrients and food components that have either antioxidant 
or anti-inflammatory effects and that could potentially be beneficial in TBI pathology. The 
committee initially selected some because they have been studied extensively in connection 
with cardiovascular disease and other chronic diseases having inflammation as one of their 
etiologies. Vitamin E (alpha-tocopherol) is a potent reactive species scavenger that acts as 
an inhibitor of lipid peroxidation (Marklund et al., 2006). In a 2010 experimental model 
of TBI, dietary supplementation with alpha-tocopherol has been shown to reduce protein 
oxidation, increase levels of the antioxidant superoxide dismutase, and improve cognitive 
outcome (Wu et al., 2010). Identifying compounds such as alpha-tocopherol or alpha-
eleostearic acid that mitigate oxidative stress or regulate the release of apoptosis-releasing 
factors from the mitochondria may yield important therapeutic approaches for the nutri-
tional treatment of neuronal injury (Kondo et al., 2010).

Brain development and function are reliant upon n-3 fatty acids (Bazan, 2007). This 
group of fatty acids is of particular interest in the setting of TBI because of its potential role 
as a modulator of inflammation. Two fatty acids, the n-3s docosahexaenoic acid (DHA—
C22:6) and eicosapentaenoic acid (EPA—C20:5), support resolution of inflammation (see 
review, Kidd, 2007). While their mechanisms of action are currently being elucidated, Serhan 
and colleagues in Appendix J describe a number of studies that led to this conclusion. A 
hallmark finding of this research is that DHA is metabolized to resolvins and protectins, 
which are hypothesized to resolve inflammation and protect the brain from further damage. 
Endogenous neuroprotectin D1, while elevated in a model of brain ischemia, may not be suf-
ficient to thwart the pro-inflammatory response; exogenous administration (intraventricular 
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infusion), however, may reduce inflammation and result in neuroprotection (Bazan, 2007). 
Taken together, it appears that the mechanistic effects of diets high in n-3 fatty acids, such 
as DHA or its analogues, warrant further investigation for ameliorating the adverse effects 
of TBI.

Many phytochemicals, such as flavonoids, may also exert benefits because of their 
antioxidant or anti-inflammatory actions. Flavonoids consist of two aromatic rings bound 
together by three carbons that form an oxygenated heterocycle. Flavonoids can be classified 
into seven subclasses: flavonols (e.g., quercetin), flavones (e.g., apigenin), flavanones (e.g., 
hesperetin), flavan-3-ols (e.g., epicatechin), anthocyanins (e.g., cyanidin), polymers (e.g., 
proanthocyanidins), and isoflavones (e.g., genistein). The flavanol epicatechin was shown 
to be neuroprotective in a stroke model of brain injury (Shah et al., 2010). It is thought 
that this flavanol supports antioxidant defense mechanisms in the brain by activating the 
transcription factor Nrf2. This results in an increase in the enzyme heme oxygenase-1, which 
confers neuroprotection in part by degrading the prooxidant heme to the antioxidants bili-
verdin and bilirubin (Chang et al., 2005). In the setting of TBI, where heme arises from the 
breakdown of hemoglobin as well as the release of heme from dying cells, epicatechin may 
prove to be beneficial (Doré, 2010).

One food component with anti-inflammatory properties is resveratrol (3,4′,5- 
trihydroxystilbene). Resveratrol belongs to a class of polyphenolic compounds called stil-
benes. Some types of plants produce resveratrol and other stilbenes in response to stress 
and injury, presumably to aid in their recovery process. Resveratrol has been shown to 
be neuroprotective in animal models of cerebral ischemia. Its exact mechanism of ac-
tion is not known; there are several hypotheses, one of which is that it acts indirectly by 
increasing sirtuin-1 (SIRT1) activity during recovery or by sparing cells via 5′ adenosine 
monophosphate-activated protein kinase’s (AMPK’s) elevation of NAD+ levels. The NAD-
dependent deacetylase, SIRT1, is an enzyme that deacetylates proteins involved in cellular 
regulation, including reaction to stressors. Recent evidence suggests that SIRT1 inhibitors 
may be neuroprotective. Based on in vitro studies, resveratrol is also hypothesized to inhibit 
the activity of several inflammatory enzymes, including cyclooxygenase and lipoxygenase, 
resulting in a suppressive effect on inflammatory and oxidative stress (Ghanim et al., 2010). 
Yet another hypothesis states that resveratrol may also inhibit proinflammatory transcription 
factors, such as NFκB or AP-1. This is supported by a human randomized controlled trial in 
which resveratrol was shown to exert anti-inflammatory and antioxidative stress effects in 
normal humans when measured by blood biomarkers (Ghanim et al., 2010). The suppressive 
effects of this extract on ROS generation and a range of inflammatory mediators suggest 
that resveratrol may induce its effects through increased expression of anti-inflammatory 
cytokines and a reduction in proinflammatory molecules, all potentially beneficial implica-
tions for TBI.

Curcumin, a phenolic yellow pigment from the rhizome Curcuma longa used as a fla-
voring and coloring agent, especially in curries, is an antioxidant and an anti-inflammatory 
agent. Curcumin is a potent inhibitor of the proinflammatory cytokine IL-1b and the 
transcription factor NFκB that are involved in cellular responses to stimuli such as stress, 
cytokines, and free radicals (Laird et al., 2010).

One compound that deserves attention because of its potential synergism with proges-
terone therapy is vitamin D. The hormone progesterone and its metabolites are considered 
pleiotropic drugs that confer neuroprotection by preventing the expression of inflammatory 
cytokines in the brain while reducing apoptosis, lipid peroxidation, and cerebral edema 
(Beauchamp et al., 2008) and stimulating growth-promoting factors that may play a sig-
nificant role in remyelination of damaged neurons. The dosage of progesterone effective for 
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treatment is too high to be feasibly achieved with current commercial dietary supplements. 
The committee therefore did not consider it as a potential stand-alone nutritional approach 
to the treatment of TBI; rather, it considered vitamin D3 as an example of a nutrient that may 
act synergistically with a pharmaceutical product, progesterone. Cekic and Stein (2010) sug-
gest that vitamin D, a potent modulator of cell cycle, immune function, and calcium homeo-
stasis, can work synergistically with progesterone therapy to reduce post-TBI inflammation.

Although microbial proteases have been used as anti-inflammatory agents (e.g., in 
wounds and hematomas), a review of their effects using the criteria in Box 4-2 did not 
identify any active research with proteases and TBI or associated conditions; therefore, they 
were neither considered as promising interventions nor reviewed in this report.

Repair and Recovery

Studies in the late 1990s showed that the brain has the capacity to generate new cells 
and that these cells can, under defined conditions, become functional. These findings, 
together with key studies showing the plasticity of the somatosensory circuits, serve as a 
foundation for understanding mechanisms of adaptability after a brain injury (see review, 
Kidd, 2009). Repair and recovery mechanisms likely involve revascularization of damaged 
tissue, neurogenesis, axonal/dendritic plasticity, and changes in neuronal networks. These 
events may be susceptible to nutritional augmentation approaches. For example, neuro-
trophins regulate neuronal survival, growth, and synaptic plasticity and neurotransmission, 
and protect against neuronal injury. One neurotrophin that has received particular attention 
is brain-derived neurotrophic factor (BDNF), modulated by diet and exercise. Brain-derived 
neurotrophic factor has been shown to regulate survival, growth, and differentiation of 
neurons during development, and is associated with learning and memory skills.

The nutrient vitamin E may act to improve neuroplasticity. Utilizing a fluid percussion 
model in rats, Wu et al. (2010) found that rats receiving dietary supplementation with vita-
min E prior to TBI suffered less loss of BDNF and showed better-preserved brain cognition 
and synaptic plasticity than rats receiving no vitamin E supplementation. Thus, in addition 
to its antioxidant activity, vitamin E may exert its action via other targets, such as those 
supporting neuroplasticity.

Dietary curcumin has also been investigated for its potential to counteract the outcome 
of TBI on synaptic plasticity and cognition, as well as for its antioxidant properties (Wu 
et al., 2006). Dietary supplementation reduced oxidative damage and normalized levels of 
BDNF and cyclic AMP-response element-binding protein. It was therefore suggested that 
oxidative stress may influence synaptic plasticity and cognitive recovery through its actions 
on BDNF.

Cytidine 5′-diphosphocholine (citicoline or CDP-choline) is an essential intermediate in 
the biosynthetic pathway of cell membrane phospholipids. It is naturally present in eggs and 
liver, and also sold as a dietary supplement. It is readily absorbed by the oral route, with 
no reported serious side effects, and is subsequently widely distributed throughout the body 
where it is incorporated into membrane and microsomal phospholipids. The two principal 
components of CDP-choline, cytidine and choline, can cross the blood-brain barrier where 
they then become incorporated into lipid membranes (Jain, 2008). CDP-choline has been 
shown to inhibit apoptosis associated with cerebral ischemia and edema and to potentiate 
neuroplasticity in experimental models. It exerts neuroprotection in hypoxic and ischemic 
conditions (Secades and Lorenzo, 2006) as well as in rodent models of TBI (Kokiko and 
Hamm, 2007; Marklund et al., 2006), and is currently in phase III clinical trials for TBI, 
sponsored by the National Institute of Child Health and Human Development (NICHD) 
(Jain, 2008; Zafonte et al., 2009).
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The antioxidant effects of flavonoids, polyphenolic compounds found in fruits and 
vegetables as well as wine, tea, and other beverages, are well known. They also exert a 
multiplicity of neuroprotective actions within the brain, including a potential to protect 
neurons against injury induced by neurotoxins; an ability to suppress neuroinflammation; 
and the potential to promote memory, learning, and cognitive function (Spencer, 2009). 
Flavonoids are believed to interact with critical protein and lipid kinase signaling cascades 
in the brain that lead to an inhibition of apoptosis and to a promotion of neuronal survival 
and synaptic plasticity (Spencer, 2009). Based on their actions, it is possible that flavonoids 
also hold potential to aid in recovery from brain trauma, although this particular aspect of 
flavonoid therapy has not been the subject of human clinical trials. Spencer (2009) suggests 
that flavonoids increase peripheral and cerebral blood flow, which in turn support angio-
genesis and neurogenesis. Flavonoids likely have other effects on the injured brain, targeting 
post-transcriptional factors and gene expression, and scavenging neurotoxic and proinflam-
matory species. Yao and colleagues (2010) also observed that Epimedium (a genus of more 
than 60 species of herbaceous flowering plants in the family Berberidaceae) flavonoids can 
have a direct stimulatory effect on neuronal stem cell proliferation and differentiation in 
a rat cell culture model. Altogether, these observations hold promise for the application of 
flavonoids to neuroprotection.

SUMMARY

The heterogeneity of TBI, together with prolonged secondary pathogenesis and long-
lasting adverse neurological sequelae, makes this disease a challenge to manage. In fact, 
there has never been a single pharmaceutical that has been successful as a therapeutic agent. 
Interventions targeting features of the acutely injured brain such as hypoxia and excitotoxic-
ity will differ from those that are directed toward the more chronically injured brain that 
is characterized in part by the emergence of proteinopathies. Alterations in metabolism 
early after the injury can result in disorders in the areas of motor function, cognition, and 
neuropsychiatry. Based on the multifaceted nature of the disease, scientists and clinicians 
recommend a combinatorial approach to its management. Nutritional interventions should 
not be viewed as stand-alone therapies but rather as support for other therapies, and can 
range from the clinical support provision of essential nutrients and energy for recovery 
from major trauma, to individual nutrients or phytochemicals that may uniquely affect the 
neuronal repair process.

A number of nutrients, dietary supplements, or specific diets act in biological systems 
in ways that suggests administration to TBI patients before or after injury could improve 
patient outcomes. For example, restoring energetics, acting as anti-inflammatory or anti-
oxidant agents, or delaying apoptosis could all contribute to faster recovery from TBI. The 
mechanisms of action of most nutrients are currently not well understood. The committee 
centered its attention on those compounds shown to act in relevant physiological processes. 
As an illustration, based upon the clinical success of progesterone and its mechanism of ac-
tion, it seems logical to focus upon the same clinical goals, that is, to prevent or modulate 
the expression of inflammatory cytokines (particularly interleukin-6) in the brain while 
blocking the mechanisms that trigger apoptosis, such as oxidative stress, excess cellular 
calcium release, and activation of apoptotic genes. The fact that nutrients can affect vari-
ous pathological responses presents a real advantage in potential interventions. However, 
when selecting nutritional interventions and conducting reseach, it is essential to consider 
that the target population is critically ill (see Chapter 17 for other considerations in study 
designs). Therefore, it is extremely important that adverse events associated with the nutri-
ents be investigated not only in the healthy population, but also in the critically ill. As an 

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

66 NUTRITION AND TRAUMATIC BRAIN INJURY

example, although probiotics have shown some benefits for TBI, care should be taken when 
considering administering these to critically ill persons because of potential adverse effects 
(Besselink et al., 2008).

Based on the expert opinion of the committee and the target areas identified as relevant 
for nutrition, the following nutritional interventions were identified for review: energy needs 
for severe cases of TBI, acetyl-CoA, antioxidants, branched-chain amino acids, choline, 
creatine, ketogenic diets, magnesium, nicotinamide adenine dinucleotide (NAD+), n-3 fatty 
acids, polyphenols, probiotics, vitamin D, and zinc. The committee searched the literature 
using the database Medline and employing the parameters shown in Box 4-2. Three of the 
nutritional interventions (i.e., acetyl-L-carnitine, niacin, and probiotics) initially selected 
were not included in the report because of insufficient evidence from animal and human 
studies to reach conclusions about their effectiveness, or concerns for harm. Based on the 
existence of promising data from animal or human studies on TBI (or the associated condi-
tions listed in Box 4-2), the committee selected the following ten nutritional interventions 
to review in greater detail: energy needs (Chapter 6), antioxidants (i.e., vitamins E and C) 
(Chapter 7), branched-chain amino acids (Chapter 8), choline (Chapter 9), creatine (Chapter 
10), ketogenic and modified diets (Chapter 11), magnesium (Chapter 12), omega-3 fatty 
acids (Chapter 13), polyphenols (i.e., flavonoids, resveratrol, and curcumin) (Chapter 14), 
vitamin D (Chapter 15), and zinc (Chapter 16).
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5

Acquiring Resilience to TBI Prior to Injury

The concept that the brain is a flexible organ that can be affected by its environment 
has only recently begun to be accepted in the scientific community. As a result, the fields 
of nutrition and central nervous system function have only started to coalesce within the 
past few decades, attempting to associate nutrition and diet with improvements in behavior, 
cognition, and alertness. As demonstrated in Chapter 3, information about the pathologi-
cal processes of traumatic brain injury (TBI) and their timing is also incomplete, especially 
when considering the diversity in brain injuries. There are still questions and challenges in 
attempting to identify promising nutrition interventions to increase resilience to TBI. Still, 
using nutrition as a preventive intervention is a sensible proposition, since it appears that 
the presence or absence of a nutrient (see Chapters 6–16) within minutes to hours of the 
injury may have the potential to influence the outcome.

The problem of identifying promising nutritional interventions for TBI was faced from 
two different angles: resilience and treatment. The committee uses the term resilience to 
refer to the effect of interventions that occur before the insult. A nutritional intervention 
may impart resilience in two general ways, by preventing or interrupting pathological pro-
cesses postinjury, or by enhancing the damage repair process. This chapter provides the 
committee’s thinking about the importance of nutrition in providing resilience. In addition, 
the chapter summarizes military nutrition standards and what is known about the diets of 
military personnel.

INTRODUCTION

Over time, both the North American Dietary Reference Intakes (DRIs) and the Military 
Dietary Reference Intakes (MDRIs) have shifted their focus from preventing deficiencies to 
promoting optimal health. Among the nutrients that offer promise in providing resilience 
and are therefore important to consider are both essential (e.g., vitamins E and C) and non-
essential food components (e.g., creatine and resveratrol). This section explores the concept 
that dietary intake prior to experience of a TBI event affects the outcomes. The evidence, 
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based on studies conducted to investigate the resilience imparted by specific nutrients or food 
components, is presented in Chapters 6–16.

Research clearly indicates that malnourished patients have longer hospitalizations and 
poorer surgical outcomes than well-nourished patients (Garrouste-Orgeas et al., 2004; 
O’Brien et al., 2006; Tremblay and Bandi, 2003). However, research also indicates that in 
a generally adequately nourished population, short-term reduction of protein and energy 
intake prior to surgery is not significantly related to outcomes. This is relevant to discussion 
of military service members because they sometimes undergo short periods of time during 
special missions when dietary intakes may be less than the MDRIs, but these short-term 
deficits apparently do not affect their health status or performance. Based on the Department 
of Defense (DoD) testimony, the committee assumed that the nutrition status of active-duty 
military personnel is similar to that of the general population of the United States. Even 
with the presumption that their nutrition status is adequate, there may still be opportuni-
ties to target intake of specific nutrients having the potential to maximize resilience to an 
injury such as TBI.

The question of how to maximize the use of nutrition to optimize resilience to TBI 
should address the overall nutritional status of military personnel, but it should also identify 
particular nutrients that may be more important than others in a generally well-nourished 
population. In order to plan menus and rations to ensure adequate diets for military person-
nel, military nutrition standards and menu-planning procedures have been established and 
implemented. In the future, these standards and procedures might consider specific nutrition 
approaches if there is evidence that they would benefit those at higher risk of experiencing 
TBI.

MILITARY NUTRITION STANDARDS

Historically, the military has reviewed the nutrition standards (DRIs) for the general 
U.S. population and determined whether adjustments were necessary for military personnel, 
specifically for those experiencing situations unique to the military, such as being deployed in 
extreme environments and under high levels of physical and mental stress. Previous reports 
concluded that service members may have nutritional requirements that differ from those 
of the general U.S. population. Previous committees of the Institute of Medicine (IOM) also 
have recognized that the dietary intake of military personnel might be different from that of 
the general U.S. population and have recommended evaluation of nutritional status through-
out the military services (e.g., IOM, 2006, Mineral Requirements for Military Personnel). 
The MDRIs were last updated in 2001 in a tri-service regulation (Baker-Fulco et al., 2001; 
U.S. Departments of the Army, 2001). This regulation established nutritional standards for 
military feeding as well as nutritional standards for operational rations (NSORs). The Army, 
the lead agency, is tasked with the responsibility to “establish nutritional standards of meals 
served to military personnel subsisting under normal operating conditions and while under 
simulated or actual combat conditions” and “establish nutritional standards for operational 
rations and restricted rations.” Each military service is responsible for ensuring there are 
mechanisms in place to meet nutritional standards in menus, including compliance require-
ments in contracts with food service operations. The current MDRIs, shown in Table 5-1, 
were adapted from the 1989 Recommended Dietary Allowances (RDA, 10th revised edition) 
and thereafter from the DRIs for the following nutrients: calcium, phosphorus, magnesium, 
vitamin D, fluoride, thiamine, riboflavin, niacin, vitamin B6, folate, vitamin B12, pantothenic 
acid, biotin, choline, vitamin C, vitamin E, selenium, and carotenoids (Baker-Fulco et al., 
2001). The regulation acknowledged that DRIs for some nutrients (i.e., vitamins A and K, 
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TABLE 5-1 Comparison of Current MDRIsa with DRIs

Unit

Menb Womenb

MDRI RDA, AIc MDRI RDA, AIc

Energy,d general/
routine

Kcal/d 3,250 Based on weight, 
height, and 
activity levels

2,300 Based on weight, 
height, and 
activity levels

Light activity Kcal/d 3,000 See above 2,200 See above
Moderate 

activity
Kcal/d 3,250 See above 2,300 See above

Heavy activity Kcal/d 3,950 See above 2,700 See above
Exceptionally 

heavy 
activity

Kcal/d 4,600 See above 3,150 See above

Proteine g/d 91 (63–119) 56 72 (50–93) 46
Vitamin A μg RE/d 1,000 900 800 700
Vitamin D μg/d 5 15 5 15
Vitamin E mg/d 15 15 15 15
Vitamin K μg/d 80 120c 65 90c

Vitamin C mg/d 90 90 75 75
Choline mg/d – 550 – 425
Thiamin mg/d 1.2 1.2 1.1 1.1
Riboflavin mg/d 1.3 1.3 1.1 1.1
Niacinf mg 

NE/d
16 16 14 14

Vitamin B6 mg/d 1.3 1.3 1.3 1.3
Folateg mg 

DFE/d
400 400 400 400

Vitamin B12 μg/d 2.4 2.4 2.4 2.4
Calcium mg/d 1,000 1,000 1,000 1,000
Phosphorusa mg/d 700 700 700 700
Magnesium mg/d 420 400–420 320 310–320
Iron mg/d 10 8 15 18
Zinc mg/d 15 11 12 8
Sodium mg/d 5,000 (4,550–5,525) 1,500c 3,600 (3,220–3,910) 1,500c

Iodine μg/d 150 150 150 150
Selenium μg/d 55 55 55 55
Fluoride mg/d 4.0 4c 3.1 3c

Potassium mg/d 3,200 4,700c 2,500 4,700c

 a Values for energy, protein, and associated nutrients are expressed as average daily nutrient intakes and based 
on moderate activity levels and reference body weights of 79 kg (174 lb) for military men and 62 kg (136 lb) for 
military women.
 b RDA values represent those for adults ages 19–50 years old.
 c AI = Adequate Intake. Data were insufficient to determine an RDA.
AMDR = Acceptable Macronutrient Distribution Range. This is the percentage of energy intake that is associated 
with reduced risk of chronic disease and provides adequate amounts of essential nutrients.
 d Energy recommendations for various activity levels are estimates only and vary among individuals. The general 
values are for moderate levels of activity and are appropriate for most personnel in garrison. Values are rounded 
up to the nearest 50 kcal.
 e The RDA for protein is based on 0.8 g/kg/day; the MDRI for protein was based on 0.8–1.5 g/kg/day.
 f Expressed as mg/day as niacin equivalents (NE). 1 mg of niacin = 60 mg of tryptophan.
 g Expressed as μg/day as dietary folate equivalents (DFEs). 1 DFE = 1 μg food folate = 0.6 μg of folic acid from 
fortified food or as a supplement consumed with food = 0.5 μg of folic acid from a supplement taken on an empty 
stomach.
SOURCES: IOM, 2006a, 2010; U.S. Departments of the Army, Navy, and Air Force, 2001.
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chromium, copper, iodine, iron, manganese, molybdenum, and zinc) were published after 
the MDRIs were established, and that interim guidance would be necessary to update the 
regulation as new DRI reports were published (U.S. Departments of the Army, Navy, and 
Air Force, 2001).

The MDRIs are currently under revision, and increases from the previous MDRIs are 
being considered for three nutrients (vitamin K, iron [for women], and potassium), while 
decreases are being considered for four nutrients (vitamin A, iron [for men], sodium, and 
fluoride).

In addition to the MDRIs, there are also NSORs for rations that are intended for 
use under limited circumstances. Operational rations include meals, ready-to-eat (MREs) 
and group feeding rations (Unitized B ration, and Unitized Group rations); these are also 
designed to be nutritionally adequate, and menus, when averaged, will meet the NSORs. 
Restricted rations (e.g., survival rations; meals, cold weather; long-range patrol rations) are 
intended for special purposes and for short-term use (i.e., less than 10 days) and are not 
required to be nutritionally adequate. The MDRIs consider military circumstances that affect 
nutrient requirements, such as the need for higher intake of energy and some minerals when 
performing intensely demanding physical tasks in a variety of environments (e.g., extremes 
of altitude or temperature). The military also has considered adding to the rations compo-
nents that improve cognitive functions essential for the performance of military duties, like 
attentiveness or the ability to make rapid decisions. One such example that was reviewed 
and later introduced into rations is caffeine. As new challenges emerge, such as TBI in all 
its forms, military diets will need to be reconsidered and readjusted.

DEVELOPMENT OF MENUS

The committee was asked to assume that both predeployment and postdeployment 
nutritional intakes are similar to the diets of the general U.S. population as evaluated in the 
National Health and Nutrition Examination Survey (NHANES) and Dietary Guidelines Ad-
visory Committee reports.1,2 While in theater, many deployed service members are provided 
food comparable to meals in a garrison dining facility. The in-theater menus are developed 
at Fort Lee by the Joint Culinary Center of Excellence (JCCoE) in accordance with the 
Army and DoD nutritional standards (AR 40-25) and the Army menu standards (AR 30-22 
and DA PAM 30-22). AR 40-25 provides the nutritional foundation of the menu while AR 
30-22/DA PAM 30-22 describes the procedures used to meet the nutrition standards through 
menu patterns and food choices. As prescribed in AR 40-25, 2-1f, menus are required to 
meet the MDRIs over a 5- to 10-day period.

Oversight of menus prepared by JCCoE is provided by the Food Service Management 
Board (FSMB). Briefly, the FSMB consists of the food program manager/food advisor, a 
dietitian, a supply representative, representatives from all supported major subordinate com-
mands, prime vendor representatives, a preventive medicine representative, and a veterinary 
services member. One of the primary functions of the FSMB is to review the menu and in-
corporate new products based on their nutritional value, sensory appeal, and customer and 
regional preferences. Changes made to the JCCoE menus at the local installation level are 
reviewed by the dietitian, a voting member of the FSMB, who provides feedback on nutri-
tional adequacy of menus. Nutrient analysis is not routinely conducted when planned menu 
items are replaced with other items because of local food preferences or other causes. The 

1 Available online: http://www.cdc.gov/nchs/nhanes.htm (accessed December 23, 2010).
2 Available online: http://www.cnpp.usda.gov/DGAs2010-DGACReport.htm (accessed January 14, 2010).
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dietitian’s designated role at the FSMB is to recommend specific changes in levels of nutrients 
when necessary to preserve the health of the troops, to review the menus and compare them 
with standards, to advise the board on the nutritional aspects of revised menus, to educate 
and advise the board on nutritional topics such as the nutritive value of each product sample 
and current nutrition trends, and to discuss the availability of more healthful products with 
the prime vendor for the local installation.

The performance of contract services that provide food for the dining facilities in the-
ater is reviewed by a Quality Assurance Evaluator. Although evaluators complete the Food 
Service Contract Management (FSCM) course and other training for the Contracting Of-
ficer Representative/Quality Assurance Evaluator, they are not required to have nutrition 
knowledge. Evaluators assess whether the menus in dining facilities meet the standards in 
regulations AR 30-22 and DA PAM 30-22 for providing the components of meals, but they 
do not conduct nutritional analyses of menus.

DIETS OF MILITARY PERSONNEL

As explained above, menus offered in contract dining facilities in theater are intended to 
meet the MDRIs, but each service member’s actual nutrient intake is of course dependent on 
the individual’s knowledge, preferences, and habits. Although a one-hour block of nutrition 
education is included during basic training, it isn’t clear whether this is sufficient to ensure 
adequate understanding of the importance of general nutrition in overall performance. An 
Army nutrition education initiative called Go for Green that color-codes menu items accord-
ing to nutrition characteristics may provide additional valuable information to help support 
more healthful choices by soldiers. The Go for Green nutrition education program allows 
incorporation of additional nutritional criteria when the science becomes strong enough. 
The outcomes of this initiative have not been measured yet. Similar nutrition education in 
other services may also be appropriate, as well as nutrition education targeted to particular 
military situations or concerns, e.g., specific to TBI when the likelihood of this type of injury 
is high. The Soldier Fueling Initiative provides additional concrete examples of how to use 
menu-planning items when menu standards are modified (e.g., the inclusion of more foods 
high in specific nutrients).3

Although it could be argued that the dietary intake of those with access to dining facili-
ties mirrors that of the general U.S. population, data documenting current dietary intake 
while in theater are not available. Other service members consume a variety of operational 
rations while on patrols in remote areas, which should also be considered when attempting 
to provide nutrition support for resilience to TBI. Service members do not normally sub-
sist solely on operational rations (e.g., MREs) for longer than 21 days, but unfortunately 
there is only limited data available for intake under these circumstances. The proportion of 
deployed service members consuming each of the various rations4 is not known. Likewise, 
information on the intake of these rations by military personnel is also not available. There 
are further variations in the components of the rations based on availability, and the logis-
tics of transporting food in theater will have a significant effect on what is actually served.

Informal reports from deployed military dietitians indicate that some military members 
lose significant weight (either intentionally or unintentionally) while deployed, while oth-
ers, given constant access to dining facilities, gain weight. It is acknowledged that in longer 

3 Available online: http://www.quartermaster.army.mil/jccoe/Operations_Directorate/QUAD/Nutrition/nutrition_
main.html (accessed December 23, 2010).

4 A rations that include fresh, frozen, and canned foods; B rations consisting of only canned and dried foods (e.g., 
unitized rations); and operational rations such as MREs or other specific operational rations.
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deployments individuals can respond in different ways: from using the time away to actively 
seek optimal health by restricting calories to lose weight accompanied with working out 
to increase physical fitness, to eating unrestrictedly because a variety of food is available 
throughout the day. In addition other factors may affect dietary intake such as the risk of 
going outside to dining facilities or the reluctance to don the appropriate protective gear 
for the short interval needed for mealtime (Col. George Dilly, personal communication, July 
2010). For these reasons, the committee was not persuaded that it is appropriate to use di-
etary intake data on the general U.S. population as a surrogate measure for military intake 
in theater, and concluded that it would be more prudent to assess military diets.

Ascertaining the actual preinjury intake of specific nutrients of interest from the variety 
of rations as well as dietary supplements in both types of military environments (i.e., eat-
ing in dining facilities or a predominantly ration diet) is critical to determining the policies 
and procedures most likely to ensure that military personnel receive optimal nutrition to 
promote resilience to TBI. Previous reports (e.g., IOM, 2008) identified the need for ongo-
ing monitoring of usual dietary intake that included both food and dietary supplements to 
serve as the basis of nutrition policies, and this report likewise identifies that as a critical 
gap in knowledge.

Table 5-2 summarizes the NHANES data on dietary intakes for comparable U.S. popula-
tions and is provided for illustration. Although NHANES does include dietary supplements, 
there are only limited data available on their use. The data below should be interpreted in 
the context that approximately one-third of military personnel regularly use multivitamins, 
multiminerals, or both as dietary supplements.

NHANES data can be reviewed to estimate nutrition status of military personnel, as-
suming that the military dietary intake is similar to that of the general U.S. population. These 
data indicate that for a relatively high proportion of the general U.S. population, dietary 
intakes are less (e.g., vitamin A, magnesium, vitamin E, and zinc) than the Estimated Average 
Requirements. Other nutrients (e.g., choline, eicosapentaenoic or docosahexaenoic acids) are 
not specifically addressed in these datasets. Researchers have concluded that choline intake is 
likely to be low, but this is difficult to ascertain due to genetic polymorphisms that seem to 
modulate requirements. Databases providing the choline content of foods were not available 
until recently. Using the 2003–2004 NHANES data, researchers have estimated that only 10 
percent of the U.S. population has choline intakes that meet or exceed the Adequate Intake 
level (Zeisel and da Costa, 2009).

Some dietary components or bioactives of particular interest to the military in the past 
because of their high frequency of use, potential for adverse effects, or both (the reader is 
referred to the 2008 IOM review of dietary supplement use by military personnel) are also 
important in the context of this study because of their possible influence on brain function 
and neurological outcome. Owing to the unique demands of military operations, intake 
of 100–600 mg/day of caffeine has been recommended for military personnel to maintain 
cognitive performance in situations of sleep deprivation and to enhance physical endurance, 
especially when affected by high altitude (IOM, 2001). It should be noted, however, that 
chronic frequent use of caffeine can lead to tolerance and reduce these benefits. As noted 
in the 2008 IOM report, not all aspects of cognitive and neurobehavioral functions may be 
affected by caffeine, and it may compromise physical performance in certain environments 
because of its physiological effects at high dosages, sustained intake, or both, such as heat 
retention and dieresis.

Besides coffee, which remains the primary source of caffeine among the U.S. popula-
tion, soft drinks, tea, and energy drinks are substantial contributors to caffeine consump-
tion. Within the military, tolerance caused by the increase in caffeine intake via widespread 
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TABLE 5-2 Current Status in U.S. Diet Compared to DRI

Percent Less Than EAR

Male, Aged 19+ y Female, Aged 19+ y

Vitamin A 57 48
Vitamin E 89 97
Thiamin 4 10
Riboflavin < 3 < 3
Niacin < 3 < 3
Vitamin B6 7 28
Folate 6 16
Vitamin B12 < 3 for ages 19–50 < 3 for ages 19–50
Vitamin C 40 38
Phosphorus < 3 < 3
 NHANES 05–06 < 3 3 (0.7)
Magnesium 64 67
 NHANES 05–06 53 56
Iron < 3 10
Zinc 11 17
Copper < 3 10
Selenium < 3 < 3

Percent Less Than Adequate Intake

Vitamin K 80 59
Potassium 94 > 97
Dietary fiber > 97 92
Linoleic acid 18:2 47 44
Linolenic acid 18:3 47 39

SOURCES: Adapted from Moshfegh et al., 2005, 2009.

consumption of beverages and dietary supplements or medications may reduce caffeine’s 
cognitive and physical performance–enhancing benefits. Furthermore, beverages like energy 
drinks often contain other methylxanthines and caffeine analogues, such as guarana, in ad-
dition to other herbal compounds, like ginseng; the mechanisms of action, potential benefits, 
and safety concerns of these substances remain unclear.

Emerging evidence suggests that caffeine exerts a neuroprotective effect in animal mod-
els of TBI, stroke, and Parkinson’s disease (Sachse et al., 2008). A retrospective study of 
caffeine concentration measured in cerebrospinal fluid of patients with severe TBI also found 
an association between caffeine concentration and favorable Glasgow Outcome Scale scores 
(Sachse et al., 2008). However, the evidence, depending on the dose, model, and timing, is 
conflicting, and warrants further investigation.

The combination of caffeine and alcohol has been found to be beneficial in experimental 
TBI and stroke models (Dash et al., 2004). Even on its own, alcohol has also been associ-
ated with improved outcomes in patients with moderate to severe TBI (Berry et al., 2010; 
Opreanu et al., 2010). Despite a possible neuroprotective role of alcohol, it is important to 
emphasize that alcohol intoxication is a leading factor in civilian cases of TBI, especially 
among individuals with a history of substance abuse. At the same time, TBI is a noted risk 
factor for substance abuse (Graham and Cardon, 2008). Excessive and chronic consumption 
of alcohol has also been associated with negative interactions with certain nutrients, such 
as impaired absorption (zinc), depletion (magnesium), and depressed fatty-acid oxidation 
(polyunsaturated fatty acids) (IOM, 2006b).
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DIETARY SUPPLEMENT USE BY THE MILITARY

Even assuming that the eating habits of deployed military personnel are not signifi-
cantly different from those of the general U.S. population, total nutrient intake may still 
vary because of dietary supplement use. In a representative sample of active-duty U.S. Army 
soldiers (n = 990), Lieberman and colleagues (2010) found that 53 percent of participants 
reported taking any dietary supplement one or more times per week during the preceding 
six months. The most commonly used dietary supplements were multivitamins, multiminer-
als, or both (37.5 percent), protein and amino acids (18.7 percent), and individual vitamins 
and minerals (17.9 percent). Deployment status appeared to be associated with patterns of 
dietary supplement use. Soldiers in Iraq were less likely than those stationed in the conti-
nental United States to report using any dietary supplements (48.8 versus 54.2 percent) or 
multivitamin and multimineral supplements (27.7 versus 39.1 percent), but more likely to 
report using protein and amino acids (25.6 versus 18.7 percent). Older age, greater educa-
tional attainment, higher body mass index, strength training, or being officers or members 
of the Special Forces were further associated with greater likelihood of dietary supplement 
use (Lieberman et al., 2010).

Overall military dietary supplement use was similar to that of the U.S. general popu-
lation. In NHANES 2003–2006, 53.4 percent of participants reported use of any dietary 
supplement in the preceding month (Bailey et al., 2010), compared to 53 percent of soldiers 
(Lieberman et al., 2010); the prevalence rates were 52 percent in NHANES 1999–2000 and 
40 percent in NHANES III (1988–1994) (Ervin et al., 2004; Radimer et al., 2004; Rock, 
2007). Prevalence rates of multivitamin and multimineral use were slightly higher in soldiers 
(37.5 percent reported use of such supplements one or more times per week) than in civilians 
(35 percent during the preceding month, based on NHANES 1999–2000) (Radimer et al., 
2004). However, there were substantial differences in the use of dietary supplements other 
than vitamins and minerals, especially protein and amino acid supplements. Among soldiers, 
18.7 percent reported using protein and amino acid supplements one or more times per week 
(Lieberman et al., 2010); based on a representative sample of the noninstitutionalized U.S. 
population, only 4 percent of men and no women aged 18–44 used creatine (Kaufman et al., 
2002), which is the most commonly used amino acid supplement in the United States. In 
another national survey that included 2,743 noninstitutionalized adults aged 18 and over, 
3.4 percent of participants reported using any amino acid supplements in the previous 12 
months (Timbo et al., 2006). A 2008 IOM report on dietary supplement use in the military 
recommended establishing an oversight process to coordinate the evaluation of dietary in-
take, adverse event surveillance, and educational components to preclude the risk of adverse 
effects from dietary supplement use.

CONCLUSIONS AND RECOMMENDATIONS

The military recognizes the importance of nutrition in achievement and maintenance of 
optimal performance during military tasks. Proof of this is the development of MDRIs spe-
cific to this population, the development of rations that meet the needs of those performing 
particular tasks, and various educational efforts, among many other initiatives. Conducting 
studies on the nutrition status and nutrient and dietary supplement intake within the military 
is not only costly, as in the civilian population, but also logistically challenging. These types 
of nutrition assessments are not typically conducted among active-duty military personnel. A 
comprehensive survey of dietary supplement intake by military personnel (Lieberman et al., 
2010) conducted in 2010 helps provide a clearer picture of nutrition in the military, but such 
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a study does not answer questions about intake of essential nutrients. There is no military 
equivalent of NHANES data (i.e., health and nutritional data on adults and children in the 
United States) on food consumption and nutrient intakes in theater to enable meaningful 
recommendations for preventive nutrition prior to the occurrence of TBI. A clear picture 
of the nutrient and food intake characterizing the nutritional profile accompanying various 
severities and stages of TBI is likewise necessary to make nutrition recommendations for TBI 
recovery. This committee believes that knowing the nutrition status of a TBI patient will be 
essential to determine whether supplementation of specific nutrients would improve health 
outcomes. In addition, information about nutrition status of TBI patients will help elucidate 
whether a particular nutrient, dietary supplement, or diet taken prior to the injury is associ-
ated with outcomes of TBI. It is also important to collect data on the consumption of other 
substances that might interact with these nutrients, such as caffeine, alcohol, nicotine, and 
medications, in conjunction with the assessment of essential nutrient intake.

 RECOMMENDATION 5-1. DoD should conduct dietary intake assessments in differ-
ent military settings (e.g., when eating in military dining facilities or when subsisting 
on a predominantly ration-based diet) both predeployment and during deployment to 
determine the nutritional status of soldiers as a basis for recommending increases in 
intake of specific nutrients that may provide resilience to TBI.

 RECOMMENDATION 5-2. Routine dietary intake assessments of TBI patients in 
medical treatment facilities should be undertaken as soon after hospitalization as pos-
sible to estimate preinjury nutrition status as well as to provide optimal nutritional 
intake throughout the various stages of treatment.

 RECOMMENDATION 5-3. In individuals with TBI, DoD should estimate preinjury 
and postinjury dietary intake or status for those nutrients, dietary supplements, and 
diets that might show a relationship to TBI outcome. For example, based on the current 
evidence, the committee recommends collecting those estimates for creatine, n-3 fatty 
acids, choline, and vitamin D. The data could be used to investigate potential relation-
ships between preinjury nutritional intake or status and recovery progress. Such data 
also would show possible synergistic effects between nutrients and dietary supplements.
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6

Energy and Protein Needs During Early 
Feeding Following Traumatic Brain Injury

Several Cochrane reviews have established a reasonable basis for early and adequate 
feeding following traumatic brain injury (TBI), although the number and size of the trials 
supporting this recommendation are limited (Perel et al., 2006; Yanagawa et al., 2002). 
Improvements in mortality and neurological outcome have been suggested, with a relative 
risk for mortality of 0.67 (0.41–1.07) for early feeding compared to not feeding and of 0.75 
(0.50–1.11) for death and disability (Perel et al., 2006). In a meta-analysis of studies of nutri-
tional support in critical illness, including studies in TBI requiring admission to an intensive 
care unit (ICU), and using an intent-to-treat analysis, total parenteral nutrition (TPN) was 
found superior to enteral nutrition in reducing mortality, although it significantly increased 
the risk of infection (Doig et al., 2008). However, this improvement in mortality was related 
to the early and adequate feeding, because of patients who were fed adequately plus early 
by either enteral nutrition or TPN both did better than those receiving late enteral feeding 
(Doig et al., 2008). Although there are other meta-analyses that did not demonstrate any 
difference in mortality between parenteral and enteral feeding in the critically ill (Gramlich 
et al., 2004; Koretz et al., 2007; Mazaki and Ebisawa, 2008; Peter et al., 2005), only Doig 
et al. (2008) evaluated exclusively patients in the ICU. Certainly patients with TBI are 
among the most critically ill in terms of degree of catabolic stress; eliminating those with less 
serious conditions, such as post-operative patients, when conducting meta-analyses would 
seem appropriate. Early feeding is generally defined as beginning within the first 24 hours 
after injury (Doig et al., 2009), but the definition of adequacy is still somewhat uncertain. 
An analysis of prospective data on the outcome of TBI related to feeding in 797 patients 
in 22 centers gathered by the Brain Trauma Foundation in 2008 found that mortality was 
significantly improved by each 10 kcal/kg increase in intake, with the curve becoming as-
ymptotic at about 25 kcal/kg (Hartl et al., 2008). The majority of patients (62 percent) did 
not reach 25 kcal/kg/day within seven days. The likelihood of death for patients with TBI 
who were not fed within five days of injury was double that of patients who were fed, and 
those not fed within seven days had four times greater likelihood of death (Hartl et al., 
2008). Interestingly, the benefits of early feeding were most prominent in those with elevated 
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intracranial pressure, suggesting that nutrition was most effective in those likely to have the 
greatest injury response, with attenuation of that response a potential mechanism (Hartl 
et al., 2008). These findings should be contrasted with the earlier general recommendations 
of the Brain Trauma Foundation regarding nutrition in TBI that suggested full feeding to 
metabolic expenditure, which might approach 50 kcal/kg by seven days postinjury (Bratton 
et al., 2007), with the goal of maintaining lean tissue.

Traditionally, total daily energy expenditure has been considered to be composed of 
basal energy expenditure, often estimated by the Harris-Benedict equations; activity energy 
expenditure, which is generally quite limited in hospitalized, critically ill patients; and a 
small component due to the thermal effect of feeding, representing about 10 percent of the 
total. The Harris-Benedict equations estimate energy expenditure based on height, weight, 
sex, and age. A rough estimate of basal energy expenditure for most patients who are not 
severely malnourished and who are in the same age group is approximately 22–24 kcal/kg/
day. Basal energy expenditure increases with injury in proportion to the degree of systemic 
inflammatory response, ranging usually from 0–100 percent increases from basal expendi-
ture (Duke et al., 1970), with a similar range in TBI (McEvoy et al., 2009). It is likely that 
all military personnel experiencing TBI will be of normal body composition without malnu-
trition or obesity. In normal subjects, total energy intake must meet energy expenditure, and 
provision of adequate protein (0.8 g/kg) and other essential micronutrients is needed to 
maintain the protein content of the body, the lean body mass. However, for the critically ill, 
permissive underfeeding (i.e., the modest restriction of nutrient intake, specifically in criti-
cally ill patients, over a short term) is recommended. A recent study concluded that, for 
critically ill patients, permissive underfeeding (60–70 percent of calculated requirement) may 
be associated with lower mortality rates than underfeeding (90–100 percent of calculated 
requirement) (Arabi et al., 2011). With severe injury such as TBI, energy intakes in the range 
of 25–30 kcal/kg/day are generally recommended (Cerra et al., 1997; McClave et al., 2009). 
Harris-Benedict values are similar at 22–24 kcal/kg, but their calculation includes the ad-
ditional factors of height, sex, and age. Both values are likely to be underestimates of total 
energy expenditure, and less likely to promote hyperglycemia for the first two weeks of in-
jury. It should be noted that this concept of permissive underfeeding is different from the 
concept of underfeeding. Underfeeding is defined as a cumulative total caloric deficit of 
greater than 10,000 kcal (Bartlett et al., 1982) or a caloric intake of less than nine kcal/kg/
day in the first seven days postinjury (Krishnan et al., 2003); both of these situations are 
associated with higher mortality rates. Furthermore, with the grossly inadequate caloric 
intake in underfeeding, protein intakes are often even more severely limited. For instance, 
in the trial of intensive insulin therapy in medical patients, while the caloric intakes were in 
the range of 1,500 kcal/day, protein intakes were less than 15 g/day in the first three days 
(Van den Berghe et al., 2006). For reasonable retention of lean tissue with injury, both energy 
sufficient to meet at least basal energy expenditure and a greater amount of protein (up to 
1.5 g/kg/day) are required (Bistrian and Babineau, 1998); even then, total sparing of lean 
tissue is often impossible in the acute phase of injury, due to the impact of the systemic in-
flammatory response on the protein catabolic rate (Jensen et al., 2010; Ling et al., 1997). 
The maximal amount of protein that can be utilized for protein synthesis (i.e., about 1.5 
g/kg/day when accompanied by these modest energy intakes) was determined by isotope 
studies in severely burned individuals (Wolfe et al., 1983) and sophisticated measures of 
body composition change using in vivo neutron activation analysis (Ishibashi et al., 1998). 
A second and very important aspect of the relationship between nutrient intake and body 
composition during injury, including TBI, is that increasing energy intake adversely affects 
glucose homeostasis. When glucose intakes as TPN exceed 30 kcal/kg (or about 5 mg/kg/min, 
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representing 500 g of glucose per day for a 70 kg individual), the majority of hospitalized 
patients will have blood glucose levels greater than 200 mg/dL (Rosmarin et al., 1996). 
Because most patients suffering TBI, particularly military service members, are well nour-
ished at the outset, serious protein-calorie malnutrition does not occur in the first seven days. 
However, because early plus adequate feeding in the critically ill can still improve outcome, 
the concept of permissive underfeeding (see above) has been developed (Burke et al., 2010; 
McCowen et al., 2000). A retrospective analysis of energy intakes and morbidity and mor-
tality in the critically ill suggests that the middle tertile of intakes, 9–18 kcal/kg/day, provides 
the optimal outcome, with greater or lesser intakes associated with poorer outcomes 
(Krishnan et al., 2003). This strongly suggests that the mechanism for outcome improvement 
resulting from feeding early in the first week may be related to something other than optimal 
retention of lean body mass, such as providing sufficient glucose energy to meet the needs 
of key tissues including the brain, kidney, heart, and immune system, while maintaining 
protein synthetic rates for new protein synthesis, including for the immune system and tissue 
repair. Furthermore, permissive underfeeding may be beneficial by reducing the intensity of 
the systemic inflammatory response from a given level of injury (Burke et al., 2010). There 
is some support for this possibility in TBI, where patients receiving enhanced enteral nutri-
tion showed lower levels of C-reactive protein than those receiving standard enteral nutrition 
during the first week after injury (Taylor et al., 1999). The greater likelihood of glucose 
homeostasis achieved with lower energy intakes may additionally reduce the known adverse 
impacts of hyperglycemia on morbidity and mortality outcomes in the critically ill (Fahy 
et al., 2009; McCowen et al., 2001; Pasquel et al., 2010). Most critically ill patients receive 
their invasive nutritional support by enteral nutrition rather than through TPN for a variety 
of reasons, including concerns about the relative safety and ease of administration of the 
two modes of feeding. However, enteral intakes are often limited by intestinal tolerance and 
temporary discontinuation for other procedures. Thus, although intakes of 25–30 kcal/kg/
day are generally recommended in the critically ill (Cerra et al., 1997; McClave et al., 2009) 
to meet total energy expenditure and maintain lean tissue, intakes are usually substantially 
less than this, and generally less than 50 percent of goal (Krishnan et al., 2003), including 
in TBI (Hartl et al., 2008) during its initial phase. A small randomized trial of enhanced 
enteral feeding versus standard enteral feeding in TBI showed a significant reduction in in-
fections and complications, with a suggestion of improved neurologic outcome (Taylor et al., 
1999). Providing energy intake of at least 50 percent of energy needs up to 25–30 kcal/kg/
day is likely appropriate for both the brain injury and for any associated critical injury. A 
corollary of this concept of permissive underfeeding is the interrelationship of energy and 
protein intake. When energy intakes are limited, supplying greater amounts of protein, up 
to 1.5 g/kg/day, will improve the preservation of lean body mass and improve protein syn-
thetic rates (Hoffer et al., 1984; Ishibashi et al., 1998). Thus, it is beneficial to increase 
protein intakes when energy intake is less than energy expenditure. Because those enteral 
formulas generally employed have fixed compositions, either protein supplementation of 
present formulas or the development of new formula compositions incorporating these 
principles will need to be developed to test this hypothesis. Alternatively, enhanced enteral 
feeding techniques (Taylor et al., 1999) may need to be widely adopted. Beyond the initial 
two-week period, when the intensity of the systemic inflammatory response to TBI has gen-
erally remitted to some degree, attempting to provide sufficient energy to meet total energy 
expenditure in order to optimize protein metabolism is a reasonable goal. Estimating total 
energy expenditure by various formulas—including adding stress factors to the Harris-
Benedict estimates—is inadequately sensitive, perhaps in part because nonseptic patients in 
medical ICU have less pronounced hypercatabolism than burn or trauma patients (Dickerson, 
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2011). Under these conditions, and particularly for patients with ventilatory support or that 
remain critically ill, measuring energy expenditure by indirect calorimetry is the gold stan-
dard. In patients who are recuperating well, careful assessment of energy and protein intake 
to meet estimated needs while monitoring weight changes at weekly intervals should 
suffice.

In summary, permissive underfeeding (initially 50 percent of energy needs, progressing 
up to 25–30 kcal/kg/day in the first 2 weeks) is probably an appropriate feeding regimen 
to be initiated within the first 24 hours. A protein intake higher than that recommended 
(approximately 1.5 g/kg/day) for the general population also will be appropriate for TBI 
patients in order to improve synthesis of protein and preserve lean body mass. The optimal 
nutritional goals beyond two weeks postinjury are not yet determined, but an attempt to 
meet total energy needs along with continued provision of 1.5 g of protein kg/day seems 
appropriate.

GLUCOSE HOMEOSTASIS

There is extensive literature documenting the substantial association of hyperglyce-
mia with poorer outcomes in the critically ill (Fahy et al., 2009; McCowen et al., 2001). 
Whether this reflects the severity of the illness or an actual impact of hyperglycemia on 
pathophysiological processes is not certain and there is evidence for both factors to happen 
(Aljada et al., 2006; Ling et al., 2007; McCowen et al., 2001). Hyperglycemia has also been 
shown to have an adverse impact in TBI (Salim et al., 2009); however, because neurons 
are an obligate consumer of glucose, the risks presented by hypoglycemia in injured brain 
tissue are substantially greater than for other tissues (Oddo et al., 2008). A retrospective 
analysis of outcome in 380 TBI patients found increased mortality with a blood glucose < 
60 mg/dL and > 160 mg/dL, unrelated to the severity of injury (Liu-DeRyke et al., 2009). 
Similarly, using cerebral microdialysis glucose levels, a brain energy crisis associated with 
much higher mortality rates was seen with tight glucose control of 80–120 mg/dL versus 
intermediate levels of 121–180 mg/dL (Oddo et al., 2008). Intensive insulin therapy to treat 
hyperglycemia has certainly been shown to reduce the intensity of the systemic inflamma-
tory response and improve outcome (Hansen et al., 2003; Van den Berghe et al., 2001). In 
2001, Van den Berghe and colleagues examined the effect of intensive insulin therapy to 
maintain a goal glucose level of 80–110 mg/dL in surgical patients in the ICU and showed a 
dramatic reduction in morbidity and mortality. This landmark article changed critical care 
practice significantly over the ensuing decade. The majority of patients in this study received 
TPN, and all received 200 g parenteral glucose per day at initiation. The most common 
diagnosis was cardiac surgery, which is known to particularly benefit from glucose admin-
istration. Hyperglycemia that develops with TPN correlates with morbidity and mortality 
(Lin et al., 2007). A subsequent study in medical ICU patients by the same group did not 
show improved mortality, but morbidity was improved with intensive insulin therapy (Van 
den Berghe et al., 2006). In this later study, patients received only enteral nutrition, had 
much lower energy and protein intakes, and hypoglycemia was substantially more common 
in the intensive insulin therapy group than in the first study (Van den Berghe et al., 2001, 
2006). Subsequent large, randomized, clinical trials conducted in multiple centers were 
unable to confirm similar benefits using these glucose goals. The Glucontrol Study (Preiser 
et al., 2009), a large multi-center randomized clinical trial of intensive insulin therapy of 
tight (80–110 mg/dL) versus intermediate control, was discontinued prematurely beause of 
the high level of protocol violation (Preiser et al., 2009). Even so, there was significantly 
more hypoglycemia, without difference in mortality, in the tight control group in this un-

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

ENERGY AND PROTEIN NEEDS DURING EARLY FEEDING 83

derpowered study. The Nice/Sugar Study compared tight glucose control of 81–108 mg/dL 
to an intermediate level of below 180 mg/dL, and also found a significantly higher risk of 
hypoglycemia and increased mortality in the intensive insulin therapy group (Finfer et al., 
2009). There were methodological differences between the original Van den Berghe study 
(2001) and succeeding versions, including different target ranges for blood glucose, different 
accuracies of glucometers, and varying levels of expertise of the participating institutional 
staff (Van den Berghe et al., 2009). All randomized trials following the initial Van den Berghe 
study also principally used enteral nutrition rather than TPN. Subsequent trials had tighter 
glucose control in the control group than in the original Van den Berghe study, where the 
control group received insulin only when blood glucose exceeded 200 mg/dL. Recent trials 
have thus been comparing very tight control accompanied by a high risk of hypoglycemia, 
to less severe control (to about the 150 mg/dL level) having much less risk of hypoglycemia 
but still substantially better glucose control than in previous years. Enteral nutrition may 
be an important factor in the development of hypoglycemia, as intestinal absorption is fre-
quently impaired in the critically ill, and tube feeding is often interrupted for various clinical 
procedures while insulin continues to be administered. Additionally, TPN at full feeding 
levels may provide from 300–400 g of glucose per day, which elicits much higher insulin 
levels than enteral nutrition with the same amount of nutrient intake (Wene et al., 1975). 
Insulin resistance that occurs with hyperinsulinemia may therefore be partially protective 
against the development of insulin-induced hypoglycemia. In the critically ill, 400–500 g of 
glucose per day, provided into arterial circulation by TPN, should meet cerebral metabolic 
needs despite maximal suppression of gluconeogenesis by insulin levels of 100–200 μU/mL 
elicited by TPN (Bistrian, 2011). Although hypoglycemia might sometimes arise through 
insulin-mediated glucose uptake in insulin-responsive tissues when assessed by venous ac-
cess, this would reflect the presence of an arterial-venous glucose difference that can arise in 
those that are fully fed. Even though hypoglycemia might sometimes be detected in venous 
blood or even by capillary determinations, neuroglycopenia should be unlikely when TPN 
provides more than 300 g of glucose in 24 hours. This interpretation is supported by the 
recent reevaluation of the impact of enteral and parenteral nutrition by Van den Berghe and 
colleagues, combining data from both their medical and surgical studies (Bistrian, 2010; 
Meyfroidt and Van den Berghe, 2010). They found that glucose variability was significantly 
greater in enterally fed patients, and hypoglycemia 2.2 times more common than in patients 
receiving TPN (Meyfroidt and Van den Berghe, 2010).

The important issues concerning glucose homeostasis to be determined in TBI are 
whether intensive insulin therapy should be employed, and if so, what the goal level for 
glucose should be? It is likely that if enteral nutrition is to remain the principal mode of 
support, and levels of nutritional support are increased by such means as nursing algorithms, 
acceptance of higher residuals, and maintaining flow rates and new formulas, then mild 
hyperglycemia greater than 160 mg/dL will probably become more common. This situation 
may thus benefit from intense insulin therapy with an intermediate goal for blood glucose. 
Several trials of intensive insulin therapy in TBI have been conducted. One small study that 
sought very tight control of 80–110 mg/dL showed no short- or long-term improvement 
with intensive insulin therapy, with much greater incidence of hypoglycemia (82.1 percent 
versus 17.5 percent) (Coester et al., 2010). A second study with similar blood glucose goals 
also found significantly more hypoglycemia events (a median of 7 versus 15) than with less-
stringent glucose control, and no change in Glasgow Outcome Score (Bilotta et al., 2008). 
Finally, a study in TBI patients in a Neonatal Intensive Care Unit (NICU) found improved 
Glasgow Outcome Scores at six months in the intensively treated group, with shorter NICU 
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stays and significantly reduced infections (Yang et al., 2009). Goals for levels of nutritional 
support and for blood glucose homeostasis therefore still remain to be firmly established.

CONCLUSIONS AND RECOMMENDATIONS

Several reviews and guidelines have established regimens for early feeding after severe 
trauma, including severe TBI. The use of generic critical illness guidelines for ICU patients 
with polytrauma is prevalent; however, development of specific sections that identify unique 
concerns relative to TBI may be warranted. Although further research in TBI populations is 
required, the committee concluded that the existing evidence on TBI raises questions about 
the appropriateness of the following three areas of current generic clinical practice guide-
lines: (1) the targets for early and adequate feeding, (2) the target range of serum glucose 
for tight glucose control, and (3) the type of feeding regimen for intense insulin therapy.

Current generic guidelines for critically ill patients indicate feeding to meet energy needs 
by day 7; however, it may be more appropriate to focus on the energy consumption within 
72 hours and not 7 days. There is sufficient evidence to indicate the importance of feeding 
trauma patients shortly after injury. For example, in a retrospective multi-center study of 
TBI patients, lower mortality rates were found when patients were fed during the first five 
to seven days after a TBI. Such a study, however, does not provide evidence to develop best 
feeding practices, because feeding regimens were not uniform across centers. Although pa-
tients with severe TBI will remain in intensive care for variable amounts of time, it would 
be appropriate to develop best feeding practices for both the period initially following TBI, 
when the systemic inflammatory response is likely to be at its height, and in the later period 
(commencing at about two weeks), when concern about lean tissue maintenance and reple-
tion assumes greater importance and tolerance to feeding is likely to be improved.

Critical care guidance for TBI recommends increasing the amount of calories provided 
beyond actual energy expenditure. The committee concluded that, although increasing the 
amount of calories beyond expenditure might better improve lean tissue preservation, this 
feeding regimen increases the risk for hyperglycemia or gastrointestinal intolerance, depend-
ing on the feeding regimen employed (parenteral nutrition or enteral nutrition, respectively). 
The target, therefore, may not be meeting energy needs, but rather a specified level of per-
missive underfeeding (i.e., the modest restriction of nutrient intake).

Maintenance of glucose above 60 mg/dL and below 150–160 mg/dL probably improves 
TBI outcome. Intense insulin therapy makes this achievable, but if enteral feeding is used, 
there is also substantial risk of hypoglycemia due to normal feeding interruptions occurring 
in conjunction with constant levels of insulin, variations in the rate of food absorption from 
the gut, and delivery of food to the liver before the systemic circulation when maintaining 
a narrow range of glucose (80–110 mg/dL). Because of these risks, the goal for glucose in 
enteral feeding with intense insulin therapy should be higher, probably 150 or 160 mg/
dL. The amounts of 300–400 g/day of parenteral glucose, usually provided with the direct 
infusion of glucose into the systemic circulation through TPN, exceed the maximal rate of 
hepatic glucose production in the critically ill in the postabsorptive state. Since insulin works 
to lower serum glucose primarily by inhibiting hepatic glucose production and all the glucose 
required is already provided with TPN, hypoglycemia is unlikely under these circumstances. 
However, there may occasionally be much lower venous glucose levels, reflecting insulin’s 
effect to increase uptake of glucose in insulin-sensitive tissue. This effect is not systemic, and 
therefore would not be an issue unless one is concerned only with venous glucose levels. 
Current generic guidelines have not established whether tight control of serum glucose at 
80–110 mg/dL or a slightly higher range (e.g., less than 150 mg/dL) is more appropriate 
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for critical illness, particularly TBI where the potential for hypoglycemia is more damaging. 
Thus, there may be rationale for considering a slightly higher range (e.g., less than 150 mg/
dL) while factoring for variation of the range depending on the feeding regimen (i.e., enteral 
or parenteral). This higher level may be more consistent with clinical practice guidelines for 
immediate post-stroke treatment as a model of brain injury.

 RECOMMENDATION 6-1. The committee recommends that evidence-based guide-
lines include the provision of early (within 24 hours after injury) nutrition (more than 50 
percent of total energy expenditure and 1–1.5 g/kg protein) for the first two weeks after 
injury. This intervention is critical to limit the intensity of the inflammatory response to 
TBI, and to improve outcome.

 RECOMMENDATION 6-2. DoD should conduct human trials to determine appropri-
ate levels of blood glucose following TBI to minimize morbidity and mortality. These 
should be clinical trials of early feeding using intensive insulin therapy to maintain blood 
glucose concentrations at less than 150–160 mg/dL versus current usual care of severe 
TBI in ICU settings for the first two weeks.

 RECOMMENDATION 6-3. DoD should conduct clinical trials of the benefits of 
insulin therapy for care of acute TBI in inpatient settings with TPN alone (or plus 
enteral feeding) versus enteral feeding alone. The goals for blood glucose in the TPN 
group should be lower (e.g., less than 120 mg/dL) than in the enteral group (e.g., less 
than 150–160 mg/dL). Variables to measure include clinical outcomes and incidence of 
hypoglycemia.

 RECOMMENDATION 6-4. DoD should conduct studies to determine the optimal 
goals for nutrition (e.g., when to begin meeting total energy expenditure for optimal 
lean tissue maintenance or repletion) after the first two weeks following severe injury.
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7

Antioxidants

Oxidative stress has been implicated as a central pathogenic mechanism in traumatic 
brain injury (TBI) because the brain is especially vulnerable to such stress, compared to other 
tissues (Floyd, 1999; Floyd and Carney, 1992). Overproduction of reactive oxygen species 
(ROS), that is, chemically reactive molecules containing oxygen, can trigger many of the 
harmful biological events associated with TBI such as DNA (deoxyribonucleic acid) damage, 
brain-derived neurotrophic factor (BDNF) dysfunction, and disruption of the membrane 
phospholipid architecture, and has therefore been suggested as a principal culprit in both 
acute and long-term events of TBI (Eghwrudjakpor and Allison, 2010; Hall et al., 2010). 
The effects of antioxidants on TBI have not yet been examined in human studies; however, 
several clinical trials have investigated whether antioxidant supplementation could reduce 
the risk of developing other forms of trauma (e.g., stroke and epilepsy) or protect against 
developing adverse health outcomes after injury. This chapter offers the current evidence to 
support further exploration of the role of antioxidants as neuroprotectants for TBI.

There are many compounds having antioxidant properties, some of which are essential 
nutrients. As evidence became available, it was observed that effectiveness in animals or 
excellent antioxidant activity observed in vitro does not necessarily translate into effective-
ness to prevent human diseases associated with oxidative stress. Initial expectations of these 
compounds to prevent chronic diseases associated with oxidative stress have been disap-
pointed. It has nevertheless become clear that oxidative stress after TBI triggers many of its 
outcomes, and antioxidant compounds should be considered to ameliorate these outcomes. 
It would not be feasible for this committee to do a review of all the many compounds that 
have been identified as having antioxidant activity. Vitamins E and C were selected as ex-
amples of antioxidant nutrients for this review because their potential to prevent chronic 
diseases has been studied extensively. Some non-essential food components with reported 
antioxidant properties also are reviewed in this chapter. Finally, based on the fact that anti-
oxidants seem to act synergistically, the possibility that a combination of antioxidants might 
be more effective that a single one is also considered. The intention of this chapter is not to 
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review every combination of antioxidants that might have been tested, but to give a flavor 
of the potential benefits of this class of compounds when used in combination.

VITAMIN E (ALPHA-TOCOPHEROL)

Introduction

Vitamin E is a family of fat-soluble α-, b-, γ-, and δ-tocopherols and corresponding four 
tocotrienols. The α-tocopherol has been the most studied, as it is the form preferentially 
absorbed and transported to tissues in humans. For example, the U.S. dietary requirements 
have been developed considering mainly this form. Although vitamin E is an antioxidant that 
stops the production of ROS formed when fat undergoes oxidation, its in vivo roles are not 
well understood. The level of alpha-tocopherol is high in the brain, and its concentration is 
normally regulated (Spector and Johanson, 2007).

The consumption of vitamin E beyond the requirement levels cited in the Dietary 
Reference Intakes (DRIs) has been studied extensively from 1990 through 2010. Early 
observational studies and animal studies suggested that vitamin E’s antioxidant properties 
would protect the body against devastating chronic diseases having oxidative stress as part 
of their pathobiology, such as cardiovascular diseases and cancer; however, results from 
observational studies are mixed, and have not resulted in a clear association between intake 
of vitamin E and reduction of chronic disease (Hirvonen et al., 2000; Mezzetti et al., 2001; 
Watkins et al., 2000; Yochum et al., 2000). Large human trials conducted since 2000 have 
also failed to demonstrate such benefits. The reader is referred to the numerous discussions 
that can be found on this topic and on the potential reasons for the disappointing findings 
(Fletcher and Fairfield, 2002; Huang et al., 2006; Lichtenstein, 2009; Pryor, 2000; Steinberg, 
2000). Table 7-1 lists large human trials that have evaluated the association of vitamin E 
with cardiovascular diseases, as well as a recent study on TBI presented at a conference 
(Razmkon et al., 2010). The occurrence or absence of adverse effects in humans is included if 
reported by the authors. The 2006 IOM report Nutrient Composition of Rations for Short-
term, High-Intensity Combat Operations reviewed vitamin E in the context of preventing 
oxidative damage from exhausting physical exercise in the military. That report showed no 
clear benefit either in reducing muscle injury due to exercise or in improving performance, 
and therefore no recommendation was offered to increase intake of vitamin E (IOM, 2006). 
That report did not review evidence on vitamin E and potential benefits for TBI.

Uses and Safety

The Recommended Dietary Allowance (RDA) for vitamin E (as alpha-tocopherol) is set 
at 15 mg for men 19–50 years of age. This requirement was based on maintaining plasma 
tocopherol concentration at a level that limited hemolysis in red blood cells resulting from 
peroxide exposure to less than 12 percent.

A comparison of U.S. dietary intake from National Health and Nutrition Examination 
Survey (NHANES) 2001–2002 data with the Estimated Average Requirements (EARs) of 
alpha-tocopherol (see Table 5-2 in Chapter 5) suggests that 89 percent of males and 97 per-
cent of females older than 19 years of age consume far less vitamin E than the recommended 
EAR. However, overt signs of vitamin E deficiency occur very rarely in humans and have 
not been reported as a result of low dietary intakes, except in conjunction with moderate 
to severe malnutrition.

The Tolerable Upper Intake Level (UL) of vitamin E was established at 1,000 mg, based 
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TABLE 7-1 Relevant Data Identified for Vitamin E (alpha-tocopherol, alpha-tocotrienol)

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 1: Clinical trials

Razmkon 
et al., 2010

TBI (Glasgow 
Coma Scale 
scores of 8 
or less and 
radiologic 
diagnoses of 
diffuse axonal 
injury)

Multi-center, 
randomized, 
double-blind, 
placebo-
controlled 
trial,

na=100 (83 
male)

Postinjury, 
vitamin E 
(intravenous at 
400 IU/day for 
7 days)

Postinjury, 
vitamin C (500 
mg/day for 
seven days or 10 
g on the day of 
admission and 
4 days later), or 
placebo

Vitamin E significantly decreased in-
hospital mortality following TBI by 8% 
(p=0.01).

The vitamin E group had significantly 
better Glasgow Outcome Scale scores 
at discharge and at 2 and 6 months of 
follow up (p=0.04).

No adverse effects were observed.

Schürks 
et al., 2010

Stroke Meta-
analysis of 9 
randomized, 
controlled 
trials

Vitamin E 
supplementation

Vitamin E supplementation did not 
reduce the risk for total stroke, but it 
was associated with increased risk for 
hemorrhagic stroke (pooled RRb=1.22; 
95% CIc: 1.00, 1.48, p=0.045). And 
vitamin E was associated with decreased 
risk for ischemic stroke (pooled 
RR=0.90; 95% CI: 0.82, 0.99, p < 0.02).

There was no evidence of heterogeneity 
(I2d=0.0%) or small study effect for 
either variable.

Data on adverse bleeding from vitamin 
E treatment is unclear: fatal bleeding 
among two individuals in the treatment 
group was reported in one trial, while 
another trial reported non-fatal bleedings 
among both the treatment and placebo 
groups. A third trial found no overall 
increased rate of bleeding, but observed 
a small significantly increased risk for 
epistaxis among the treatment group.

Milman 
et al., 2008

Cardiovascular 
events (i.e, 
myocardial 
infarction 
[MI], stroke, or 
cardiovascular 
death) in patients 
with type 2 
diabetes mellitus 
(DM)

Randomized, 
prospective, 
double-blind 
trial

n=1,434 DM 
individuals 
aged 55 years 
or older 
with Hp 2-2 
genotype

Vitamin E (400 
IU/day) or 
placebo

Analysis of composite cardiovascular 
disease events (CVD death, non-fatal MI, 
and stroke) show that subjects in vitamin 
E group had significantly fewer events 
than control group (2.2% in vitamin E 
vs. 4.7% in placebo; HRe=0.47, 95% CI: 
0.27–0.82; p=0.01 by Log-Rank). This 
significance can largely be attributed 
to vitamin E treatment effect on MI 
(1.0% in vitamin E vs. 2.4% in placebo; 
p=0.04).

Perceived side effects caused 11 
individuals (5 in vitamin E group and 6 
in placebo group) to discontinue their 
participation in the study.
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Sesso et al., 
2008

Cardiovascular 
events (MI, 
stroke, or CVD 
death)

Randomized, 
double-blind, 
placebo-
controlled trial 
(Physicians’ 
Health Study 
II)

n=14,641 
U.S. male 
physicians, 
aged 50 years 
or older

Vitamin 
E (400 IU 
α-tocopherol) 
or placebo every 
other day for 
mean 8 years

The cumulative incidence rate of major 
cardiovascular events per year for 
vitamin E and placebo were similar.

Vitamin E also had no effect on the 
incidence of MI, stroke, or congestive 
heart failure. However, among the men 
who were diagnosed with stroke during 
the study period, risk of hemorrhagic 
stroke was significantly higher in those 
in vitamin E group, compared to placebo 
group (HR=1.74, 95% CI: 1.04–2.91; 
p=0.04).

Vitamin E also had no preventive effect 
on non-fatal cardiovascular events, CVD 
mortality, or total mortality.

No interaction with vitamin C was found 
for any of the cardiovascular events.

Compared to placebo, vitamin E had no 
significant adverse effects.

Cook et al., 
2007

Cardiovascular 
events (MI, 
stroke, coronary 
revascularization, 
or CVD death)

Randomized, 
double-blind, 
placebo-
controlled 
trial (Women’s 
Antioxidant 
Cardiovascular 
Study)

n=8,171 
female health 
professionals, 
aged 40 years 
or older; mean 
follow-up 
years=9.4 

Vitamin E 
(600 IU d-α-
tocopherol 
acetate) every 
other day

After excluding noncompliant subjects 
from analysis, vitamin E had significant 
effect reducing overall CVD morbidity 
and mortality (RR=0.87, 95% CI: 0.76–
0.99; p=0.04), stroke (RR=0.73, 95% 
CI: 0.54–0.98; p=0.04), and combination 
MI, stroke, and CVD death (RR=0.77, 
95% CI: 0.64–0.92; p=0.005). And 
in those with previous CVD events 
at baseline, fewer CVD events were 
observed during the study period in the 
vitamin E group (RR=0.89, 95% CI: 
0.79–1.00; p=0.04).

Subjects taking both vitamins C and 
E had significantly fewer strokes 
than those taking placebos for both 
vitamins (RR=0.69, 95% CI: 0.49–0.98; 
p=0.04), suggesting an interaction (p for 
interaction=0.02).

No statistically significant adverse effects 
were observed.

TABLE 7-1 Continued

continued
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TABLE 7-1 Continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Buring, 
2006a

Lee et al., 
2005

Cardiovascular 
events (MI, 
stroke, or CVD 
death) and 
cancer

Randomized, 
placebo-
controlled 
trial (Women’s 
Health Study)

n=39,876 
female health 
professionals

Aspirin (100 
mg) or placebo 
vs. vitamin E 
(600 IU) or 
placebo every 
other day

Vitamin E had no significant effect on 
major CVD events, total stroke, all 
stroke subtypes, total MI, all MI events, 
or all-cause death. But vitamin E did 
reduce CVD death by 24% (RR=0.76, 
p=0.03).

In women > 65 years old, vitamin E 
reduced total CVD events (RR=0.74, 
p=0.009), MI (RR=0.66, p=0.04), and 
CVD death (RR=0.51, p < 0.001).

Vitamin E had no effect at all on cancer.

The only significant adverse effect of 
vitamin E was 6% increased risk of 
epistaxis (RR=1.06, p=0.02).

No interaction between aspirin and 
vitamin E was noted. 

Eidelman 
et al., 2004

Cardiovascular 
events (MI, 
stroke, or CVD 
death)

Meta-
analysis and 
overview of 7 
randomized 
trials from 
1990 to 
present on 
effectiveness 
of vitamin E in 
the treatment 
and prevention 
of CVD

total 
n=106,625

Natural and 
synthetic 
vitamin E, 
30–800 mg

Meta-analysis of the 7 trials showed 
that compared to placebo, vitamin 
E treatment was not significant in 
preventing CVD events. 4,832 major 
CVD events occurred in patients 
receiving vitamin E treatment, and 
4,895 events occurred in placebo-treated 
patients (ORf=0.98, 95% CI: 0.94–1.03).

Vitamin E also had no effect on CVD 
death (OR=1.00, 95% CI: 0.94–1.05), 
non-fatal MI (OR=1.00, 95% CI: 
0.92–1.00), non-fatal stroke (OR=1.03, 
95% CI: 0.93–1.14), ischemic stroke 
(OR=1.01; 95% CI: 0.90–1.14), or 
hemorrhagic stroke (OR=1.24, 95% CI: 
0.96–1.59).

No adverse effects were mentioned.
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Heart 
Protection 
Study 
Collaborative 
Group, 2002

Cardiovascular 
events (MI, 
stroke, or CVD 
death)

Randomized, 
placebo-
controlled 
trial (Heart 
Protection 
Study)

n=20,536 UK 
adults, aged 
40–80 years 
at high risk 
for coronary 
disease due 
to previous 
medical 
history

Antioxidant 
vitamin 
supplementation 
(600 mg 
[synthetic] 
vitamin E, 250 
mg vitamin 
C, and 20 mg 
b-carotene), 
daily, mean 5-yr 
follow up 

Compliance to treatment was high and 
equal in both groups (83% for both).

Analysis of blood assays showed that 
subjects taking vitamins had higher levels 
of plasma α-tocopherol, vitamin C, and 
b-carotene.

Vitamins had no effect on mortality due 
to composite CVD events, any CVD 
subevents, or any non-CVD events.

No significant effects were noted for 
vitamins in incidence of: stroke, of all 
types and severity; any major CVD 
events, regardless of whether subjects 
had CVD in the past or not; cancers; 
neuropsychiatric disorders; respiratory 
diseases; or fractures.

Vitamin treatment group had increase 
of 0.15 mmol of total cholesterol, 
0.08 mmol of low-density lipoprotein 
cholesterol, and 0.21 mmol of 
triglycerides (p < 0.05 for all).

Over 5 years of vitamin use, the 
incidence of major adverse events (e.g., 
heart attacks, strokes, cancers) did not 
substantially increase.

Collaborative 
Group of 
the Primary 
Prevention 
Project, 2001

Cardiovascular 
events (MI, 
stroke, or CVD 
death)

Randomized, 
placebo-
controlled, 
open-label 
trial (Primary 
Prevention 
Project)

n=4,495 aged 
50 years or 
older, with 
at least one 
of the major 
recognized 
cardiovascular 
risk factors

2X2 factorial 
design: vitamin 
E (100 mg 
synthetic 
α-tocopherol) 
daily and 
aspirin (100 mg 
enteric-coated 
aspirin a day) 
for mean 3.6 
years

Vitamin E had no significant effect 
on combined endpoints (CVD death, 
non-fatal MI, and non-fatal stroke) or 
most individual events (CVD and non-
CVD death, all MI, all stroke, angina 
pectoris, transient ischemic attack, and 
revascularization).

Vitamin E significantly reduced risk of 
peripheral-artery disease (RR=0.54, 95% 
CI: 0.30–0.99; p=0.043).

No significant adverse effect was 
observed for vitamin E.

TABLE 7-1 Continued

continued
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Leppala 
et al., 2000

Stroke Randomized, 
double-blind, 
placebo-
controlled 
trial (Alpha-
Tocopherol, 
Beta-Carotene 
Cancer 
Prevention 
Study [ATBC 
Study])

n=28,519 
Finnish, male, 
cigarette 
smokers aged 
50 to 69 
years without 
history of 
stroke

2X2 factorial 
design: 50 mg 
α-tocopherol or 
placebo daily; 
and 20 mg 
b-carotene or 
placebo daily 
for 6 years

Compared to those taking only 
b-carotene or placebo, subjects taking 
α-tocopherol had a non-significantly 
higher incidence of subarachnoid 
hemorrhage and a significantly lower 
incidence of cerebral infarction 
(RR=0.86, 95% CI: 0.75–0.99; p=0.03).

α-tocopherol had no effect on incidence 
of intracranial hemorrhage or total 
stroke.

There was no interaction between 
α-tocopherol and b-carotene.

No adverse effects were mentioned.

Yusuf et al., 
2000

Cardiovascular 
events (MI, 
stroke, or CVD 
death)

Randomized, 
placebo-
controlled trial

n=9,541, aged 
55 years or 
older at high 
risk because 
they had CVD 
or diabetes in 
addition to 
one other risk 
factor

average 
follow-up 
period=4.5 
years

Natural vitamin 
E (400 IU/day) 
or matching 
placebo plus 
either an 
angiotensin-
converting-
enzyme 
inhibitor 
(ramipril) 
or matching 
placebo

Other than a 17% increase in risk 
of heart failure (RR=1.17, 95% CI: 
1.03–1.32, p=0.02), vitamin E had no 
effect on total CVD incidence, total CVD 
death, MI, stroke, all-cause mortality 
rate, hospitalization for unstable angina 
or heart failure, revascularization or limb 
amputation, new onset or worsening 
angina, or diabetes complications. There 
was still no effect after stratification by 
age, sex, history of CVD and diabetes, 
and smoking.

No interaction between vitamin E and 
ramipril was noted.

No significant adverse effects of vitamin 
E were observed.

TABLE 7-1 Continued
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Daga et al., 
1997

Acute ischemic 
stroke

Randomized, 
placebo-
controlled trial

n=50

Vitamin E 
(300 mg/day) 
or placebo; 
patients 
evaluated at day 
1, day 15, and 6 
weeks

At day 15, vitamin E group had plasma 
lipid peroxidation level that was 1.67 
mmol/mL lower than the placebo group 
(p < 0.01). Plasma α-tocopherol level in 
the vitamin E group was 4.52 mmol/mL 
higher than that of the placebo group (p 
< 0.01). There was no difference between 
the two groups regarding plasma 
b-carotene level.

Neurological condition was measured 
using Matthew scale from days 1–15 and 
Barthel Index (BI) from day 15–6 weeks. 
Neither group experienced change in 
their Matthew scale between day 1 and 
day 15; there was also no significant 
difference between groups. However, 
vitamin E group achieved greater 
improvement at 6 weeks with an increase 
of 246 points on their BI (p < 0.05); the 
placebo group had an increase of 136.8 
points.

No adverse effects were mentioned.

Raju et al., 
1994

Refractory 
epilepsy

Randomized, 
double-blind, 
placebo-
controlled, 
cross-over trial

n=43

d-α-tocopherol 
(600 IU/day) 
or placebo as 
add-on therapy 
to antiepileptic 
drugs

Compared to baseline, all patients 
had a significant reduction in seizure 
frequency (p < 0.001) with no significant 
difference between the vitamin E arm 
and the placebo arm. In those who had 
> 50% reduction, vitamin E also had no 
effect. Patients with primary generalized 
seizures had significantly reduced seizure 
frequency during treatment period 
compared to baseline (p < 0.05) but the 
reduction achieved during the vitamin E 
arm was similar to the placebo arm. In 
all patients, order of vitamin E treatment 
made no difference (p > 0.1).

No significant side effects were observed 
for vitamin E.

Tier 2: Observational studies

None found

TABLE 7-1 Continued
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 3: Animal studies

Wu et al., 
2010

Mild TBI 
(mTBI), mild 
fluid percussion 
injury

Male Sprague-
Dawley rats

Preinjury, 
regular diet 
(containing 
40 IU/kg of 
vitamin E) or 
supplemented 
diet (with 500 
IU/kg of vitamin 
E) beginning 4 
weeks prior to 
injury

Compared to injured rats on regular diet, 
injured rats on supplemented diet had 
better performance in the Morris water 
maze (p < 0.05).

Level of oxidative stress in injured rats 
was 39% higher than that of sham-
injured rats (p < 0.01), but vitamin E 
supplementation decreased the level 
of oxidative stress to 44% of the level 
observed in sham-injured rats (p < 0.01 
vs. injured, regular diet rats and sham 
rats).

Vitamin E supplementation significantly 
restored levels of brain-derived 
neurotrophic factors after injury.

Compared to rats on regular diet, rats on 
vitamin E supplemented diet had higher 
levels of synapsin I (p < 0.05) and CREB 
(p < 0.05).

Vitamin E also restored the level of 
CaMKII to 96% of the sham-injured 
rats, the level of superoxide dismutase to 
92% of sham-injured rats, and the level 
of Sir2 to 95% of sham-injured rats.

Conte et al., 
2004

Repetitive 
concussive brain 
injury (RCBI, 
two injuries, 
24 hours apart) 
and modified 
controlled 
cortical impact 
model

Tg2576 female 
mice

Preinjury: 
regular 
diet or diet 
supplemented 
with 2 IU/g of 
vitamin E 4 
weeks before 
injury

Postinjury: 
regular 
diet or diet 
supplemented 
with 2 IU/g 
of vitamin 
E fed for up 
to preinjury 
8 weeks 
postinjury

Vitamin E supplementation increased the 
level of brain vitamin E (p < 0.01) and 
decreased the level of 8,12-iso-iPF2α-VI 
(p < 0.01) in injured mice. There was 
no difference in brain vitamin E level 
between sham-injured and untreated 
mice, but untreated, injure mice had 
significantly higher level of 8,12-iso-
iPF2α-VI compared to sham-injured mice 
(p < 0.05).

Mice on vitamin E supplemented diet 
had improved cognitive function than 
mice on regular diet (p < 0.01).

Mice on regular diet had increased 
levels of Ab1-40 and Ab1-42 compared 
to sham-injured mice (p < 0.05), and 
significantly higher level of Ab1-42 in 
the cortex and hippocampus compared 
to mice on vitamin E supplementation (p 
< 0.01).

TABLE 7-1 Continued
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Inci et al., 
1998

Mild (200 g × 
cm) and severe 
(1,000 g × cm) 
TBI

Guinea pigs, 
aged 3–4 
months

Preinjury, 
α-tocopherol 
injection (100 
mg/kg) 8 hours 
before injury

Compared to uninjured controls, all 
injured guinea pigs had higher levels of 
lipid peroxides. Highest level of lipid 
peroxide was observed in untreated 
guinea pigs that underwent severe 
TBI. Levels of lipid peroxide increased 
over time in guinea pigs with severe 
TBI regardless of treatment. And lipid 
peroxide levels decreased over time in 
guinea pigs with mild TBI, regardless of 
treatment.

 a n: sample size.
 b RR: relative risk.
 c CI: confidence interval.
 d I2: degree of heterogeneity.
 e HR: hazard ratio.
 f OR: odds ratio.

TABLE 7-1 Continued

on hemorrhagic effects. However, there are concerns about increasing mortality if doses 
larger than 400 IU (400 mg of all-rac-alpha-tocopheryl acetate) are given (Miller et al., 
2005). Although the data are mixed, a 2007 review of the adverse-event data for high doses 
of vitamin E revealed that those papers categorized as having high methodological quality 
were more likely to report increased mortality than studies with low methodological quality 
(Bjelakovic et al., 2007).

Evidence Indicating Effect on Resilience

Human Studies

Except for one recent study reported at a conference, there has been no human study 
conducted to test the potential effects of vitamin E on providing resilience to TBI. Some 
additional indication of this possibility comes from data on vitamin E and cardiovascular 
diseases, where vitamin E was shown to decrease oxidation of low-density lipoproteins. For 
risk of cardiovascular diseases, this chapter presents only the larger randomized controlled 
studies on vitamin E.

Contrary to preliminary studies, results from clinical trials do not support a protective 
effect of vitamin E supplementation on the risk of cardiovascular diseases (CVD) (Eidelman 
et al., 2004; Lichtenstein, 2009; Steinberg, 2000). In a double-blind clinical trial including 
1,434 individuals aged 55 years or older with both Type 2 diabetes and the haptoglobin 
2-2 genotype (which is associated with a high level of oxidative stress), participants were 
randomized to vitamin E (400 IU/day) or placebo (Milman et al., 2008). After 18 months 
of follow-up, vitamin E treatment was not significantly associated with a lower incidence 
of stroke than the placebo. In another randomized, placebo-controlled trial including 9,541 
adults (aged 55 or older) with CVD or diabetes in addition to one other risk factor of 
CVD, treatment with vitamin E (400 IU/day) for an average 4.5 years did not significantly 
decrease the risk of major cardiovascular events (occurrence of myocardial infarction [MI], 
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stroke, or cardiovascular death) or stroke, compared with the placebo group (Yusuf et al., 
2000). Vitamin E supplementation similarly failed to show protective effects against the 
risk of stroke in the Women’s Health study (n = 39,873, 600 IU/day of vitamin E for 10 
years) (Buring, 2006; Lee et al., 2005), the Women’s Antioxidant Cardiovascular study 
(n = 8,171, 600 IU/day of vitamin E every other day for 9.4 years) (Cook et al., 2007), and 
the Physicians’ Health study-II (n = 14,641, 400 IU/day of vitamin E every other day for 8 
years) (Sesso et al., 2008). A trial including 28,519 male cigarette smokers who were free of 
stroke at baseline found that vitamin E supplementation (50 mg/day) for approximately six 
years significantly increased the risk of developing fatal hemorrhagic strokes, but prevented 
cerebral infarction (Leppala et al., 2000).

In a 2010 meta-analysis including nine randomized controlled trials, vitamin E supple-
mentation was not associated with total stroke. However, when stroke subtypes were ana-
lyzed, use of vitamin E increased risk for hemorrhagic stroke but decreased risk for ischemic 
stroke, which is much more common in the United States (Schürks et al., 2010).

Animal Studies

Three animal studies on the effects of vitamin E on TBI were identified. In a 2010 study 
(Wu et al., 2010), male rats (weighing 200–240 g) were fed a regular diet with or without 
α-tocopherol (500 IU/kg) for four weeks (n = 6–8 within each group) prior to administration 
of a mild fluid percussion injury (FPI). When assessed one week after brain injury, vitamin 
E supplementation was associated with a favorable brain status of oxidized proteins, brain-
derived neurotrophic factor (BDNF), calcium/calmodulin dependent kinase II (CaMKII), 
synapsin I, cAMP-response element-binding protein, superoxide dismutase, and Sir2. Rats 
treated with vitamin E also had better cognitive function, as assessed by a Morris water 
maze (MWM) test starting at day 5 after TBI, than untreated rats. Protective effects of vi-
tamin E on cognitive impairment due to TBI were further supported by another study using 
Tg2576 mice (female, aged 11 months), a mouse model of Alzheimer’s disease (AD) brain 
amyloidosis. Conte and colleagues (2004) found that mice with preinjury supplementation 
of vitamin E (2 IU/g, n = 9) had a significant decrease in brain lipid peroxidation levels and 
a better cognitive performance in the MWM test compared with untreated mice (n = 13), 
although the two groups had similar levels of amyloid deposition. In another animal study 
including 65 guinea pigs (aged 3–4 months), alpha-tocopherol (100 mg/kg) administered 
intraperitoneally before brain injury was also associated with lower lipid peroxide levels in 
traumatized brain tissues, independent of severity of injury (Inci et al., 1998).

Evidence Indicating Effect on Treatment

Human Studies

There has been no human study conducted to test the potential effectiveness of vitamin 
E for treating TBI. Clinical trials examining whether vitamin E exerts neuroprotective effects 
among participants with various other forms of brain trauma have generated mixed results. 
Raju and colleagues (1994) conducted a double-blind, crossover trial of vitamin E among 
43 patients with uncontrolled epilepsy, and observed no significant difference in seizure 
frequency between the group receiving vitamin E and the placebo group. Another small 
trial including 30 patients with acute ischemic stroke found that vitamin E supplementa-
tion had no significant effect on early neurological outcomes or on the level of plasma lipid 
peroxides after acute ischemic stroke, but it led to a significant improvement in subsequent 
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recovery and rehabilitation (Daga et al., 1997). In a trial (n = 11,324 patients in the GISSI-
Prevenzione trial) including 72 ischemic stroke patients, the use of antioxidants (300 mg of 
α-tocopherol daily) was not associated with a lower risk of mortality, but after a year of 
follow-up there was a trend to lower mortality in those groups treated with polyunsaturated 
fatty acids (850–882 mg eicosapentaenoic or docosahexaenoic acid [EPA/DHA] [ratio EPA/
DHA 1:2] daily, either alone or in conjunction with 300 mg of α-tocopherol) (Garbagnati 
et al., 2009; GISSI-Prevenzione Investigators, 1999). Recently, a small (100 patients, 83 
male), randomized, clinical controlled study showed that in patients with TBI (Glasgow 
Coma Scale scores of 8 or less and radiologic diagnoses of diffuse axonal injury), in-hospital 
mortality was significantly lower in those receiving high doses of vitamin E (intravenous at 
400 IU daily for 7 days) than in those receiving low (500 mg daily for 7 days) or high (10 
g on the day of admission and 4 days later) doses of vitamin C or placebo (Razmkon et al., 
2010).

VITAMIN C (ASCORBIC ACID)

Introduction

Vitamin C (L-ascorbic acid or L-ascorbate) is an essential nutrient that protects the 
body against oxidative stress. The biological function of vitamin C comes from its ability 
to donate reducing equivalents to reactions, including reduction of reactive oxygen that 
damages cells. It is a cofactor in at least eight enzymatic reactions, and is required for 
metabolic reactions. Vitamin C is the electron donor for eight enzymes involved in collagen 
hydroxylation, carnitine biosynthesis, and hormone and amino acid biosynthesis. Vitamin 
C deficiency is characterized by impairments in connective tissue, specifically impairment 
of collagen synthesis. Vitamin C has also been shown to affect components of the immune 
response (IOM, 2000). The IOM considered levels higher than the Military Dietary Refer-
ence Intakes (MDRIs) for prevention of oxidative damage and muscle injury associated with 
high-intensity exercise (IOM, 2006) or for acute oxidative stress (IOM, 1999), but found 
insufficient evidence to make such recommendations. Those reports did not review evidence 
on vitamin C and potential benefits for TBI.

The brain has particularly high levels of vitamin C, approximately 100 times higher than 
levels in most other tissues in the body (Grunewald, 1993; Rice, 2000). Vitamin C is pumped 
into the central nervous system by the sodium-dependent vitamin C transporter-2 systems 
in series in the epithelial and neuronal cell membranes, but there is no sound evidence for 
a carrier-mediated transport (Spector, 2009). A study to assess antioxidant depletion in 
patients additionally showed that those with intracranial hemorrhage and head trauma had 
lower plasma levels of vitamin C than controls, and that its levels were significantly inversely 
correlated with the several outcomes of the disease (i.e., severity of the neurological impair-
ment and diameter of the lesion). However, to the committee’s best knowledge, there are no 
human or animal studies to examine the potential neuroprotective effects of vitamin C on 
TBI, except for the study by Razmkon described above presented at a 2010 conference. The 
committee identified five human studies regarding vitamin C supplementation and stroke 
or subarachnoid hemorrhage. Table 7-2 lists those studies, plus the study on TBI presented 
at a conference. As with Table 7-1, the occurrence or absence of adverse effects is included 
if reported.
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TABLE 7-2 Relevant Data Identified for Vitamin C

Reference
Type of Injury/
Insult

Type of Study and 
Subjects Treatment Findings/Results

Tier 1: Clinical trials

Razmkon 
et al., 
2010

TBI (Glasgow 
Coma Scale 
scores of 8 
or less and 
radiologic 
diagnoses of 
diffuse axonal 
injury)

Multi-center, 
randomized, 
double-blind, 
placebo-controlled 
trial

n=100 (83 male)

Postinjury, 
vitamin E 
(intravenously at 
400 IU daily for 
7 days)

Postinjury, 
vitamin C (500 
mg daily for  
7 days or 10 g 
on the day of 
admission and 
4 days later), or 
placebo

The high dose of vitamin C stabilized 
or reduced the diameter of peri-lesional 
edema/infarct in 68% of patients 
(p=0.01).

No adverse effects were observed.

Sesso 
et al., 
2008

Cardiovascular 
events (MI, 
stroke, or CVD 
death)

Randomized, 
double-blind, 
placebo-controlled 
trial (Physicians’ 
Health Study II)

n=14,641 U.S. 
male physicians, 
aged 50 years or 
older

8-year follow-up

500 mg/day of 
vitamin C or 
placebo

The cumulative incidence rate of major 
cardiovascular events per year for 
vitamin E and placebo were similar.

Vitamin C had no significant treatment 
or preventive effect on the individual 
incidence of MI, stroke, or total 
mortality.

Vitamin C treatment did not benefit men 
with previous cardiovascular diseases at 
baseline. No interaction with vitamin E 
was found for any of the cardiovascular 
events.

Compared to placebo, no significant 
adverse effects of vitamin C were 
observed.

Cook 
et al., 
2007

Cardiovascular 
events (MI, 
stroke, coronary 
revascularization, 
or CVD death)

Randomized, 
double-blind, 
placebo-controlled 
trial (Women’s 
Antioxidant 
Cardiovascular 
Study)

n=8,171 
female health 
professionals, aged 
40 years or older

mean 
follow-up=9.4 
years

Vitamin C (500 
mg/day), vitamin 
E (600 IU d-α 
tocopherol 
acetate every 
other day), or 
beta carotene 
(50 mg every 
other day)

Vitamin C had no significant effect on 
major CVD morbidity and mortality 
(RR=1.02).

There was no significant difference in 
cumulative incidence rate of CVD events 
between subjects taking vitamin C and 
those taking placebo.

Subjects taking both vitamins C and 
E had significantly fewer strokes 
than those taking placebos for both 
vitamins (RR=0.69, 95% CI: 0.49–0.98; 
p=0.04), suggesting an interaction (p for 
interaction=0.02).

No statistically significant adverse effects 
were observed.
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continued

Reference
Type of Injury/
Insult

Type of Study and 
Subjects Treatment Findings/Results

Polidori 
et al., 
2005

Ischemic stroke Randomized, 
open-label trial

n=59

Postinjury, 
vitamin C  
(200 mg/day) + 
aspirin (300 mg/
day) or aspirin 
only

Barthel Index (BI): There was no 
difference between treatment group 
and control group at baseline or after 
3 months. But BI of subjects in both 
groups increased over the study period 
(p < 0.05).

Plasma vitamin C: Levels were higher 
in the vitamin C plus aspirin group 
compared to control group, both in the 
first week (p < 0.02) and over the entire 
study period (p < 0.01).

Plasma 8,12-isoprostane F2α-VI: Levels 
decreased in both groups over the study 
period. But vitamin C plus aspirin 
group had significantly lower levels 
than control group from day 1 to day 
7 (p=0.01); the difference between the 
two groups from day 1 to day 90 was 
not significant. There was no correlation 
between plasma vitamin C level and 
levels of 8,12-isoprostane F2α-VI.

No adverse effects were observed.

Tier 2: Observational studies

Kodama 
et al., 
2000

Subarachnoid 
hemorrhage with 
a significant risk 
for symptomatic 
vasospasm 
(Fisher CT 
group 3 and CT 
number > 60)

n=217 Cisternal 
irrigation 
therapy with 
urokinase (120 
IU/mL) and 
ascorbic acid (4 
mg/mL)

The clinical outcomes of 80.6% 
of patients (n=175) were rated as 
“excellent” or “good” at hospital 
discharge, while the morbidity (those 
rated as “fair” or “poor”) rate was 
16.6% (n=36), the mortality rate was 
2.8% (n=6), and 2.8% of patients 
developed vasospasm (n=6). None of the 
deaths were caused by vasospasm.

Mean total drained blood volume was 
113.7±12.0 mL; volume from red blood 
cell count was 96.5±9.6 mL, and from 
cell-free Hb count was 17.2±2.4 mL. 
Average total drainage from subjects 
who developed vasospasm during the 
study was 46.0 mL.

Ascorbic acid absorption was 
determined by reduction in value of oxy-
hemoglobin (Oxy-Hb) peak. Compared 
to patients who only had cisternal 
drainage, those who had cisternal 
irrigation had decreased Oxy-Hb value.

Complications from irrigation include 
seizure (0.9%, n=2), meningitis 
infection (0.9%, n=2), and intracranial 
hemorrhage (1.9%, n=4).

TABLE 7-2 Continued
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Uses and Safety

The EAR for vitamin C was based on maintaining near-maximal neutrophil concentra-
tions with minimal urinary loss, and was set at 75 mg/day for men and 60 mg for women. A 
comparison of U.S. dietary intake from NHANES 2001–2002 data with the EAR of vitamin 
C (Table 5-2) suggests that 40 percent of males and 38 percent of females older than 19 
years of age consume less vitamin C than the recommended EAR. The UL for vitamin C is 
2 g/day based on gastrointestinal disturbance, but there are concerns that vitamin C could 
act as a prooxidant, depending on the dose (Childs et al., 2001).

Evidence Indicating Effect on Resilience

Human Studies

Effects of vitamin C supplementation on risk of stroke were examined in the Women’s 
Antioxidant Cardiovascular Study (n = 8,171, 500 mg/day for 9.4 years) (Cook et al., 2007) 
and the Physicians’ Health Study II (n = 14,641, 500 mg/day for 8 years) (Sesso et al., 2008). 
No protective effects were observed in these trials, either for total, or for different subtypes 
of stroke (Cook et al., 2007; Sesso et al., 2008).

Evidence Indicating Effect on Treatment

Human Studies

Polidori and colleagues (2005) reported that treatment with vitamin C (200 mg/day) 
in combination with aspirin therapy in 59 patients with ischemic stroke of recent onset (< 
24 hours) was associated with significantly lower lipid peroxidation, as assessed by plasma 
8,12-iPF2α-VI concentrations, than a control group receiving only aspirin. Kodama and 
colleagues (2000) also showed that subarachnoid hemorrhage patients (n = 217) who were 

Reference
Type of Injury/
Insult

Type of Study and 
Subjects Treatment Findings/Results

Rabadi 
and 
Kristal, 
2007

Ischemic stroke Retrospective, 
matched, case-
control trial

n=46, aged 49–89 
years

Postinjury,  
1,000 mg of 
vitamin C per 
day

Control group 
did not take 
vitamin C

There was no significant difference 
between the two groups in terms of 
changes in total functional independence 
measure score, functional independence 
measure-cognition score, or functional 
independence measure–motor score.

There was no difference in length of stay 
and whether patient was discharged to 
home or a long-term care facility.

No adverse effects were mentioned.

Tier 3: Animal studies

None 
found

TABLE 7-2 Continued
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treated with urokinase and vitamin C recovered without neurological deficits. (It should 
be noted, however, that this study lacked a control group.) In another trial including 46 
ischemic stroke patients, 1,000 mg/day of vitamin C had no impact on motor recovery 
(Rabadi and Kristal, 2007).

The small randomized, clinical controlled study described above that showed benefits 
associated with high doses of vitamin E following TBI did not find vitamin C to be associ-
ated with positive neurologic outcomes, but the high doses of the vitamin (10 g on the day 
of admission and 4 days later) slowed the progression of perilesional edema (Razmkon 
et al., 2010).

COMBINATION OF ANTIOXIDANTS

Evidence Indicating Effect on Resilience

Human Studies

Results from observational studies are mixed and have not resulted in any clear associa-
tion between chronic diseases and intake of antioxidants (Hirvonen et al., 2000; Mezzetti 
et al., 2001; Voko et al., 2003; Watkins et al., 2000; Yochum et al., 2000). Although the 
committee’s literature reviews did not include cancer as a disease outcome because its pathol-
ogy and etiology is dissimilar to that of TBI, one study is presented here to illustrate how a 
combination of antioxidants showed benefits where single nutrients did not. A randomized 
controlled trial was conducted in a region of China where esophageal and gastric cancers 
are prevalent and low intake of micronutrients has also been observed. Mortality and cancer 
incidence were ascertained for 29,584 adults who were assigned to take daily vitamin and 
mineral supplementation of (1) retinol and zinc; (2) riboflavin and niacin; (3) vitamin C and 
molybdenum; and (4) beta-carotene, vitamin E, and selenium. Those in the group taking 
beta-carotene, vitamin E, and selenium had lower mortality than controls, mainly because 
of lower cancer rates (Blot et al., 1993).

There are other studies showing that supplementation with both vitamin C and vitamin 
E (compared to vitamins C or E alone) is more effective in protecting from oxidative stress 
because vitamin E is regenerated by vitamin C. There were 8,171 women recruited for the 
Women’s Antioxidant Cardiovascular Study, designed to test the effects of ascorbic acid (500 
mg/day), vitamin E (600 IU every other day), and beta-carotene (50 mg every other day) on 
cardiovascular disease in a 2 × 2 × 2 factorial design. Participants were 40 years of age or 
older, postmenopausal or had no intention of becoming pregnant, and had a self-reported 
history of CVD or at least three cardiac risk factors (Cook et al., 2007). During 9.4 years 
of follow-up, those in the active groups for both vitamin E and ascorbic acid had a lower 
risk of developing stroke relative to those in the placebo group for both agents. However, 
other two- or three-way interactions among these three antioxidants were not significant 
for stroke (Cook et al., 2007). In contrast, the Physicians’ Health Study II Randomized 
Controlled Trial, a 2 × 2 factorial design to test the effect of ascorbic acid (500 mg/day) and 
vitamin E (400 IU every other day) in 14,641 U.S. men aged 50 years or older, failed to find 
any significant protective effects of these agents or their combination on stroke risk during 
a mean follow-up of eight years (Sesso et al., 2008). Another large, randomized controlled 
study that observed vascular disease, cancer, and other adverse outcomes in which partici-
pants (20,536 adults aged 40–80) were randomly allocated to receive antioxidant vitamin 
supplementation (600 mg vitamin E, 250 mg vitamin C, and 20 mg beta-carotene daily) or 
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matching placebo showed no significant effects on cancer incidence or on hospitalization for 
any other nonvascular cause (Heart Protection Study Collaborative, 2002).

In another randomized controlled trial in Finland that included 28,519 male cigarette 
smokers free of stroke at baseline, the incidence of stroke in those who received both acti-
vated vitamin E (50 mg/day) and beta-carotene (20 mg/day) (258 out of 7118) was similar, 
during mean six years of follow-up, to the incidence in those who received placebos (252 
out of 7153). However, the significance of difference of stroke risk between these two groups 
was not reported (Leppala et al., 2000).

Evidence Indicating Effect on Treatment

Human Studies

In a randomized, double-blind and placebo-controlled trial, 200 patients in intensive 
care (113 with organ failure after complicated cardiac surgery, 66 with major trauma, and 
21 with subarachnoid hemorrhage) were provided intravenous antioxidant supplements 
(vitamin C, vitamin E, selenium, zinc, and vitamin B1) for 5 days, starting within 24 hours 
of admission. There was a reduction of early organ dysfunction and significantly reduced 
serum C-reactive protein concentrations relative to the control group (Berger et al., 2008). 
The difference did not, however, reach a significant level in individual subgroups (e.g., 
trauma patients or patients with subarachnoid hemorrhage) (Berger et al., 2008). A study 
including 96 acute ischemic stroke patients found that use of antioxidants (800 IU vitamin 
E and 500 mg vitamin C) within 12 hours of symptom onset enhanced antioxidant capacity, 
mitigated oxidative damage, and may have had an anti-inflammatory effect, as assessed by 
serum C-reactive protein concentrations (Ullegaddi et al., 2006).

There has been one ongoing clinical trial identified that will contribute to the strength 
of the evidence about whether antioxidants may be beneficial in improving outcomes of 
TBI. The trial will examine whether providing high doses of glutamine and antioxidants 
(i.e., selenium, zinc, beta carotene, vitamin E and vitamin C) to critically ill patients will 
be associated with improved survival. Although patients with severe acquired brain injury 
are excluded from the study, the critically ill might also experience other less severe brain 
injuries; hence, the results of this study will contribute to our knowledge about this potential 
combination of antioxidants.

CONCLUSIONS AND RECOMMENDATIONS

The use of single antioxidant supplements to treat a variety of chronic diseases, includ-
ing coronary heart disease, cancer, and ocular and skin diseases, has been disappointing. 
These apparently conflicting results may be due to the fact that all the trials with individual 
antioxidants reported here were conducted with α-tocopherol. The interactions of a diet 
high in α-tocopherol with other forms of vitamin E (e.g., γ-tocopherol, the form most abun-
dant in the American diet) are not known. Other reasons for this discrepancy are possible, 
such as interactions with other food components and the existence of confounders such as 
diet and lifestyle patterns. For example, individuals who report using nutrient supplements 
are also more likely to have overall more healthful lifestyles. In the context of TBI, several 
conclusions can be derived from the review of the evidence of potential benefits of specific 
antioxidants. Although oxidative stress is a substantial risk factor for adverse events fol-
lowing TBI, there is minimal evidence at this time to support recommendations to either 
supplement the diet with these nutrients beyond the dietary requirements or provide them 
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after injury. For example, while the results from animal trials with vitamin E are encourag-
ing, the human trials do not support the concept that vitamin E could have beneficial effects 
for TBI. There is one recent study with encouraging results for treating TBI patients with 
vitamin E. However, the committee concluded that, as with the study on cancer, a combina-
tion of various antioxidants including vitamins E, C, and carotenoids might be more effica-
cious. There is sufficient literature from animal and human trials with other acute injuries 
associated with oxidative stress to warrant a carefully designed trial with TBI patients using 
an array of antioxidants. Any trials that may be undertaken should ensure that dose levels 
of antioxidants do not approach levels that might cause adverse events, such as higher risk 
of mortality (Miller et al., 2005). The committee recommends that DoD track the findings 
of the current trial using a combination of antioxidants in the critically ill and any similar 
future human trials that may follow.

 RECOMMENDATION 7-1. Based on the literature from animal and human trials 
concerning stroke and epilepsy, DoD should consider a clinical trial with TBI patients 
using an array of antioxidants in combination (e.g., vitamins E and C, selenium, 
beta-carotene).
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8

Branched-Chain Amino Acids

The branched-chain amino acids (BCAAs) (leucine, isoleucine, and valine) are nutrition-
ally essential in that they cannot be synthesized endogenously by humans and must be sup-
plied by diet. They differ from other essential amino acids in that the liver lacks the enzymes 
necessary for their catabolism.

In addition to their function as structural components of proteins, BCAAs also seem 
to exert regulatory control of protein metabolism. In rodent tissue in vitro, increased con-
centrations of BCAAs stimulate protein synthesis and inhibit protein catabolism, whereas 
other amino acid mixtures lacking BCAAs have no such influence. In humans, BCAAs inhibit 
protein catabolism, but have little effect on synthesis (see Matthews, 2005, for review).

BRANCHED-CHAIN AMINO ACIDS AND THE BRAIN

In the brain, BCAAs have two important influences on the production of neurotrans-
mitters. As nitrogen donors, they contribute to the synthesis of excitatory glutamate and 
inhibitory gamma-aminobutyric acid (GABA) (Yudkoff et al., 2005). They also compete for 
transport across the blood-brain barrier (BBB) with tryptophan (the precursor to serotonin), 
as well as tyrosine and phenylalanine (precursors for catecholamines) (Fernstrom, 2005). 
Ingestion of BCAAs therefore causes rapid elevation of the plasma concentrations and 
increases uptake of BCAAs to the brain, but diminishes tryptophan, tyrosine, and phenyl-
alanine uptake. The decrease in these aromatic amino acids directly affects the synthesis 
and release of serotonin and catecholamines. The reader is referred to Fernstrom (2005) 
for a review of the biochemistry of BCAA transportation to the brain. Oral BCAAs have 
been examined as treatment for neurological diseases such as mania, motor malfunction, 
amyotrophic lateral sclerosis, and spinocerebral degeneration. Excitotoxicity as a result of 
excessive stimulation by neurotransmitters such as glutamate results in cellular damage after 
traumatic brain injury (TBI). However, because BCAAs also contribute to the synthesis of 
inhibitory neurotransmitters, it is unclear to what extent the role of BCAAs in synthesis  
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of both excitatory and inhibitory neurotransmitters might contribute to their potential ef-
fects in outcomes of TBI.

A list of human studies (years 1990 and beyond) evaluating the effectiveness of BCAAs 
in providing resilience or treating TBI or related diseases or conditions (i.e., subarachnoid 
hemorrhage, intracranial aneurysm, stroke, anoxic or hypoxic ischemia, epilepsy) in the 
acute phase is presented in Table 8-1; this also includes supporting evidence from animal 
models of TBI. The occurrence or absence of adverse effects in humans is included if re-
ported by the authors.

USES AND SAFETY

The Estimated Average Requirements (EARs) for leucine, isoleucine, and valine are 34, 
15, and 19 mg/kg/day, respectively (IOM, 2005). Using the recommended intake for a 70 
kg individual as a reference, the actual mean daily intake in the United States for each of 
the BCAAs is approximately threefold higher for men and approximately twofold higher for 
women (IOM, 2005). BCAA-enriched protein or amino acid mixtures or BCAAs alone have 
been used in a variety of metabolic disorders, such as chronic liver disease, encephalopathy, 
sepsis, and others, usually in an effort to reduce the uptake of aromatic amino acids by 
the brain and to raise low circulating levels. BCAA supplements are marketed to healthy 
individuals with claims that they enhance muscle mass, reduce soreness after exercise, and 
reduce central fatigue, although peer-reviewed research data rarely support these claims 
(Wagenmakers, 1999). A previous Institute of Medicine (IOM) committee considered the 
addition of higher amounts of specific amino acids, including BCAAs, to rations used during 
short-term, high-intensity combat operations. That committee found no evidence to recom-
mend the addition of specific amino acids to those rations (IOM, 2006). As a result of claims 
for fitness benefits, athletes and military personnel striving to enhance physical performance 
may have BCAA intakes even higher than those of the general public. A survey by Lieberman 
et al. (2010) found that 23 percent of military personnel involved in combat arms and 47 
percent of those in Special Forces were taking protein or amino acid supplements.

A 2005 IOM report found no studies of adverse events associated with normal diets 
containing BCAAs or with infused supplemental doses up to 9.75 g, but there was no Toler-
able Upper Intake Level (UL) determined because of the lack of dose-response data. Studies 
of acute or chronic oral administration of BCAAs have reported no adverse effects, even 
at a high single dose of 60 grams (Fernstrom, 2005). The outcomes of interest measured in 
these studies were related to physical performance, phenylketonuria, hepatic cirrhosis, and 
neurological and psychiatric diseases. It is, however, difficult to assess whether some of the 
outcomes that were not regarded as adverse effects would present a concern in a military 
setting. As an example, after examining one of the studies reporting no adverse effects, the 
committee concluded that excessive intake of BCAAs may be deleterious; in that study, 
oral doses of 10, 30, and 60 grams of BCAAs caused small increases in spatial recognition 
memory latency in healthy human subjects, but no changes in visual information processing 
or pattern recognition (Gijsman et al., 2002). The authors attributed the increased latency 
to a reduced ratio of (tyrosine+phenylalanine) to BCAAs, resulting in reduced transport of 
tyrosine and phenylalanine across the BBB, and hence reduced dopamine synthesis.
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TABLE 8-1 Relevant Data Identified for BCAA

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 1: Clinical trials

Aquilani 
et al., 
2008

TBI Randomized, 
placebo-
controlled 
trial

na=41 
rehabilitation 
patients 
with a 
posttraumatic 
vegetative or 
minimally 
conscious 
state, 
47±24 days 
postinjury

Postinjury,  
short-term parenteral 
supplementation of 
BCAAs (500 mL of 4% 
mixture of amino acids 
solution; provided 19.6 
g of BCAAs and 1.6 g 
arginine) for 15 days

Disability Rating Scores (DRS) improved 
significantly for treated patients (p < 
0.001; geometric mean of DRS decreased, 
from 23.17 to 19.68), while the score 
in placebo recipients remained virtually 
unchanged. 68% of treated patients 
achieved DRS scores that allowed them to 
exit the vegetative or minimally conscious 
state.

From day 15 to discharge from 
rehabilitation center, further significant 
brain function improvement was detected 
in patients in treatment group (p < 0.03); 
no improvement was detected in placebo 
group.

No adverse effects were mentioned.

Aquilani 
et al., 
2005

Severe TBI Randomized, 
placebo-
controlled 
trial

n=60 men 
with TBI

Postinjury, 
15 days of intravenous 
BCAA supplementation 
(19.6 g/day)

After 15 days, DRS for both treatment 
and placebo groups improved significantly 
(p < 0.02) compared to baseline. But 
improvement in treatment group was 
significantly greater than placebo group 
(p < 0.004).

After 15 days, significant increase in total 
BCAA was seen only in treated group (p 
< 0.01).

Plasma tyrosine level increased in 
the treated group (p < 0.01), while 
tryptophan increased in the placebo 
group (p < 0.01).

No adverse effects were mentioned.
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Evangeliou 
et al., 
2009

Refractory 
epilepsy

Pilot, 
prospective 
trial

n=17 
children, aged 
2 to 7 years

Ketogenic diet, 
supplemented by 
powdered mixture of 
BCAA (45.5 g leucine, 
30 g isoleucine, and 
24.5 g valine)

Fat-to-protein ratio 
with addition of BCAA 
changed from 4:1 to 
around 2:5:1

Adding BCAA to ketogenic diet resulted 
in a 100% seizure reduction in 3 patients 
who had experienced seizure reduction on 
ketogenic diet alone.

Four patients who already had > 
50% reduction on ketogenic diet 
alone achieved an additional 20–30% 
reduction.

One patient, who had 20% reduction 
on ketogenic diet alone, achieved 50% 
reduction after adding BCAA. Addition of 
BCAA did not reduce seizure in patients 
who didn’t already experience seizure 
reduction on ketogenic diet only. No 
reduction in ketosis was found with the 
addition of BCAA.

A slight increase in heart rate was 
reported at treatment initiation in 3 
patients, but returned to normal without 
a reduction in the dose of BCAA. No 
other adverse effects were observed.

Tier 2: Observational studies

None 
found

Tier 3: Animal studies

Cole et al., 
2010

TBI, lateral 
fluid 
percussion 
brain injury  
(LFPI)

Adult male 
C57BL/
J6 mice

5–7 weeks 
old, 20–25 g

Postinjury, dietary 
consumption of BCAAs 
(100 μM leucine, 
isoleucine, and valine) 
starting 2 days after 
LFPI and continuing 
until 7 days after injury

Hippocampal slices 
incubated with BCAA 
(100 μM)

After being treated with BCAA for 5 days 
after injury, BCAA level in injured mice 
is not significantly different from sham 
mice.

In behavioral assessments, treated mice 
behaved no differently from control mice 
(p < 0.05).

In vitro analysis showed that 
hippocampal slices from injured mice 
incubated with BCAA fully restored 
synaptic function (p < 0.05).

 a n: sample size.

TABLE 8-1 Continued
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EVIDENCE INDICATING EFFECT ON RESILIENCE

Human Studies

There have been no clinical trials to test the effects of BCAAs on resilience for TBI or 
related diseases or conditions (i.e., subarachnoid hemorrhage, intracranial aneurysm, stroke, 
anoxic or hypoxic ischemia, epilepsy).

Animal Studies

There have been no animal studies addressing increased resilience for TBI. One study 
has examined the possibility of a negative influence of BCAAs at high concentrations. 
Contrusciere and colleagues (2010) noticed a high risk for amyotrophic lateral sclerosis 
among professional soccer players, and hypothesized that it could be due to excess consump-
tion of sports beverages containing BCAAs. These beverages typically contain 1–3 grams of 
total BCAAs per 12-ounce serving. To test their hypothesis, the authors incubated rat neu-
ronal cultures with 2.5–25 mM concentrations of BCAAs, and found that these extremely 
high doses induced toxicity. Note that normal BCAA concentrations in human cerebrospinal 
fluid are several orders of magnitude lower, ranging from ~5–15 μM (Garseth et al., 2001).

A review of the literature was also conducted for outcomes related to the TBI disease 
process (i.e., subarachnoid hemorrhage, intracranial aneurysm, stroke, anoxic or hypoxic 
ischemia, epilepsy). A search on the effects of BCAAs and epilepsy revealed several stud-
ies that examined their impact in either the latency to a seizure or the duration of a sei-
zure. Two studies used different animal models (pentylenetetrazol- or picrotoxin-induced 
seizures), but reported similar results: leucine and isoleucine increased the latency of the 
seizures (an indication of seizure threshold) compared to a controlled, balanced amino 
acid solution (Dufour et al., 1999; Skeie et al., 1994). The studies did differ, however, on 
the impact of valine in latency; while Skeie and colleagues (1994) found that valine at 300 
mg/kg increased the mean latency time to onset of seizures, the study by Dufour found no 
such effect for valine.

EVIDENCE INDICATING EFFECT ON TREATMENT

Human Studies

Only one prospective randomized clinical study has investigated the efficacy of BCAAs 
as an acute treatment for TBI (Ott et al., 1988). Starting on the first day of hospitaliza-
tion, 20 brain-injured patients were randomized to either a standard intravenous amino 
acid formula or one containing higher percentages of leucine (154 percent of the standard 
formula), isoleucine (153 percent), and valine (174 percent). The formulas had equivalent 
total calories and protein. Those patients on the BCAA-enriched formula exhibited positive 
nitrogen balance (+1.8%), whereas those on the standard formula were in negative balance 
(–8.0 percent) (Ott et al., 1988).

Two small, randomized, placebo-controlled trials have been published reporting that 
BCAA supplementation enhanced cognitive recovery by patients with TBI (Aquilani et al., 
2005, 2008). However, these studies began administering BCAAs anywhere from 19 to 140 
days after injury, and therefore did not address the efficacy of BCAAs in treating the primary 
or secondary effects of neurotrauma.

Seven additional studies have addressed BCAA supplementation in other forms of 
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trauma (reviewed in De Bandt and Cynober, 2006). Of these, four reported no beneficial 
effect on nitrogen balance, whereas three found positive results. The number of patients in 
each study tended to be small (ranging from 5 to 101, mean = 31) and the patients were 
heterogeneous in terms of type and severity of trauma.

A prospective, randomized controlled study of patients undergoing curative hepatic 
resection found that perioperative oral nutrition including BCAAs resulted in higher serum 
erythropoietin concentrations than a control diet (for patients who did not have hepatitis). 
The authors suggested that higher erythropoietin concentrations might provide protection 
from ischemic injury (Ishikawa et al., 2010).

When BCAAs were added as additional therapy to the ketogenic diet of children with 
refractory epilepsy, 13 out of 17 benefited, with a 50–100 percent seizure reduction com-
pared to the ketogenic diet alone (Evangeliou et al., 2009). The authors suggested that 
BCAAs may not only increase the effectiveness of the ketogenic diet, but that the diet could 
be more easily tolerated by the patients because of the change in the ratio of fat to protein.

Animal Studies

Cole and colleagues reported that brain-injured mice exhibited cognitive improvement 
when treated with BCAA-supplemented drinking water (each BCAA at a concentration of 
100 mM), beginning two days after injury (Cole et al., 2010). The injury was a 20 millisec-
ond pressure pulse of saline to the dura, and hippocampal-dependent cognition was assessed 
using a conditioned fear response. Responses diminished by approximately 50% in the in-
jured mice compared to sham controls, whereas injured mice drinking BCAA-supplemented 
water behaved no differently from controls. In addition to behavioral assessments, Cole et al. 
(2010) analyzed synaptic function in vitro. The excitatory postsynaptic potentials generated 
in hippocampal slices from injured mice were diminished compared to sham controls, but 
incubating the slices with BCAAs at concentrations of 100 μM fully restored synaptic func-
tion (Cole et al., 2010).

CONCLUSIONS AND RECOMMENDATIONS

Leucine and other essential amino acids are necessary, and their benefit in increasing 
protein synthesis and lean body mass is well documented. However, there are not yet com-
pelling data to support a recommendation to supplement rations with BCAAs to ameliorate 
or treat TBI. There is some indication from a pilot study that BCAAs might act synergisti-
cally with a ketogenic diet in epilepsy, one of the many possible sequelae of TBI.

The only randomized clinical trial (Ott et al., 1988) suggests that intravenous infusion 
of BCAAs may be beneficial for maintaining positive nitrogen balance following TBI, but the 
influence of BCAAs on morbidity and mortality was not reported. There is one encourag-
ing animal study in which mice supplemented with BCAAs (dissolved in water at 100 mM) 
showed improvements in cognition and diminished excitatory potentials in hippocampal 
slices (Cole et al., 2010). Taken altogether, however, there is not enough evidence from 
animal studies to support initiating research in humans.

Because a large percentage of military personnel take BCAAs as supplements to their 
diets, BCAAs should be included in the dietary intake assessments of TBI patients in medical 
treatment facilities to identify preinjury nutritional intake and status, as well as nutritional 
intake during the various stages of treatment. The data could be used to establish potential 
relationships between preinjury nutritional intake/status and recovery progress.
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 RECOMMENDATION 8-1. DoD should continue to monitor the literature on the 
effects of nutrients, dietary supplements, and diets on TBI, particularly those reviewed 
in this report but also others that may emerge as potentially effective in the future. For 
example, although the evidence was not sufficiently compelling to recommend that 
research be conducted on BCAAs, DoD should monitor the scientific literature for 
relevant research.
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9

Choline

Choline has multiple roles as an essential nutrient. A major dietary component found 
in eggs and liver, its absorption in the intestine is mediated by choline transporters. The 
majority of choline is used to synthesize phosphatidylcholine, the predominant lipid in cell 
membranes. As well as being essential in the synthesis of membrane components, choline ac-
celerates the synthesis and release of acetylcholine, an important neurotransmitter involved 
in memory storage and muscle control. Choline is an essential element in neurodevelopment. 
As a major dietary source of methyl groups, choline also participates in the biosynthesis of 
lipids, regulation of metabolic pathways, and detoxification in the body.

Health outcomes associated with choline involve memory, heart disease, and inflamma-
tion, which also explain the consideration of choline as a plausible intervention in traumatic 
brain injury (TBI). Although there are no human studies examining the effect of supple-
mentation during pregnancy on enhanced memory of the newborn, there are animal studies 
showing that choline supplementation provided during hippocampal development has an 
effect on maintaining memory in older age. This effect appears to involve changes in gene 
expression via gene methylation. Changes in homocysteine due to choline supplementation 
are also hypothesized to reduce cardiovascular disease (CVD) risk. In the Framingham Off-
spring Study, combined dietary intakes of choline and betaine were associated with lower 
concentrations of homocysteine, a marker for inflammation. During the ATTICA study, a 
cross-sectional survey (1,514 men and 1,528 women with no history of CVD) of health 
and nutrition being carried out in the region of Attica, Greece, the association between in-
flammatory markers and choline intakes was measured. Participants who consumed higher 
levels of choline (> 310 vs. < 250 mg/day) had lower concentrations of C-reactive protein, 
interleukin-6, and tumor necrosis factor-alpha (Detopoulou et al., 2008). For an overview 
of the metabolism, functions, and health effects of choline, the reader is referred to previous 
reviews (IOM, 1998; Zeisel, 2006; Zeisel and da Costa, 2009; Zeisel et al., 1991).

Because of its undesirable organoleptic characteristics when administered in doses that 
exceed the capacity of the small intestine to absorb it, choline is not readily accepted by 
patients. The most common form of choline in the diet is phosphatidylcholine, an ester of 
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choline that is not used as a substrate by gut bacteria and does not result in fishy body odor 
(Zeisel et al., 1983). Most studies reviewed in this chapter used an intermediary in the syn-
thesis of phosphatidylcholine, CDP-choline. CDP-choline is composed of cytidine and cho-
line and is hydrolyzed in the small intestine before absorption as citidine and choline. After 
absorption, citidine and choline are rephosphorylated and then CDP-choline is resynthesized 
again. CDP-choline also serves as a donor of choline in the synthesis of acetylcholine. This 
chapter includes evidence for the potential use of CDP-choline in TBI.

CHOLINE AND THE BRAIN

Choline has a critical role in neurotransmitter function because of its impact on ace-
tylcholine and dopaminergic function. Studies in animals suggest that CDP-choline sup-
plements increase dopamine receptor densities and can ameliorate memory impairment.  
In Parkinson’s disease, for example, CDP-choline may increase the availability of dopa-
mine. A Cochrane review of randomized trials testing the efficacy of CDP-choline in the 
treatment of cognitive, emotional, and behavioral deficits associated with chronic cerebral 
disorders in the elderly revealed no evidence of a beneficial effect on attention, but some 
evidence of benefit on memory function and behavior (Fioravanti and Yanagi, 2005). The 
brains of those with Alzheimer’s disease have decreased phosphatidylcholine and phos-
phatidylethanolamine, and it has been suggested that CDP-choline may provide benefit by 
repairing cell membrane damage and enhancing acetylcholine synthesis. Both sphingomyelin 
and phosphatidylcholine, major constituents of brain membranes, are synthesized from the 
precursor choline (Zeisel, 2005). The role of choline in regulating the synthesis of phos-
pholipids (e.g., phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, and 
sphingomyelin) as constituents of cell membranes is reviewed in Saver (2008). This review 
also includes a discussion of the evidence showing that choline promotes rapid repair of in-
jured cell surfaces and mitochondrial membranes as well as maintenance of cell integrity and 
bioenergetic capacity. Increases in biomarkers representative of CDP-choline activity, such 
as phosphodiesters, were observed on proton magnetic resonance spectroscopy and were 
associated with improvements in verbal memory in humans (Babb et al., 2002; Fioravanti 
and Yanagi, 2005).

It is hypothesized that CDP-choline may exert neuroprotective effects in an injured 
brain through its ability to improve phosphatidylcholine synthesis (Adibhatla and Hatcher, 
2002). In addition to its neuroprotective capability, CDP-choline potentiates neurorecovery, 
which has led to its evaluation as treatment for both stroke and TBI in animal models and 
in human clinical trials (Cohadon et al., 1982; Levin, 1991; Warach et al., 2000). The posi-
tive effects seen in models of ischemia and hypoxia may be explained by increased Bcl-2 
expression, decreased apoptosis, and reduced expression of pro-caspase. Inhibiting caspase 
activity may decrease apoptotic activity and calcium-mediated cell death. Supporting these 
ideas, in vitro studies have also revealed that choline deficiency induces apoptosis in the 
liver by mechanisms independent of protein 53, which likely involve abnormal mitochon-
drial membrane phosphatidylcholine, leakage of oxygen radicals, and activation of caspases 
(Albright and Zeisel, 1997; Albright et al., 1996, 1998, 1999a, 199b, 2003; Chen et al., 
2010). In humans, a choline-deficient diet also causes DNA damage and apoptosis (da Costa 
et al., 2006).

In addition, CDP-choline is hypothesized to attenuate the loss of phospholipid and 
increase in fatty acids after global and focal cerebral ischemia by preventing activation of 
phospholipase A2. CDP-choline may also act to protect against oxidative stress since it has 

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

CHOLINE 117

been shown to increase total glutathione levels, glutathione reductase activity, decreased 
oxidized glutathione, and glutathione oxidation ratio (Adibhatla and Hatcher, 2005).

In rat models, the availability of choline to the fetus influences neurogenesis in the 
fetal brain (Craciunescu et al., 2003), and choline status in early life influences neurogen-
esis rates in the adult hippocampus (Glenn et al., 2007), an area of the brain that is often 
dysfunctional in TBI. Additionally suggesting choline mechanisms of action relevant to TBI 
are the fact that in rodents, choline deficiency is associated with lipid peroxidation in liver 
(Ghoshal et al., 1984, 1990) and that deletion of a choline metabolism gene results in mito-
chondrial dysfunction in the liver, sperm, testis, heart, and kidney (Johnson et al., 2010). A 
list of human studies (years 1990 and beyond) evaluating the effectiveness of CDP-choline 
in providing resilience or treating TBI or related diseases or conditions (i.e., subarachnoid 
hemorrhage, intracranial aneurysm, stroke, anoxic or hypoxic ischemia, epilepsy) in the 
acute phase in humans is presented in Table 9-1; this also includes supporting evidence 
from animal models of TBI. The table includes the occurrence or absence of adverse effects 
in humans.

USES AND SAFETY

In 1998, the Institute of Medicine (IOM) recognized choline as an essential nutrient 
(IOM, 1998; Zeisel and da Costa, 2009) and set the Adequate Intake (AI) for choline at 550 
mg/day and 425 mg/day for men and women 19 years of age and older, respectively. These 
levels were set based on the dietary intakes of the U.S. population, and on the development 
of liver damage seen with lower intake. The Tolerable Upper Intake Level (UL) for choline 
is 3.5 g/day for adults 19 years of age or older, based on fishy body odor and hypotension 
(IOM, 1998).

Choline is found in a variety of foods including eggs and liver. Deficiency has been 
clearly linked to atherosclerosis, neurodevelopmental diseases, and liver disease (Penry 
and Manore, 2008). The human body is unable to synthesize sufficient choline via direct 
methylation of phosphatidylethanolamine to phosphatidylcholine, so choline must also be 
acquired via the diet. Analysis of choline intake has suggested a high level of deficiency in the 
U.S. population (Fischer et al., 2005; Jensen et al., 2007). Choline deficiency has been linked 
to a variety of secondary disease processes, such as liver disease; cardiac, neurodegenerative 
and neurodevelopmental problems; and breast cancer (Li and Vance, 2008; Zeisel, 2006). 
In addition, it is estimated that up to 50 percent of the population carries genetic variations 
that require increased choline intake (Zeisel and da Costa, 2009).

Direct choline therapy, when administered in doses higher than the intestine can absorb, 
often leads to malodor that is unacceptable to participants. The use of forms of choline that 
are efficiently absorbed and avoid this problem is desirable. All the studies reported by the 
committee have used CDP-choline, an endogenous compound and intermediary of the syn-
thesis of phosphatidylcholine. CDP-choline was originally identified as the key intermediary 
in the biosynthesis of phosphatidylcholine by Kennedy in 1956 (2003), and is now also sold 
as a dietary supplement. However, there is no evidence that CDP-choline is the most effective 
form, and other forms of choline could be tested in future TBI studies.

CDP-choline has been used in the treatment of cerebrovascular disorders for many 
years, under a variety of protocols and to ameliorate various conditions. In several European 
countries, for example, CDP-choline is frequently prescribed for cognitive impairment and 
in the treatment of Parkinson’s disease.

CDP-choline is generally considered safe; the side effect most noted in clinical trials has 
been mild diarrhea, with leg edema, back pain with headache, tinnitus, insomnia, vision 
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TABLE 9-1 Relevant Data Identified for Citicoline/CDP-Choline

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 1: Clinical trials

Zafonte 
et al., 2009

Mild, 
moderate, 
and severe 
TBI

Randomized, 
double-blind, 
placebo-
controlled, 
multi-center 
trial

na=1,292

Postinjury, 90 days 
treatment of 
citicoline (1,000 
mg twice a day), 
administered 
enterally or orally

Trial in progress

Saver, 2008 Stroke Meta-analysis; 
10 trials

n=2,279

CDP-choline Mortality and disability rates are lower 
in CDP-choline-treated patients than 
in placebo patients (ORb=0.64, 95% 
CIc: 0.54–.077, p < 0.00001; p for 
heterogeneity=0.01, χ2d=21.40).

Due to large amount of scatter in smaller 
studies, another analysis of the 4 largest 
studies (n > 100) was conducted; treatment 
effect on mortality and disability was still 
significant (OR=0.70, 95% CI: 0.58–0.85; 
p=0.0003).

In patients with NIHSS (National Institutes 
of Health Stroke Scale) ≥ 8, overall 
recovery occurred more often in CDP-
choline-treated patients (OR=1.30, 95% 
CI: 1.1–1.6; p < 0.004). More CDP-choline 
patients (25.2%) achieved NIHSS of 
0–1, Barthel Index of ≥ 95, and modified 
Rankin Score of 0–1 than placebo patients 
(20.2%).

There were no adverse effects observed due 
to the treatments.

Davalos 
et al., 2002

Moderate 
to severe 
stroke

Pooled data 
analysis; 
randomized, 
placebo-
controlled, 
double-blind 
clinical trials

n=1,372 
(583=placebo; 
789=treatment)

Postinjury; oral 
CDP-choline (500 
mg, 1,000 mg, 
and 2,000 mg) vs. 
placebo; treatment 
within 24 hours 
after injury

Global recovery after 3 months was seen 
in 25.2% of CDP-choline-treated patients 
and 20.2% of placebo-treated patients 
(OR=1.33; 95% CI: 1.10–1.62; p=0.0034). 
Greatest improvement was seen in 2000 
mg group, 27.9% (OR=1.38, 95% CI: 
1.10–1.72, p=0.0043). Compared to 
placebo-group, CDP-choline-treated group 
saw an increase of 29% on Barthel Index 
score (95% CI: 3–62), 42% in modified 
Rankin Score (95% CI: 8–88), and 28% on 
NIHSS (95% CI: –1 to 65).

There is no significant mortality rate and 
overall frequency of adverse events between 
treated and placebo groups. Significantly 
higher events were found in the treatment 
group for anxiety and leg edema (p=0.036 
and 0.032, respectively). 
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Clark et al., 
2001

Acute 
ischemic 
stroke, 
NIHSS ≥ 8

118-center, 
randomized, 
double-blind, 
efficacy trial

n=899

Postinjury; CDP-
choline (2,000 mg 
per day); 6-week 
treatment, 6-week 
follow-up

At week 12, about the same proportion 
of patients in placebo (51%) and 
treatment (52%) groups showed a 7-point 
improvement on their NIHSS scores.

Although the treatment group did 
significantly better (27% vs. 21%; p=0.04) 
than placebo group on the Barthel Index at 
week 6, it lost that advantage at week 12.

There was no significant difference in 
mortality rate or other serious adverse 
events (e.g., cardiovascular events, central 
nervous system events) between the 
treatment and placebo groups.

Leon-
Carrion 
et al., 2000

TBI Exp 1: Non-
randomized 
trial

n=7 patients 
with severe 
memory 
disorders 
who were 
discharged > 6 
months prior 
to study

Exp 2: 
Randomized 
trial

n=10 patients 
with severe 
memory 
deficits 
(including the 
7 patients from 
Exp 1)

Exp 1: 1 g of 
CDP-choline

Exp 2: 1 g/day 
of CDP-choline 
or placebo 
administered 
with patients’ 
neuropsychological 
treatment

Exp1: Patients showed a hypoperfusion of 
the inferior left temporal lobe at resting 
state, but hypoperfusion disappeared after 
taking CDP-choline.

Cerebral blood flow increased in the left 
temporal areas and decreased in right 
frontal lobe.

Exp2: While the CPD-choline group 
improved in all 5 measures of the 
neuropsychological treatment, only 
improvements in verbal fluency and Luria 
Memory Words were significant (p < 0.05).

There were no side effects reported for 
patients in Exp 1. There were no observed 
side effects in Exp 2.

TABLE 9-1 Continued

continued
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Warach 
et al., 2000

Acute 
ischemic 
stroke and 
lesions of 
1–120 cc 
in cerebral 
gray matter

Randomized, 
double-blind, 
placebo-
controlled trial

n=100, onset 
24 hrs or less

Post-injury, CDP-
choline (500 mg/
day) or placebo 
administered 
orally for 6 weeks, 
follow-up for 12 
weeks

From baseline to week 12, the distribution 
of changes in ischemic lesion volume was 
not significantly different between placebo 
group and CDP-choline-treat group. 
However, CDP-choline group showed 
significantly greater reduction (p < 0.01) 
in analysis of week 1 to week 12 change. 
Significant (p ≤ 0.0001) covariates of 
change in lesion volume are: size of baseline 
perfusion abnormality, baseline NIHSS 
score, and presence of arterial lesion seen 
on MRA. Patients’ improvement of NIHSS 
≥ 7 points showed greater lesion volume 
reduction (p ≤ 0.001).

The difference in mortality rate between 
the treatment and placebo group was not 
significant. Edema of the extremities and 
back pain were significantly higher in the 
CDP-choline group than in the placebo 
group (p ≤ 0.05 for both).

Clark et al., 
1999

Acute 
ischemic 
stroke, 
NIHSS ≥ 5 

Randomized, 
double-blind, 
efficacy trial at 
31 centers

n=394 
(127=placebo, 
267=CDP-
choline)

Postinjury,  
oral CDP-choline 
(500 mg/day); 
6 weeks of 
treatment, 6 weeks 
of follow-up

Post hoc analyses found that among 
patients with baseline NIHSS ≥ 8, CDP-
choline-treated patients were overall more 
likely to have a full recovery (OR=1.9, 
p=0.04). No treatment effect was seen in 
patients with baseline NIHSS < 8.

CDP-choline-treated patients were 
significantly (p=0.01) more likely to achieve 
a 7-point improvement in NIHSS score 
than placebo-treated patients.

There was no significant difference in 
mortality rate or other serious adverse 
events between the treatment and placebo 
groups.

TABLE 9-1 Continued
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continued

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Clark et al., 
1997

Acute 
ischemic 
stroke, 
NIHSS ≥ 5

Randomized, 
double-blind, 
placebo-
controlled trial 
at 21 centers

n=259

6 weeks of CDP-
choline (50 mg, 
1,000 mg, or 
2,000 mg daily) or 
placebo

Primary analysis using NIHSS as a 
covariate showed that, overall, CDP-
choline had treatment effect compared to 
placebo (p ≤ 0.05).

The 500-mg group (OR=2.0) and the 
20,00-mg group (OR=2.1) achieved a 
significantly (p < 0.05) higher Barthel Index 
score at week 12. Overall, CDP-choline 
treatment at week 12 was associated 
with full recovery, as defined by Barthel 
Index of ≥ 95 (p=0.011); specifically, the 
500-mg group had a significant (p=0.03) 
improvement compared to placebo group.

The 500-mg group also significantly 
(p=0.03) improved on Rankin Scale score. 
Treatment effect on cognitive function 
(MMSE ≥ 25) at 12 weeks was seen in 
500-mg group (OR=2.6, p=0.02) and the 
2,000-mg group (OR=2.4, p=0.03).

There was no significant difference in 
mortality rate or other serious adverse 
events between the treatment and 
placebo groups. Adverse events that were 
significantly higher in the treatment groups 
than in the placebo group were dizziness 
and accidental injury (p ≤ 0.05).

Levin, 1991 Mild to 
moderate 
closed head 
injury

Randomized, 
double-blind, 
placebo-
controlled trial

n=14 men

Postinjury, oral 
CDP-choline (1 g) 
or placebo

Patients treated with CDP-choline had 
greater improvement (100%) on tests 
recalling designs than placebo-treated 
patients (29%, p < 0.02).

While placebo-treated patients have higher 
absolute score on tests to create unique 
designs than CDP-choline treated patients 
(p < 0.05) during the 1-month follow-up, 
the change in scores from baseline was 
not significantly different between the two 
groups.

Although CDP-choline was well tolerated, 
there were more complaints about 
gastrointestinal distress from patients in the 
treatment group.

TABLE 9-1 Continued
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Maldonado 
et al., 1991

Severe and 
moderate 
closed 
TBI, GCS 
(Glasgow 
Coma 
Score) 
between 5 
and 10

Randomized, 
single-blind 
trial

n=216

Conventional 
treatment vs. CDP-
choline added 
to conventional 
treatment; 
follow-up after 3 
months

Patients treated with CDP-choline had 
shorter hospital stays than control 
patients (p < 0.05). CDP-choline group 
showed overall improvement in all initial 
symptoms, but only the improvement in 
character was significant (p < 0.05).

CDP-choline patients also showed 
significantly better results on GOS 
(Glasgow Outcome Score) (p=0.05). There 
was no significant difference between 
groups in terms of mortality.

There were no adverse effects reported.

Tier 2: Observational studies

None found

Tier 3: Animal studies

Dempsey 
and 
Raghavendra 
Rao, 2003

Moderate-
grade TBI, 
controlled 
cortical 
impact 
(CCI)

Adult, male 
Sprague-
Dawley rats

Postinjury, 
intraperitoneal 
injections of 
CDP-choline (100, 
200, or 400 mg/
kg body weight) or 
saline ≤ 3 minutes 
postinjury and 6 
hours postinjury

Compared to sham-injured rats, injured 
rats treated with saline and 100 mg/kg of 
CDP-choline had greater neuron loss in the 
CA2 and CA3 regions of the hippocampus 
(p < 0.05 for both). However, treatment 
with 200 mg/kg and 400 mg/kg of CDP-
choline reduce the loss in the same regions 
(p < 0.05 vs. injured, saline-treated rats).

Treatment with 200 mg/kg and 400 mg/kg 
of CDP-choline also reduced the volume of 
cortical contusion by 21 mm3 (p < 0.05).

Rats treated with 200 or 400 mg/kg of 
CDP-choline significantly recovered their 
neurological function by day 7 to 88% of 
their preinjury level (p < 0.05).

Baskaya 
et al., 2000

TBI, CCI Adult, male 
Sprague-
Dawley rats

Postinjury, 
intraperitoneal 
injections of 
saline or CDP-
choline (50, 
100, or 400 mg/
kg body weight) 
administered 5 
minutes and 4–6 
hours after injury

100 mg/kg CDP-choline significantly 
reduced edema in the cortex (p < 0.05 vs. 
saline treatment), while 400 mg/kg CDP-
choline significantly reduced edema in both 
the cortex and the ipsilateral hippocampus 
(p < 0.05 vs. saline treatment).

Doses of 100 and 400 mg/kg body weight 
CDP-choline significantly (p < 0.05) 
reduced blood-brain barrier breakdown 
in both the injured cortex and ipsilateral 
hippocampus.

TABLE 9-1 Continued
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Dixon et al., 
1997

TBI, lateral 
CCI

Adult, male 
Sprague-
Dawley rats 

Postinjury, daily 
intraperitoneal 
injection of CDP-
choline (100 mg/
kg) for

18 days, beginning 
1 day postinjury

Compared to injured, saline-treated rats, 
CDP-choline-treated rats had greater 
latency on beam balancing task (p < 0.01) 
and shorter latency beam walking task (p 
< 0.05) at day 1. The difference between 
two groups in both tasks was minimized 
by day 4.

CDP-choline treated rats also had shorter 
latency in completing the Morris water 
maze than saline-treated rats (p < 0.005).

Acetylcholine outflow was significantly 
increased in the dorsal hippocampus (p 
< 0.014) and neocortex (p < 0.036) after 
treatment with CDP-choline.

 a n: sample size.
 b OR: odds ratio.
 c CI: confidence interval.
 d χ2: chi-square.

TABLE 9-1 Continued

problems, and dizziness reported much less frequently (Adibhatla and Hatcher, 2002; Clark 
et al., 1997; Levin, 1991). There were no adverse events reported even with doses as high as 
4,000 mg/day (Calatayud Maldonado et al., 1991). It is notable that in a study by Clark and 
colleagues (2001), a dose of 2,000 mg/day by enteral administration did not induce severe 
adverse events at a rate any higher than placebo in the 899 patients.

EVIDENCE INDICATING EFFECT ON RESILIENCE

The committee found no clinical or animal trials that have tested the potential benefits of 
choline or CDP-choline in TBI or in other diseases or conditions included in the reviews of 
the literature (subarachnoid hemorrhage, intracranial aneurysm, stroke, anoxic or hypoxic 
ischemia, epilepsy).

EVIDENCE INDICATING EFFECT ON TREATMENT

Human Studies

In human studies, patients who were administered CDP-choline early in the postisch-
emia recovery process demonstrated improved levels of consciousness (Tazaki et al., 1988) 
as well as improvements in the modified Rankin scale (a measure of function after stroke) 
(Clark et al., 2001). Consistent with this observation, magnetic resonance imaging data 
show a decrease in lesion volume with CDP-choline compared to placebo in a preliminary 
trial (Warach et al., 2000). A meta-analysis was conducted of four randomized clinical trials 
of CDP-choline in stroke in the United States (Davalos et al., 2002). Although the conclu-
sion from pooling the data in the meta-analysis was positive and the authors concluded that 
oral CDP-choline increases the probability of recovery, the results of the individual studies 
are ambiguous. CDP-choline improved functional outcome and reduced neurological deficit 
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in one of those studies (Clark et al., 1997); however, two subsequent studies failed to dem-
onstrate improvement, although a post hoc analysis showed improvements in moderate to 
severe stroke cases (Clark et al., 1999, 2001). One of the studies (Clark et al., 2001) showed 
a beneficial effect of CDP-choline as measured by the Rankin scale, a secondary outcome 
metric in these trials. A separate meta-analysis of acute and subacute stroke, published in 
abstract form only, suggested a positive treatment effect of CDP-choline precursors on rates 
of death and disability (Saver et al., 2002).

In early randomized clinical trials of CDP-choline in TBI, it was associated with faster 
recovery from focal motor deficits in patients with severe TBI (Cohadon et al., 1982); im-
proved recall design (a measure of memory) (Levin, 1991); a reduction of postconcussion 
symptoms following mild TBI (Levin, 1991); and reduced inpatient hospital stay and re-
quirement for outpatient follow-up (Calatayud Maldonado et al., 1991). CDP-choline has 
also been shown to enhance cerebral blood flow. Among patients with TBI and very severe 
memory deficits, hypoperfusion of the inferior left temporal lobe normalized after adminis-
tration of CDP-choline (Leon-Carrion et al., 2000).

Clinical trials of CDP-choline in TBI have demonstrated efficacy in secondary outcome 
measures but not in primary measures. These ambiguous results of some of the human trials 
in the United States may be due to a combination of causes. Many of the trials used doses 
substantially lower than may be optimal for highest efficacy (Agut et al., 1983; Clark et al., 
1997). Also, this failure may have been due to substantial weaknesses in study designs, such 
as insufficient sample size (Calatayud Maldonado et al., 1991; Cohadon et al., 1982; Tazaki 
et al., 1988) or lack of sensitivity of the chosen outcomes measure (Glasgow Outcome Scale) 
(Clark et al., 2001). For example, Clark’s study of patients with stroke did not show a sig-
nificant difference in the primary outcome measure (an improvement of total score by > 7 
in the National Institutes of Health Stroke Scale), but post hoc analysis using a standard of 
“excellent recovery” showed a possible treatment effect. In this study, the primary outcome 
measure may have been too stringent (Clark et al., 2001). Differences in outcomes also may 
have been due to the route of administration of CDP-choline. Although bioavailability data 
suggest that enteral and intravenous routes are similar, brain uptake of CDP-choline may 
vary depending on the route of administration (Adibhatla and Hatcher, 2002; Grotta, 2002; 
Secades and Frontera, 1995). Theoretically, it is possible that intravenous administration 
may yield higher brain delivery (Agut et al., 1983; Secades and Frontera, 1995).

Animal Studies

In animal models, CDP-choline has been demonstrated to exert acute neuroprotection, 
as well as positive effects in chronic brain injury and stroke and in epilepsy.

A major mechanism of secondary injury in TBI is the formation of reactive oxygen 
species and lipid peroxidases, which cause significant tissue damage. Animal models of TBI 
support a key role for oxidative stress (Ikeda and Long, 1990; Kontos et al., 1992). The 
exogenous administration of CDP-choline or its precursors significantly increased levels 
of glutathione (Adibhatla et al., 2001; Barrachina et al., 2003; De la Cruz et al., 2000), a 
powerful endogenous antioxidant. CDP-choline also attenuates release of arachidonic acid, 
cardiolipin, and sphingomyelin (Adibhatla and Hatcher, 2002). Studies in animal models of 
ischemia and hypoxia also found that CDP-choline treatment improves concentration of free 
fatty acids, decreases neurological deficits, and improves behavioral performance on learn-
ing and memory (Rao et al., 2001). Increased expression of B-cell lymphoma 2, a regulator 
of apoptosis; decreased apoptosis; and reduced expression of both pro-caspase (Krupinski 
et al., 2002) and cleaved caspase-3 (Mir et al., 2003) also may explain the functional find-
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ings. Inhibiting caspase activity may decrease apoptotic activity and calcium-mediated cell 
death.

CDP-choline was found to be neuroprotective in an animal model of uninterrupted 
occlusion of the basilar artery after subarachnoid hemorrhage (Alkan et al., 2001). CDP-
choline was associated with greater arterial pressure, smaller infarct volumes, and lower 
mortality than controls. These results also suggest that CDP-choline provides significant 
neuroprotection during cerebral ischemia.

Dietary choline may promote functional recovery from status epilepticus (Holmes et al., 
2002; Wong-Goodrich et al., 2010). Following the status epilepticus, rats given a choline-
supplemented diet for four weeks performed better on the Morris water maze test than rats 
receiving a control diet (Holmes et al., 2002).

Animal studies (Baskaya et al., 2000; Dempsey and Raghavendra Rao, 2003; Dixon 
et al., 1997) demonstrated the neuroprotective effect of CDP-choline in TBI. The stud-
ies showed that CDP-choline had a significant preventive effect on TBI-induced neuronal 
loss in the hippocampus, decreased cortical contusion volume, and improved neurological 
recovery. Additionally, there was a dose-dependent attenuation of chronic deficits in mo-
tor and spatial performance following CDP-choline administration. Extracellular levels of 
acetylcholine, a key mediator of memory processes, were increased (Dixon et al., 1997), 
suggesting that CDP-choline enhances cholinergic transmission and may ameliorate chronic 
functional deficits. A second mechanism that may explain why CDP-choline improves func-
tion in chronically injured animals focuses on observed decreases in dopamine following 
injury (Yan et al., 2001). In such models, CDP-choline increased dopamine levels (Secades 
and Frontera, 1995; Yan et al., 2001), which enhanced neurorecovery (Kline et al., 2004).

CONCLUSIONS AND RECOMMENDATIONS

Since 2000, several neuroprotective trials for TBI have failed to show efficacy in any of 
the interventions tested. One reason may be that many of these agents have targeted one 
portion of the cascade of injury that occurs after TBI. Such agents have a time-limited op-
portunity to prevent the secondary brain injury and are rarely involved in the restorative 
process. An ideal agent would provide both neuroprotection and a means to facilitate the 
recovery process.

Although clinical trials in stroke and trauma have suggested efficacy in secondary out-
come measures related to functional outcome and cognition, design weaknesses in these 
studies may have affected findings in the primary outcome. Design limitations include insuf-
ficient sample size (Tazaki et al., 1988), low dosage (Clark et al., 1997, 1999), variations 
derived from intravenous versus enteral delivery (Calatayud Maldonado et al., 1991; Clark 
et al., 2001), and in some cases inadequate outcome measures (Clark et al., 2001).

Preliminary animal data suggest that CDP-choline works via numerous mechanisms to 
limit the acute secondary injury cascade after ischemic and traumatic injury. In the more 
chronic setting, CDP-choline appears responsible for an upregulation in acetylcholine syn-
thesis. The diversity of CDP-choline’s mechanisms of action suggests that it may offer neu-
roprotection and neurofacilitation to patients with TBI through multiple avenues, thereby 
increasing the possibility of that treatment improving outcome. The optimal clinical dose 
and duration of treatment of CDP-choline for injured patients is yet unclear.

There is one ongoing human trial on the effect of CDP-choline (Citicoline Brain Injury 
Treatment [COBRIT] trial) on cognition and functional measures on severe, moderate, 
and complicated mild TBI being led by a member of the committee (Zafonte et al., 2009). 
The committee recognizes the significance of this trial in that the findings will reveal more 
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insights about the potential for this nutrient in the treatment of TBI. It was the consensus 
of the committee to emphasize the importance of monitoring the results of this trial before 
conducting more human studies. If ongoing trials with CDP-choline and TBI patients show 
positive results, further studies are warranted to confirm the optimal duration of treatment 
and clinical dose of choline for injured patients. Likewise, if those studies reveal that choline 
is a promising intervention, the effect of choline supplementation prior to injury to improve 
resilience could be explored by conducting animal studies. The impact on neurologic out-
come of the choline deficiency observed in the population needs to be explored. Although 
there are no data regarding supplementation to enhance resilience, choline’s critical role in 
the maintenance of health suggests that individuals should be cautioned to avoid deficiency. 
Based on findings from animal studies, it would be prudent to consider potential gender dif-
ferences in the metabolism of choline when designing studies (Fischer et al., 2007; Resseguie 
et al., 2007, 2011).

 RECOMMENDATION 9-1. DoD should monitor the results of the COBRIT trial, a 
human experimental trial examining the effect of CDP-choline and genomic factors on 
cognition and functional measures in severe, moderate, and complicated mild TBI. If 
the results of that trial are positive, then DoD should conduct animal studies to define 
the optimal clinical dose and duration of treatment for choline (CDP-choline) following 
TBI, as well as to explore choline’s potential to promote resilience to TBI when used as 
a preinjury supplement.
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Creatine

Creatine (N-[aminoiminomethyl]-N-methyl glycine) is an amino acid–like compound 
that is produced endogenously in the liver, kidney, pancreas, and possibly the brain from the 
biosynthesis of the essential amino acids methionine, glycine, and arginine, or obtained from 
dietary sources. The primary dietary sources are high-protein foods including meat, fish, and 
poultry. Once synthesized or ingested, creatine is transferred from the plasma through the 
intestinal wall into other tissues by specific creatine transporters located in skeletal muscles, 
the kidney, heart, liver, and brain.

Creatine and the creatine kinase/phosphocreatine system play an important role as re-
served sources of energy in tissues with high and fluctuating energy requirements (e.g., mus-
cle and brain). Creatine’s role in energy metabolism involves the transfer of N-phosphoryl 
groups from phosphorylcreatine to adenosine diphosphate (ADP) to regenerate adenosine 
triphosphate (ATP) through a reversible reaction catalyzed by phosphorylcreatine kinase 
(Andres et al., 2008; Brosnan and Brosnan, 2007).

Both creatine and phosphocreatine are broken down spontaneously to creatinine, which 
is removed from the body in urine. The rate of loss is approximately 1.7 percent of the total 
body pool of creatine per day. Because more than 90 percent of creatine and phosphocre-
atine is located in skeletal muscle, creatine losses and creatine excretion vary as a function of 
differences in muscle mass resulting from age, gender, and levels of daily activity. Creatinine 
excretion is greatest in young men between 18 and 29 years of age—the typical age of most 
military personnel in combat (Brosnan and Brosnan, 2007).

CREATINE AND THE BRAIN

Although the brain represents only 2 percent of total body weight, it uses approximately 
20 percent of the body’s energy. As the brain requires significant ATP turnover to maintain 
membrane potentials and signaling capacity, creatine metabolism and the creatine kinase/
phosphocreatine system are important for normal brain function, and may be compromised 
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in diseases of the central nervous system (Andres et al., 2008) (see also papers by Sullivan 
and by Hall in Appendix C).

Evidence of the importance of the creatine system for brain function comes from 
animal studies using creatine kinase knockout mice, which display significant reductions 
in hippocampal functioning and impairments in both learning and memory compared to 
non-genetically modified mice. Learning is further compromised in mice given a drug that 
competitively inhibits the creatine transporter and results in reductions of creatine pools 
in muscle and brain (Andres et al., 2008). In contrast, mice fed a diet supplemented with 
1 percent creatine live longer, have less reactive oxygen species in their brains, and show 
better memory function than nonsupplemented littermates (Bender et al., 2008).

In humans, individuals born with errors in creatine synthesis or x-linked creatine trans-
porter defects suffer from mental retardation, autistic behavior, severe language and speech 
impairments, epilepsy, and brain atrophy. In some individuals, the cognitive deficits result-
ing from these congenital errors can be improved, though not totally reversed, with chronic 
administration of large doses of creatine (Andres et al., 2008; Gualano et al., 2010).

Studies using nuclear magnetic resonance spectroscopy have shown that creatine supple-
mentation increases brain levels of both creatine and phosphocreatine (Dechent et al., 1999; 
Pan and Takahashi, 2007). These increases in brain creatine may translate into improve-
ments in cognitive behavior, particularly under stressful or compromised conditions. For 
example, young men given creatine supplements prior to experiencing 36 hours of sleep 
deprivation did better on a test of executive functioning than nonsupplemented individuals 
(McMorris et al., 2006). Creatine supplements have additionally been shown to enhance 
working memory in vegetarians, who typically have lower levels of creatine than omnivores 
(Rae et al., 2003), and to improve performance on tests of verbal and spatial memory in 
elderly individuals (McMorris et al., 2007).

There is growing evidence that creatine may be of value in the treatment of a number 
of neurological conditions, including congenital creatine deficiency syndromes, age-related 
cognitive decline (e.g., Alzheimer’s disease), and neurodegenerative diseases (e.g., Parkinson’s 
disease, Huntington’s disease, amyotrophic lateral sclerosis), all of which are linked to dys-
functional energy metabolism (Andres et al., 2008; Gualano et al., 2010). Creatine supple-
mentation is also beginning to attract attention as a complementary strategy in the treatment 
of psychiatric disorders (e.g., depression, posttraumatic stress disorder, and schizophrenia) 
(Allen et al., 2010; Amital et al., 2006b; Roitman et al., 2007).

As described in Chapter 3, damage following traumatic brain injury (TBI) can be cat-
egorized as primary, secondary, and long-term. Although understanding of the mechanisms 
underlying secondary injury is yet in its early stage, data indicate that impairments of 
mitochondrial function play a role in mediating the delayed consequences of TBI (Andres 
et al., 2008; Scheff and Dhillon, 2004; Sullivan et al., 2000; Zhu et al., 2004). It has been 
hypothesized that creatine’s neuroprotective effects following TBI may involve creatine-
induced maintenance of mitochondrial bioenergetics (Sullivan et al., 2000). Supporting this 
hypothesis is the finding by Sullivan and colleagues (2000) that rats fed a diet containing one 
percent creatine for four weeks displayed significantly higher mitochondrial membrane po-
tentials and maintained levels of ATP better than nonsupplemented rats following controlled 
cortical contusion. Other indications of improved mitochondrial function in creatine-treated 
rats included decreased levels of reactive oxidative intermediaries and intramitochondrial 
calcium.

Brain levels of both lactate and free fatty acids increase following focal brain injury. 
These increases are believed to be a consequence of secondary brain damage resulting from 
the accumulation of excitotoxic levels of the neurotransmitter glutamate. Scheff and Dhillon 
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(2004) demonstrated that cortical and hippocampal levels of lactate and free fatty acids are 
lower in rats fed creatine than in nonsupplemented rats (Scheff and Dhillon, 2004). These 
results provide support for the hypothesis that creatine’s neuroprotective effects are at least 
partly due to a reduction in the processes associated with secondary brain damage.

It also has been proposed that the neuroprotective effects of creatine may reflect its 
ability to improve cerebrovascular function (Prass et al., 2007). Support for this proposal 
comes from a recent study demonstrating that feeding creatine to mice subjected to middle 
artery occlusion resulted in reductions in infarct volumes. Although there were no changes 
in brain creatine, phosphocreatine, ATP, ADP, or adenosine monophosphate (AMP), such 
supplementation did improve cerebral blood flow in these animals, suggesting that creatine 
may have beneficial effects on cerebrovascular functioning.

A list of human studies (years 1990 and beyond) evaluating the effectiveness of creatine 
in providing resilience or treating TBI or related diseases or conditions (i.e., subarachnoid 
hemorrhage, intracranial aneurysm, stroke, anoxic or hypoxic ischemia, epilepsy) in humans 
is presented in Table 10-1. This also includes supporting evidence from animal models of 
TBI. Although this report does not generally include studies on the effectiveness of nutrition 
interventions on long-term effects of TBI effects, depression as an effect of TBI has been 
included in this chapter. The occurrence or absence of adverse effects in human studies is 
included if reported by the authors.

USES AND SAFETY

Creatine is one of the most widely used dietary supplements. Athletes, body builders, 
and military personnel use creatine to enhance muscle mass and increase strength. Creatine 
is also used as an ergogenic aid to improve performance of high-intensity exercise of short 
duration (Bemben and Lamont, 2005; Branch, 2003; IOM, 2008). Creatine’s popularity as 
a dietary supplement was further increased by a 2006 study demonstrating its positive effect 
on cognitive and psychomotor performance (McMorris et al., 2006).

Because it can be synthesized in the body, there is no Recommended Dietary Allowance 
for creatine; however, as a result of daily losses, creatine stores need to be maintained either 
by diet or synthesis. Research indicates that creatine supplementation increases the creatine 
and phosphocreatine pools in muscle, particularly in younger individuals who are engaging 
in vigorous physical activity, and in vegetarians, who may have a less than optimal pool of 
phosphocreatine (Brosnan and Brosnan, 2007; Burke et al., 2003; Rawson et al., 2002).

Experiments among athletes and military personnel indicate that creatine taken at levels 
commonly available in supplements produces minimal, if any, side effects (IOM, 2008; Shao 
and Hathcock, 2006). Using evidence from well-designed, randomized controlled human 
clinical trials of creatine, Shao and Hathcock (2006) concluded that chronic intake of 5 g/
day of creatine was safe and posed no significant health risks.

EVIDENCE INDICATING EFFECT ON RESILIENCE

Human Studies

As with other nutrients or food components, the committee found no human studies 
testing the potential benefits of creatine in TBI or other related diseases or conditions in-
cluded in the reviewed of the literature (subarachnoid hemorrhage, intracranial aneurysm, 
stroke, anoxic or hypoxic ischemia, epilepsy).
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TABLE 10-1 Relevant Data Identified for Creatine

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 1: Clinical trials

Sakellaris 
et al., 
2008

TBI Prospective, 
randomized, 
comparative, 
open-labeled 
pilot study

na=39 TBI 
patients ages 
1–18 years, 
Glasgow 
Coma Scale 
(GCS) score 
between 3 
and 9

Postinjury, 
creatine 
(0.4 g/kg) oral 
suspension 
form daily 
for 6 months 
or nothing; 
follow-up at 
6 months

In short-term assessments, patients treated with 
creatine were less likely to experience post-traumatic 
amnesia (p=0.019). At 6 months, creatine-treated 
patients were less likely to experience headaches (χ2b= 
23.139; dfc=1; p < 0.001), dizziness (χ2=7.886, df=1; 
p=0.005), and fatigue (χ2=17.881, df=1; p < 0.001).

No side effects due to creatine administration were 
observed.

Sakellaris 
et al., 
2006

TBI Prospective, 
randomized, 
comparative, 
open-labeled 
pilot study

n=39 TBI 
patients ages 
1–18 years, 
GCS between 
3 and 9

Postinjury, 
creatine (0.4 
g/kg) oral 
suspension 
form daily 
for 6 months, 
or nothing; 
follow-up 
at 3 and 6 
months

Short-term assessment showed that patients 
treated with creatine were less likely to experience 
posttraumatic amnesia (p=0.019).

Long-term analysis at 3 months showed that 
patients in the creatine group had better overall 
outcomes than the control group (χ2=21.099, df=7; 
p=0.004). Specifically, creatine group performed 
better in neurophysical parameters (χ2=14.269, 
df=4; p=0.006), cognitive parameters (χ2=18.453, 
df=4; p=0.001), personality/behavioral outcomes 
(χ2=19.595, df=4; p=0.001), and sociability 
measures (χ2 = 20.562, df=4; p < 0.001). However, 
no significant differences were observed regarding 
locomotion, self care, and communication.

At 6 months, creatine patients were more likely to 
achieve “good recovery” as measured using GOS 
(Glasgow Outcome Scores)-8 than control group 
(χ2=29.231; df=5; p < 0.001). Creatine group showed 
greater improvement on cognitive (χ2=29.262, df=4; 
p < 0.001) and personality/behavioral measures 
(χ2=29.262, df=4; p < 0.001), as well as self care 
(χ2=9.050, df=3; p=0.029) and communication 
(χ2=8.011, df=2; p=0.029). No significant difference 
was observed on neurophysical, social, and 
locomotion measures after 6 months.

No side effects due to creatine administration were 
observed.

Tier 2: Observational studies

None 
found

continued
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 3: Animal studies

Scheff 
and 
Dhillon, 
2004

Moderate 
TBI

Adult, male 
Sprague-
Dawley rats

n=85

Preinjury, 
0.5% or 1% 
creatine-
supplemented 
diet (0.5% 
or 1%) 
or regular 
rodent diet 
fed for 2 
weeks before 
TBI; some 
rats were 
killed 30 
minutes or 6 
hours after 
injury, while 
others were 
killed 7 days 
after injury

Lactate level: In the ipsilateral cortex, levels of lactate 
were higher 6 hours postinjury than 30 minutes after 
injury (p < 0.002). TBI rats had higher levels than 
sham-injured rats at both times (p < 0.05). At 30 
minutes, rats on regular diet had higher lactate levels 
than rats on 1% creatine diet (p < 0.05). At 6 hours, 
lactate levels of regular diet group was higher than 
both creatine groups (p < 0.05).

In the penumbra of the ipsilateral cortex, all injured 
groups had higher lactate levels than sham-injured 
rats at 30 minutes (p < 0.05), with regular diet group 
at higher levels than 1% creatine rats (p < 0.05). At 
6 hours, regular diet-fed rats had higher lactate levels 
than sham-injured rats and both creatine groups (p 
< 0.05), but creatine groups were not different from 
sham-injured rats.

In the ipsilateral hippocampus, regular diet group 
and 0.5% creatine group had higher levels than sham 
injury rats (p < 0.05) at 30 minutes. Levels in 1% 
creatine rats were not different from sham group. 
Lactate levels at 6 hours were greater than at 30 
minutes (p < 0.02), with all TBI groups at higher 
levels than sham group (p < 0.05), and regular diet 
group at higher levels than 1% creatine group.

Free fatty acid (FFA) level: In the ipsilateral cortex, 
at 30 minutes, TBI rats had higher FFA levels than 
sham-injured rats (p < 0.05) and creatine-fed rats had 
lower levels of all FFAs than regular diet rats (p < 
0.05). At 6 hours, only regular diet group and 0.5% 
creatine group had higher levels than sham controls 
(p < 0.05). Compared to regular diet rats, palmitic 
and stearic acids were lower in both creatine groups, 
and arachidonic was lower in 1% creatine group (p 
< 0.05).

In the penumbra, at 30 minutes, both creatine groups 
were lower than regular diet group (p < 0.05) but 
were not different from sham group. However, at 6 
hours, all injured rats had higher levels than sham 
group (p < 0.05). Creatine-fed rats had lower FFA 
levels than regular diet rats, specifically in the levels 
of palmitic and stearic acids (p < 0.05).

In the ipsilateral hippocampus, at 30 minutes, regular 
diet group and 0.5% creatine group had higher levels 
than sham group (p < 0.05), while 1% creatine group 
was not significantly different from sham group. 1% 
creatine group had lower levels of palmitic, stearic, 
and arachidonic acids than regular diet group (p < 
0.05). No significant FFA differences were observed 
among any group at 6 hours.

TABLE 10-1 Continued
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Animal Studies

Animal studies provide a way to determine the effects of creatine supplementation on 
the biochemical and physiological as well as the behavioral consequences of TBI. The major-
ity of studies assessing the neuroprotective effects of creatine have used mild cortical contu-
sions as a model of TBI. These contusions result in significant reductions in cortical tissue, 
disruption of the blood-brain barrier, loss of hippocampal neurons, and severe behavioral 
deficits. Using this model, Sullivan and colleagues (2000) demonstrated dose-related reduc-
tions in cortical damage following contusions in mice that had been given intraperitoneal 
injections of creatine for 1, 3, or 5 days before the induction of brain damage. Similarly, rats 
fed a standard rodent diet supplemented with 1 percent creatine for four weeks before the 
induction of TBI demonstrated 50 percent less cortical damage than nonsupplemented rats. 
Further evidence of the potentially neuroprotective effects of creatine comes from a study 

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Sullivan 
et al., 
2000

TBI 
(controlled 
cortical 
contusion)

Sprague-
Dawley rats 
(n=24) and 
ICR mice 
(n=40)

Mice: 
injection 
of creatine 
monohydrate 
suspended 
in olive oil 
or vehicle 1, 
3, or 5 days 
before injury; 
killed 7 days 
after injury

Rats: fed 
normal 
diet or diet 
enriched with 
1% creatine 
for 4 weeks

12 rats (6 
on creatine 
diet and 6 on 
normal diet) 
were killed 
1 hour after 
injury

Remaining 
12 rats were 
fed diets for 
additional 
1 week 
after injury, 
then killed 
preinjury

Mice: There was a significant difference in cortical 
damage between creatine and vehicle groups 
(F[5,34]=4.16; p < 0.01). Although creatine showed 
no significant benefit for rats treated for 1 day, 
significant protection was observed in rats treated for 
3 days (p < 0.05) and for 5 days (p < 0.01).

Rats: Cortical damage was significantly smaller in 
rats fed with creatine-enriched diet before TBI (p < 
0.01) than in rats fed with normal diet; all 12 rats 
were killed 7 days after TBI.

In rats that were killed 1 hour postinjury, 
mitochondrial potential was significantly lower in 
rats fed with normal diet (t[4]=4.02; p < 0.05).

Creatine-fed rats showed significantly lower reactive 
oxygen intermediate levels (t[4]=–7.63; p < 0.05) and 
Ca2+ levels (t[4]=–2.79; p < 0.05), but higher ATP 
levels (t[4]=5.54; p < 0.01).

 a n: sample size.
 b χ2: chi-square.
 c df: degree of freedom.

TABLE 10-1 Continued
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by Scheff and Dhillon (2004), who found that rats fed a diet containing 1 percent creatine 
before experiencing controlled cortical contusions had significantly more sparing of cortical 
tissue than rats not given creatine.

These positive findings are supported by studies conducted on other brain injury mod-
els. For example, Prass and colleagues (2007) reported that mice fed diets containing 1 
or 2 percent creatine for three weeks preceding middle cerebral artery occlusion, a model 
of ischemia, suffered significantly less brain damage than mice not given creatine. In this 
study, however, the neuroprotective effects of creatine were not observed when a large dose 
of creatine was given immediately following the onset of ischemia, or when a smaller dose 
was fed for 12 months.

EVIDENCE INDICATING EFFECT ON TREATMENT

Human Studies

There have been no studies to examine the effects on TBI of creatine supplementation 
in adults. Results of preliminary studies by Sakellaris and colleagues (2006; 2008) suggest 
that creatine supplementation may be useful in the treatment of the secondary and long-term 
symptoms of TBI that are not the immediate consequences of the trauma, but develop within 
minutes, hours, or days after the injury. The statement of task for this study did not include 
a systematic review of the effectiveness of nutrition interventions on long-term effects of TBI. 
Studies on creatine and long-term effects such as depression are included here as a prelude 
to a review that the committee believes should be conducted in the future. In the first study, 
the neuroprotective effects of an oral suspension of 0.4 g/kg of creatine given first within 
4 hours from the time of injury and then once a day for 6 months were examined in TBI 
patients between the ages of 1 and 18. Children and adolescents given creatine spent less 
time in an intensive care unit and required tube feeding for a shorter period of time than 
controls not given creatine. When examined three and six months after injury, individuals 
who had received creatine supplementation displayed greater improvements in cognitive 
functioning, self-care, sociability, and communication skills than controls (Sakellaris et al., 
2006). In a second part of the study with the same patient population and using the same 
creatine dosage regimen, the proportion of children with headaches, dizziness, and fatigue 
during a six-month observation period was significantly lower in the creatine-supplemented 
group than in the control group (Sakellaris et al., 2008). There were no side effects reported 
from creatine supplementation.

Depression is a noted long-term effect of TBI. There is growing evidence that impair-
ments in cellular resilience, neural plasticity, and bioenergetic function within the brain are 
associated with the pathogenesis of depression. It has been hypothesized that by reversing 
these impairments, creatine could be useful in preventing or treating depression. Results 
of a number of studies indicate a relationship between depression, a frequent concomitant 
of TBI (Bombardier et al., 2010; Jorge and Starkstein, 2005; Masel and DeWitt, 2010), 
and creatine, and suggest that creatine may be of value in the treatment of the depressive 
symptoms observed in patients with TBI. The first evidence of a role for creatine in depres-
sion came from studies demonstrating a significant negative correlation between creatine 
metabolites and self-reported suicidal ideation in patients suffering from major depressive 
disorders (Agren and Niklasson, 1988). Studies performed since 2000 also found that levels 
of brain creatine are inversely related to the severity of a depressive episode (Dager et al., 
2004; Segal et al., 2007). Support for the potential usefulness of creatine in the treatment of 
depression comes from open-labeled studies demonstrating that daily oral intake of three to 
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five grams of creatine elevated mood in depressed patients resistant to antidepressant drugs 
and in patients with comorbid posttraumatic stress disorder (Amital et al., 2006b; Roitman 
et al., 2007).

Patients with fibromyalgia often suffer from chronic pain, fatigue, difficulty sleeping, 
and depression, symptoms also common following brain injury; a strong overlap has been 
reported between fibromyalgia and posttraumatic stress disorder (Amital et al., 2006a). In 
an eight-week, open-labeled study of creatine, significant improvements were observed in 
quality of life, sleep patterns, and pain in patients with fibromyalgia. These improvements 
deteriorated four weeks after stopping creatine therapy. In all of the preceding studies, ad-
verse reactions to creatine supplementation, if any, were mild (e.g., nausea) and decreased 
over time.

Although the results of the preceding studies suggest promise for the possible use of 
creatine in the treatment of TBI, they are limited by their small number of participants and 
lack of double-blind procedures.

Animal Studies

Creatine supplementation also can reduce a number of detrimental consequences of 
cerebral ischemia. Following middle cerebral artery occlusion, mice fed a diet supplemented 
with two percent creatine for one month displayed significantly better neurologic function 
and significantly less brain damage than controls not receiving creatine. Creatine also sig-
nificantly reduced ischemia-mediated depletion of ATP as well as caspase-3-activation and 
cytochrome c release, indicators of cell damage (Zhu et al., 2004).

As noted above, depression is one of the most common symptoms of TBI. In support of 
human studies on creatine and depression, chronic intake of diets supplemented with one 
or two percent creatine decreased depressive-like behavior in a dose-dependent manner in 
female rats in the forced swim test, an animal model of depression. In male rats, however, 
intake of the creatine-supplemented diets failed to reduce depressive behavior (Allen et al., 
2010). The observation of sex-specific effects of creatine are interesting, given the fact that 
depression is more commonly diagnosed in women than in men.

CONCLUSIONS AND RECOMMENDATIONS

Based on results of both animal and human studies, creatine represents a promising 
nutritional supplement for increasing resilience to and treating TBI. Taken together, the 
results of the studies presented indicate that the neuroprotection resulting from intake of 
creatine-supplemented diets is due, at least in part, to a suppression of secondary brain 
injury. Although more research is needed in both animal and human populations, these find-
ings suggest that prophylactic creatine treatment could be useful for people with an elevated 
potential to incur TBI; however, there are a number of issues that need to be addressed prior 
to initiating creatine use in military populations.

The question of how to experimentally assess the prophylactic effects of creatine on 
resilience remains unanswered. Researchers could give creatine to a group of high-risk in-
dividuals (e.g., individuals with a high risk of stroke, or a higher than normal risk of head 
injury) and compare brain functioning and behavior in those who ultimately experience 
brain injury with that of individuals in similar groups who were not given creatine. There 
are, however, challenges to conducting such a study. First, obtaining a statistically adequate 
number of participants for a long-term prospective study might be difficult. An additional 
problem is the current lack of definitive guidelines on how much creatine should be given 
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or for how long it should be provided. Indeed, animal studies suggest that long-term feeding 
of creatine may reduce its ability to protect against the consequences of brain injury (Prass 
et al., 2007). These challenges to the feasibility of prospective studies will be common to 
any nutrient or food component of interest. To overcome these challenges, the committee 
recommends in Chapter 5 that a study be conducted on preinjury and postinjury dietary 
intake status (e.g., dietary supplement use) in individuals with TBI in order to determine 
any relationship to TBI outcome, including an analysis of the possible synergistic effects 
between nutrients, food components, and dietary supplements. Creatine should be included 
as part of that study.

With respect to treatment, preliminary studies by Sakellaris and colleagues (2006, 
2008) provide evidence of the potentially positive therapeutic effects of creatine on brain 
function and behavior after brain injury. These positive effects should be confirmed in the 
adult population.

 RECOMMENDATION 10-1. Based on the evidence supporting the effects of creatine 
on brain function and behavior after brain injury in children and adolescents, DoD 
should initiate studies in adults to assess the value of creatine for treating TBI patients.
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Ketogenic Diet

Originally developed to mimic biochemical changes associated with starvation or periods 
of limited food availability, the ketogenic diet is composed of 80–90 percent fat and provides 
adequate protein but limited carbohydrates (Gasior et al., 2006). In normal metabolism, 
carbohydrates contained in food are converted into glucose, which is the body’s preferred 
substrate for energy production. Under some circumstances, like fasting, glucose is not 
available because the diet contains insufficient amounts of carbohydrates to meet metabolic 
needs. Consequently, fatty acid oxidation becomes favored, and the liver converts fat into 
fatty acids and ketone bodies that serve as an efficient alternative fuel for brain cells. The 
conversion leads to the synthesis of three ketone bodies in particular: b-hydroxybutyrate, 
acetoacetate, and acetone. Although fatty acids cannot cross the blood-brain barrier, these 
three ketone bodies can enter the brain and serve as an energy source.

KETOGENIC DIET AND THE BRAIN

Since their development to treat epileptic children in 1921, ketogenic diets have been 
most studied in the context of pediatric epilepsy syndromes (Kossoff et al., 2009), but the 
ketogenic diet has been further shown to be neuroprotective in animal models of several 
central nervous system (CNS) disorders, including Alzheimer’s disease (AD), Parkinson’s 
disease, hypoxia, glutamate toxicity, ischemia, and traumatic brain injury (TBI) (see Prins, 
2008, for a review). Neurodegenerative disorders and other CNS injuries share some com-
mon pathophysiological events with the metabolic injury cascade that follows TBI, such as 
the increased production of reactive oxygen species (ROS) and mitochondrial dysfunction. 
Despite evidence of efficacy and a track record of clinical use and animal research on the 
ketogenic diet’s antiepileptic action, the mechanisms by which the ketogenic diet confers 
neuroprotection are still poorly understood.

The effect of the ketogenic diet on energy metabolism is believed to be a key con-
tributor to the diet’s neuroprotective action, possibly by increasing resistance to metabolic 
stress and resilience to neuronal loss through the upregulation of energy metabolism genes, 
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stimulation of mitochondrial biogenesis, and enhancement of alternative energy substrates 
(Bough, 2008; Bough et al., 2006; Davis et al., 2008; Gasior et al., 2006). The ketogenic 
diet is also hypothesized to promote neuroinhibitory actions. One aspect of this hypothesis 
is an associated modification of the tricarboxylic acid cycle to increase the synthesis of the 
neurotransmitter gamma-aminobutyric acid (GABA), leading to neuronal hyperpolariza-
tion (Bough and Rho, 2007). GABA is the primary inhibitor of neurotransmission, mak-
ing a neuron more refractory to abnormal firing due to hyperpolarization. Seizures can be 
decreased by effects on GABA such as increasing its synthesis or decreasing its metabolism 
and breakdown. For this reason, GABA effects are an important target for some anticon-
vulsant drugs. Polyunsaturated fatty acid (PUFA) levels are likewise increased in patients on 
the ketogenic diet, and consequently induce the expression of neuronal uncoupling proteins 
(UCPs) (Fraser et al., 2003; Freeman et al., 2006). In one experimental study, mice fed a 
ketogenic diet were found to have increased UCPs, thus limiting the generation of ROS 
(Sullivan et al., 2004). Other mechanisms that possibly contribute to neuroprotection and 
enhanced mitochondrial function include, but are not limited to, promoting synthesis of ad-
enosine triphosphate (ATP), interfering with glutamate toxicity, and bypassing the inhibition 
of complex I in the mitochondrial respiratory chain (Gasior et al., 2006; Prins, 2008; Zhao 
et al., 2006). Premature electron leakage occurs at complex I; moreover, it is one of the main 
sites of production of harmful superoxide and resultant apoptosis. Bypassing complex I can 
therefore reduce production of ROS and nonlytic cell death.

There have been two studies demonstrating evidence of neuroprotection against glu-
tamate excitotoxicity, reduced mitochondrial ROS production, chronic hypoglycemia, and 
oxygen-glucose deprivation with in vitro exposure to beta-hydroxybutyrate of rat brain hip-
pocampal slice cultures that were subsequently subjected to chronic hypoglycemia, oxygen-
glucose deprivation, and N-methyl-D-aspartate-induced excitotoxicity (Maalouf et al., 2009; 
Samoilova et al., 2010).

USES AND SAFETY

Because ketone bodies are typically developed as an alternative energy source during 
intervals of fasting or starvation, they are not considered an essential nutrient nor has their 
absence been considered a nutritional deficiency. The traditional ketogenic diet consists of 
four parts fat to one part protein, with the fat components derived primarily from long-chain 
fatty acids. Modifications to the ketogenic diet have included a change of ratio to three parts 
fat to one part protein, the use of medium-chain triglycerides (MCT) for the fat component, 
and substitution of a modified Atkins diet or low-glycemic-index diet.

The most well-known clinical application of the ketogenic diet is in pediatric epilepsy 
syndromes, whose patients generally tolerate the special diet well with only mild side ef-
fects. Long-term use in the pediatric population has sometimes been associated with growth 
retardation, kidney stones, bone fractures due to osteopenia, and hypercholesterolemia; 
short-term side effects include low-grade acidosis, constipation, dehydration, vomiting or 
nausea, and hypoglycemia (if there is an initial fasting period) (Prins, 2008).

Consideration of adverse effects should take into account complications that may arise 
from the associated state of starvation or fasting that may lead to formation of ketone bod-
ies. Such starvation is typically designed to provide 80–90 percent of the estimated caloric 
needs, based on age and weight (Kossoff et al., 2009). When diet is the primary means of 
achieving ketosis, there may be a need to consider an intermittent timing schedule. There 
have been some studies utilizing exogenous administration of ketone body precursors such 
as 1,3-butanediol or MCT, but there have been reports of adverse gastrointestinal symptoms 
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such as diarrhea from one such exogenous ketogenic agent (Henderson et al., 2009). At least 
one prospective study among patients with refractory epilepsy also noted that patients had 
difficulty adhering to the specialized diet and experienced a considerable (albeit reversible) 
increase of cholesterol levels, thus indicating possible impediments to long-term implementa-
tion of the ketogenic diet as a therapeutic agent (Mosek et al., 2009).

EVIDENCE INDICATING EFFECT ON RESILIENCE

There are no human clinical studies or animal studies that have specifically evaluated 
associations between the use of ketogenic diet and resilience prior to CNS injury.

EVIDENCE INDICATING EFFECT ON TREATMENT

A relevant selection of animal studies (years 1990 and beyond) illustrating the effec-
tiveness of the ketogenic diet in treating TBI in the acute phase of injury is presented in 
Table 11-1. This table also includes supporting evidence from human studies from the same 
time frame that evaluate the treatment efficacy of the ketogenic diet for other CNS injuries 
or disorders, such as epilepsy, hypoxia, and ischemic stroke. Some evidence of the effective-
ness of the ketogenic diet on neurodegenerative disorders, like amyotrophic lateral sclerosis 
(ALS), AD, and Parkinson’s disease, is also included in the following discussion and Table 
11-1, even though this report, in general, does not review the efficacy of nutritional interven-
tions on long-term effects of TBI. There were frequent tolerability side effects in humans, 
which are listed along with other side effects if mentioned by the authors.

Human Studies

There are no known human clinical trials evaluating the role of ketogenic diet in TBI; 
however, ketogenic diets have been shown to be effective in difficult-to-treat childhood 
epilepsy syndromes in many cohort studies and two recent clinical trials. The classic 4:1 
ketogenic diet, as well as modified ketogenic diets like the MCT diet, demonstrated similar 
efficacy in symptomatic generalized epilepsy syndromes and partial epilepsy syndromes, 
with the majority of cohort studies indicating greater than 50 percent reduction in seizures 
(Beniczky et al., 2010; Coppola et al., 2010; Nathan et al., 2009; Porta et al., 2009; Sharma 
et al., 2009; Villeneuve et al., 2009). A combined analysis of outcome data from eleven 
cohort studies published since 1970 estimated that 15.8 percent of patients became free of 
seizures, 32 percent experienced greater than 90 percent reduction in seizure frequency, and 
nearly 56 percent of the patients had greater than 50 percent reduction of seizures (Cross 
and Neal, 2008). Similar results were found in a systematic review of 14 studies (Keene, 
2006); however, the 2003 Cochrane review on the ketogenic diet for epilepsy concluded 
that although the diet is a treatment option for patients with difficult epilepsy (those taking 
multiple antiepileptic drugs), there is no reliable evidence from randomized control trials to 
support the diet’s general use in people with epilepsy (Levy and Cooper, 2003).

When the first multi-center, randomized control trial was reported in 2008 (Neal et al., 
2008), the results at three months showed a significant effect in achieving seizure control, 
with a greater than one-third reduction in seizure frequency in the diet group compared 
to controls. This study found no significant differences in efficacy at 3, 6, and 12 months 
between classical ketogenic diets that contained long-chain fatty acids, and a modified 
ketogenic diet with MCTs (Neal et al., 2009). A clinical trial of children with intractable 
Lennox-Gastaut syndrome investigated the efficacy of the ketogenic diet in conjunction with 
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TABLE 11-1 Relevant Data Identified for Ketogenic Diet

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 1: Clinical trials

Freeman, 
2009; 
Freeman 
et al., 2009

Intractable 
Lennox-Gastaut 
syndrome

Randomized, 
double-blind, 
crossover study

na=20 children, 
(days 1–2: all 
patients fast; 
day 3: treatment 
began; days 6–7: 
fasting; day 8: 
patients change 
treatment 
groups, 
treatment 
began; day 11: 
treatment ends)

In addition 
to a classic 
ketogenic diet, 
patients were 
given 60 g/day 
of saccharin 
or glucose 
(which 
negates 
ketosis and 
therefore 
serves as 
placebo) 
solutions; 
24-hour EEGs 
were taken 
on days 1, 6, 
and 11

There was no significant difference in 
the number of parent-reported seizures 
between saccharin and glucose groups, 
and there was no difference in EEG-
identified events. The sequence of 
treatment did not affect the number of 
seizures identified by EEG.

At day 6, there was a reduction in both 
EEG-identified events (p=0.03) and 
parent-reported events (p=0.001). At day 
12, frequency of seizures was significantly 
reduced from baseline (p=0.003). Finally, 
although serum b-hydroxyburate (BOH) 
levels were significantly lower in glucose 
groups when compared to saccharin 
groups (p < 0.001), glucose group still 
had some levels of serum BOH (Freeman 
et al., 2009).

Additionally, fasting appeared to effect 
seizure frequency regardless of treatment 
assignment. At day 6, EEG-identified 
events reduced by a median of 22.5 
seizure per day (p=1.03), and parent-
reported events reduced by 14.5 seizures 
per day (p=0.001) (Freeman, 2009).

Neal et al., 
2009

Intractable 
epilepsy

Randomized, 
double-blinded 
trial

n=94 children 
aged 2–16 years, 
followed up at 
3, 6, and 12 
months

Classic, 
long-chain 
triglycerides 
ketogenic 
diet or 
medium-chain 
triglycerides 
ketogenic diet 
(MCT)

There was no significant difference 
in mean seizure frequency reduction 
between the two groups at 3, 6, or 12 
months. The type of ketogenic diet also 
had no significant effect on the number 
of children achieving > 50% or > 90% 
seizure reduction.

The classical ketogenic diet group had 
a significantly higher mean acetoacetate 
level than the MCT group at 3, 6, and 12 
months (p < 0.005 at all three periods) 
and higher BOH level at 3 and 6 months 
(p ≤ 0.001 for both).

Seizure reduction was correlated with 
acetoacetate level (rb=–0.238, p < 0.036) 
and BOH level (r=–0.312, p < 0.01) at 3 
months.

There was no significant difference in 
tolerability to the two diet types, but the 
classical group reported lack of energy 
at 3 months and vomiting at 12 months 
more frequently (p < 0.05) than the MCT 
group.

continued
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Neal et al., 
2008

Intractable 
epilepsy

Randomized, 
controlled trial

n=145 children 
aged 2–16 years, 
(n=103 included 
in final analysis)

Diet group 
(n=73) 
received 
ketogenic diet; 
control group 
(n=73) had 
no change to 
their diet

At 3 months, the diet group had a 38% 
reduction in average seizure frequency, 
whereas the control group had a 37% 
increase; the difference between the two 
groups was 76.6% (95% CIc: 44.4–108.9; 
p < 0.0001). The treatment had no 
significant effect on the type of seizure 
(generalized vs. focal) experienced by 
patients in either group.

Levy and 
Cooper, 
2003

Epilepsy (all 
seizure types and 
syndromes)

Meta-analysis 
of randomized 
control trials

Ketogenic diet 
(mainly classic 
and MCT) 
vs. placebo 
or other 
antiepileptic 
treatment

No randomized controlled trials were 
found in the search of the literature; 
therefore, risk of bias and treatment effect 
could not be determined.

Tier 2: Observational studies

Beniczky 
et al., 2010

Severe 
pharmacoresistant 
epilepsy

Retrospective 
study

n=50 

Ketogenic diet After 3 months, 33 of the 50 patients had 
reduced seizure frequency of ≥ 50%. Of 
these 33 patients (responders), 18 had a > 
90% reduction.

Patients who had < 50% reduction 
had significantly greater epileptiform 
discharge (p=0.03) compared to 
responders. A multivariate analysis 
showed that epileptiform discharge was 
an independent predictor of treatment 
failure (ORd=5; 95% CI: 1.2–20). The 
difference in incidence of epileptiform 
discharge between responders with > 
90% reduction and non-responders was 
significant (p=0.04).

TABLE 11-1 Continued
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Coppola 
et al., 2010

Refractory 
epilepsy 
encephalopathies

n=38 children, 
aged 3 months 
to 5 years, 
affected by 
drug-resistant 
symptomatic 
partial epilepsy 
and cryptogenic-
symptomatic 
epileptic 
encephalopathies

For 29 
children, at 
least 80% 
of their 
daily caloric 
intake came 
from ketocal 
milk during 
the study; 
9 patients 
were fed 
with classic 
ketogenic 
diet because 
of poor 
compliance 
with ketocal 
milk

Average time 
on diet was 
10.3±7.4 
months

A seizure frequency reduction of 50% 
was seen in 76% of children at 1 month, 
77% at 3 months, and 100% at 6, 9, and 
12 months. Response to treatment was 
not significantly associated with epileptic 
syndrome, age, sex, or etiology type.

BMI also was not associated with efficacy 
of ketogenic diet. Adverse side effects 
were recorded in 65.8% of the children.

Patel et al., 
2010

Intractable 
epilepsy

Questionnaires

n=101; median 
age at the time 
of survey was 
13 years (range 
2–26 years)

median 
ketogenic diet 
treatment 
duration was 
1.4 years (range 
0.2–8 years); 
median time 
since treatment 
stopped was 
6 years (range 
0.8–14 years)

Ketogenic diet A significantly greater (p=0.0001) number 
of children had a > 50% seizure reduction 
at the time of the survey (79%) than at 
the time of ketogenic diet discontinuation 
(52%).

While 96% of survey responders would 
recommend ketogenic diet treatment to 
others, only 54% would try said diet 
prior to anticonvulsants if given the 
choice again.

The effect of ketogenic diet on growth 
in children younger than 18 years was 
measured using z-scores. The mean 
z-score for height was –1.3 (SEMe=0.2) 
and for weight was –0.8 (SEM=0.2). 
BMI was used for patients older than 18; 
average BMI was 22.2.

A few survey responders reported adverse 
effects such as cardiovascular diseases, 
kidney stones, bone fractures, and 
increased illnesses.

TABLE 11-1 Continued
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Evangeliou 
et al., 2009

Refractory 
epilepsy

Pilot, 
prospective 
study

n=17 children, 
aged 2 to 7 
years

Ketogenic diet 
supplemented 
by powdered 
mixture of 
branched-
chain amino 
acids (BCAA) 
(45.5 g 
leucine, 30 g 
isoleucine, and 
24.5 g valine)

Fat-to-protein 
ratio with 
addition 
of BCAA 
changed from 
4:1 to around 
2:5:1

Adding BCAA to ketogenic diet resulted 
in a 100% seizure reduction in 3 patients 
who had previously experienced seizure 
reduction on ketogenic diet alone.

4 patients who already had > 50% 
reduction on ketogenic diet alone 
achieved an additional 20–30% 
reduction. One patient, who had 20% 
reduction on ketogenic diet alone, 
achieved 50% reduction after adding 
BCAA.

Addition of BCAA did not reduce seizure 
in patients who didn’t already experience 
seizure reduction on ketogenic diet only. 
No reduction in ketosis was found with 
the addition of BCAA.

No side effects were observed except 3 
patients with slight increase in heart rate 
at initiation, which returned to normal.

Mosek 
et al., 2009

Refractory 
epilepsy

Prospective, 
pilot study

n=8 patients, 
aged 18 to 
45 years 
with at least 
two monthly 
focal seizures 
documented 
by 8-week 
follow-up

Classic 
ketogenic diet 
treatment 
(90% fat) for 
12 weeks

Only 2 patients were on the diet for the 
full 12 weeks; they had more than a 50% 
reduction in the frequency of seizures.

Compared to baseline, patients on 
ketogenic diet for 4–7 weeks experienced 
a 26% increase in cholesterol (p < 0.02) 
and 32% increase in LDL (p < 0.03).

Those on ketogenic diet for 11–12 weeks 
had a 33% increase in cholesterol (p 
< 0.002) and 54% increase in LDL (p 
< 0.0001). No significant changes in 
HDL or triglycerides were recorded. 
Improvement in quality of life was 
reported in only 3 patients.

Nathan 
et al., 2009

Uncontrolled 
epilepsy

Prospective, 
non-blinded 
study

n=105 children, 
aged 4 months 
to 18 years; 
average 
follow-up 
duration was 
25.7±20.3 
months

Ketogenic diet 
consisting of 
typical Indian 
foods

72% of patients had > 50% reduction in 
frequency of seizures (p < 0.05) compared 
to baseline.

Of the two major types of seizure, there 
was a greater reduction in epileptic 
encephalopathies than in localization-
related seizure (p < 0.05).

The average number of anti-epileptic 
drugs (AEDs) was significantly reduced 
by the end of the study (p < 0.005) from 
3.67 to 1.95. 11 patients completely 
stopped taking AEDs, while 70 patients 
took fewer drugs, and 23 patients took 
the same number of drugs (p < 0.005).

Minor and temporary adverse effects 
were recorded such as gastrointestinal 
disturbances.

TABLE 11-1 Continued
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Nikanorova 
et al., 2009

Encephalopathy 
with continuous 
spikes and waves 
during slow sleep 
(CSWS)

n=5 children 
between 8 
and 13 years 
old (1 patient 
withdrew from 
treatment at 
9 months); 
follow-up period 
was 2 years 
after starting 
ketogenic diet 

Conventional 
antiepileptic 
drugs and 
steroids 
supplemented 
with ketogenic 
diet 

At 12 months, a slight reduction (< 85%) 
in spike-wave index was seen in only 
patients 1 and 2; patients 3 and 5 had an 
increase from baseline.

At 24 months, patient 1 experienced an 
increase in spike-wave index, patient 2 
remain the same, patient 3 decreased to 
normal level (CSWS ceased), and patient 
5 experienced a decrease. The changes in 
spike-wave index were correlated with 
IQ scores—an increase in spike-wave 
index was associated with lowered IQ 
score, and a decrease was associated with 
improvement or maintenance of IQ score.

The diet was well tolerated, and no 
adverse effects were mentioned.

Porta et al., 
2009

Intractable 
epilepsy

Retrospective 
study

n=27 children; 
follow up at 
1, 3, 6, and 12 
months

Ketogenic diet 
or modified 
Atkins diet

After 1 month, there was no significant 
difference in the number of responders 
(i.e., children with > 50% seizure 
reduction) between the two groups; 59% 
in ketogenic group, 50% in modified 
Atkins group.

After 3 months, ketogenic group had 
significantly more responders than 
modified Atkins group (p=0.03); 64% 
vs. 20%. However, the significance 
disappeared after 6 months; 41% vs. 
20%.

Median frequency of status epilepticus in 
both diet groups was significantly lowered 
from 1 at baseline to 0 (p=0.005).

Children’s serum fatty acid levels were 
tested. After 1 month, responders had 
higher levels of serum palmitoleic acid 
and lower levels of arachidonic acid  
(p < 0.05). And after 3 months, 
responders had lower levels of 
arachidonic acid and docosahexaenoic 
acid (p < 0.05).
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Sharma 
et al., 2009

Refractory 
epilepsy

Prospective, 
uncontrolled 
study

n=27 children, 
aged 6 months 
to 5 years, 
with at least 
1 seizure/day 
(or at least 7 
seizures/week); 
follow-up at 
1, 3, 6, and 12 
months

Ketogenic diet At 3 months, 24 of the 27 children were 
on the diet, but 3 discontinued the diet. 
Of the 24, 66.7% of them achieved a 
> 50% reduction in seizure frequency, 
with 12.5% completely seizure-free. 15 
children were on the diet at 6 months. 
Among these, 86.7% had > 50% 
reduction. At 12 months, only 10 children 
were still on the diet, and all of these 
children had > 50% reduction.

Biochemical analysis show that, over 
the study period, the children had a 
significant decrease in serum albumin 
(p=0.05) and a significant increase in spot 
urinary calcium-creatinine ratio (p=0.03) 
compared to baseline. Lipid profiles 
showed no significant change over the 
study period.

Digestive disorder was the most common 
side effect, experienced by 74% of 
patients.

Spulber 
et al., 2009

Pharmotherapy-
resistant epilepsy

Prospective 
study

n=22 children 
(median age 
of 5.5 years); 
height, height 
velocity, weight, 
BMI, and 
insulin-like 
growth factor 
I (IGF-I) level 
were taken 1 
year before 
diet, just before 
starting diet, 
and 1 year after 
diet

Ketogenic diet 
for 12 months

14 patients had > 50% reduction in 
seizure frequency.

Standard deviation scores (SDSs) of 
children’s weight, height, and BMI 
decreased significantly after 1 year of 
ketogenic diet (p < 0.05); the median 
height SDS decreased 0.12 from 1 
year before to just before starting the 
ketogenic diet, and it decreased 0.37 from 
just before to 1 year after starting the 
ketogenic diet.

In the same intervals, weight SDS 
decreased 0.17, then 0.52; and BMI SDS 
decreased 0.33, then 0.5. The difference 
between the SDSs of these measurements 
1 year before and just before starting 
ketogenic diet was not significant.

Height velocity, calculated at just before 
the start of ketogenic diet and 1 year 
after, was significantly lower after 
ketogenic diet (p < 0.05); it decreased by 
3.5.

IGF-I also decreased 2.21 (p < 0.05). 
Height velocity correlated negatively 
with b-hydroxybutyric acid level during 
ketogenic diet (r=–0.48, p < 0.05) and 
positively with serum IGF-I both before 
(r=0.52, p < 0.05) and during (r=0.41,  
p < 0.05) the diet.

No adverse effects were mentioned.
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Villeneuve 
et al., 2009

Pharmacoresistant 
focal epilepsy, 
with recent 
worsening of 
seizure frequency 
(100% frequency 
increase within 
past month)

Retrospective 
study

n=22 children, 
aged 5 months 
to 18.5 years, 
with focal 
epilepsy; of 
these, 10 had 
recent worsening 
of seizures

Ketogenic diet At 1 month, 10 children had > 50% 
reduction in seizure frequency. Children 
with recent worsening of seizure 
frequency before ketogenic diet were 
more likely to be responders than children 
who did not experience a recent increase 
in seizures (70% vs. 25%, p=0.046). 7 
children who were responders at 1 month 
continued their response to the diet after 
6 months.

10 children experienced no side effects on 
the diet, but 4 patients experienced severe 
vomiting and 1 patient, severe anorexia. 
The remaining patients reported minor 
adverse effects.

You et al., 
2009

West syndrome 
(infantile spasms)

n=98 children, 
monitored for 3 
years

Ketogenic 
diet (n=33), 
antiepileptic 
drugs (n=31), 
hormonal 
therapy 
(n=60), 
epileptic 
surgery (n=3), 
and either 
no treatment 
or herbal 
medication 
(n=4)

During the study, 48 children’s West 
syndrome (49%) evolved into Lennox-
Gastaut syndrome, which has a worse 
prognosis.

Bivariate logistic regression analysis 
showed that children who were treated 
with ketogenic diet, hormone therapy 
(prednisolone or adrenocorticotropic), 
or a combination of the two had a 
lower risk of West syndrome evolving to 
Lennox-Gastaut syndrome (p < 0.05).

No other adverse effects were mentioned.

Hemingway 
et al., 2001

Epilepsy Follow-up to 
prospective 
study

n=150 children 
with difficult-to-
control seizures

Classical 
ketogenic diet

At the follow-up for the current study 
(3–6 years after the original study), 20 
children were seizure free, 21 had 90–
99% seizure reduction, 24 had 50–90% 
reduction, and 18 had < 50% reduction.

83 of the 150 children were still on the 
diet at 12 months; of these, 11 were 
seizure free, 41 had > 90% reduction in 
seizure frequency, and 74 had > 50% 
reduction. 28 children were not taking 
any medication, and 45 were taking ≥ 1 
medication at follow-up.

135 of the 150 children had discontinued 
the diet at follow-up. Of these, 27 
discontinued because of improvement 
in seizure control, 49 because of 
ineffectiveness of the diet, 27 found 
the diet too restrictiveness, 28 stopped 
because of illness, and the remaining 
4 were lost to follow-up. 4 children 
died and 9 children underwent cortical 
resection surgery.
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 3: Animal studies

Appelberg 
et al., 2009

TBI, controlled 
cortical impact 
(CCI)

Male, Sprague-
Dawley rats (35 
days and 75 
days old)

Postinjury, 
ketogenic diet 
or standard 
diet for 7 days

Ketogenic diet had no effect on the weight 
of the older rats. But younger rats on 
ketogenic diet weighed less than rats of 
the same age on standard diet (p < 0.05).

The older rats’ performance on beam 
walking test was not affected by injury 
or diet. However, injured 35-day-old rats 
on standard diet had significantly worse 
performance than all other groups of the 
same age (p < 0.05).

Among older rats, footslips were more 
frequent in injured than uninjured rats (p 
< 0.05) on all days; specifically, injured 
rats on ketogenic diet had the most 
number of footslips. Among younger rats, 
footslips were most frequent in injured, 
untreated rats than all other groups (p < 
0.05); injured rats on ketogenic diet had 
fewer footslips than sham-injured rats (p 
< 0.05).

Injured 75-day-old rats had worse 
performance than sham-injured rats (p < 
0.05), and ketogenic diet did not improve 
performance. In 35-day-old rats, injured, 
untreated rats performed worse than 
injured, treated rats and sham-injured 
rats (p < 0.05); performance of treated 
rats were not different from sham-injured 
rats. Swim speed was not affected by age, 
injury, or diet.

Hu et al., 
2009b

TBI, Feeney’s 
weight-drop 
model

Male, juvenile 
Sprague-Dawley 
rats

Postinjury, 
ketogenic or 
normal diet

While injury increased brain edema (p < 
0.01 vs. sham), ketogenic diet after injury 
reduced edema (p < 0.01 vs. injured rats 
on normal diet).

Compared to injured rats on normal diet, 
injured rats fed with ketogenic diet had 
decreased cytosolic cytochrome c level 
(p < 0.01) and increased cytochrome c 
immunoreactivity (p < 0.05). Injured 
rats had greater apoptosis and increased 
caspase-3 expression compared to 
uninjured rats (p < 0.01 for both), but 
treatment with ketogenic diet significantly 
reduced apoptosis and caspase-3 
expression (p < 0.01 vs. injured, untreated 
rats).
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Hu et al., 
2009a

TBI, Feeney’s 
weight-drop 
model

Male, juvenile 
Sprague-Dawley 
rats

Postinjury, 
ketogenic or 
normal diet

Bax mRNA and protein levels were 
increased significantly by TBI (p < 0.01 
vs. sham-injured rats) and decreased 
by ketogenic diet (p < 0.01 vs. rats on 
normal diet). Bcl-2 mRNA and protein 
levels were not affected by injury or 
diet. Apoptosis in the penumbra area 
was increased after TBI (p < 0.05 vs. 
sham-injured rats), but was decreased 
with ketogenic diet (p < 0.01 vs. rats on 
normal diet).

Jarrett 
et al., 2008

Epilepsy Adolescent, male 
Sprague-Dawley 
rats (P28)

Ketogenic or 
control diet 
for 3 weeks

After 3 weeks, rats on ketogenic diet had 
higher serum b-hydroxybutyric levels 
(p < 0.0001) and lower glucose levels 
(p < 0.01). Assessment of hippocampal 
mitochondria showed significantly higher 
GSH levels (p < 0.01), but not GSSG 
levels. Rats on the ketogenic diet also had 
increased GSH-GSSG ratio (p < 0.05) 
and reduced GSH/GSSG redox potential 
compared to control rats (–246.6 mV vs. 
–230.0 mV; p < 0.05).

Measurements of the two GSH 
biosynthetic enzymes, GCL and GS, 
showed 1.3 times increased activity 
in GCL (p < 0.05), but none in GS. 
Compared to control rats, subunit GCLM 
showed a 1.6-fold increase (p < 0.05) and 
GCLC showed a 1.9-fold increase (p < 
0.01).

To confirm the results from measurements 
of GSH and GSSG, a second redox 
couple was measured, CoASH/CoASSG. 
Compared to control rats, hippocampal 
mitochondria in rats on Ketogenic diet 
showed significantly increased levels of 
CoASH (p < 0.05), but not CoASSG, and 
an increased CoASH/CoASSG ratio (p < 
0.05).

Levels of lapoic acid were increased in the 
hippocampus of ketogenic diet rats, but 
not in the frontal cortex (p < 0.05).

H2O2 production in isolated mitochondria 
was significantly decreased in ketogenic 
diet rats (p < 0.05), while no difference 
between the groups was observed in 
H2O2 production in hippocampal 
homogenate. When exposed to exogenous 
H2O2, control rats exhibited significant 
mtDNA damage that increased with time 
(p < 0.0001).
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Prins et al., 
2005

TBI, controlled 
cortical impact

Male, Sprague-
Dawley rats

aged 17, 35, 45, 
and 65 days

Postinjury, 
ketogenic diet

Ketogenic diet had no effect on contusion 
volume of 17-and 65-day-old rats, but it 
decreased contusion volume of 35- (by 
58%, F=0.019, p < 0.001) and 45-day-old 
(by 39%, F=0.074, p < 0.05) rats.

Glucose level was increased in all age 
groups on ketogenic diet at 24 hours (p 
< 0.05) compared to rats on normal diet. 
Additionally, 35-day-old rats showed 
increased glucose at 1 hour as well as 7 
days, and 45- and 65-day-old rats had 
increased glucose at 7 days.

17- and 35-day-old rats had decreased 
lactate level at 7 days (p < 0.05), while 
45- and 65-day-old rats on ketogenic diet 
had decreased lactate level at 24 hours (p 
< 0.05).

b-hydroxybutrate level was decreased 
in rats on ketogenic giet across all age 
groups at 24 hours and 7 days (p < 0.01 
vs. rats on normal diet).

 a n: sample size.
 b r: correlation coefficient.
 c CI: confidence interval.
 d OR: odds ratio.
 e SEM: standard error of mean.

TABLE 11-1 Continued

a solution of either glucose or saccharin (60 g/day) to negate ketosis after a 36-hour fasting 
period, and found a similar significant decrease in seizures (Freeman et al., 2009).

Long-term beneficial outcomes to 24 months have been demonstrated with the ketogenic 
diet in certain childhood epilepsy syndromes (Kossoff and Rho, 2009). These studies have 
led to even more recent understandings regarding the mechanism of action, such as recent 
evidence that suggests the ketogenic diet mechanism is related to its increasing extracellular 
adenosine and the actions of adenosine at the A1 receptor, which include inhibiting gluta-
mergic effects (Masino et al., 2009).

Studies show that the percentage of patients remaining on a ketogenic diet beyond 24 
months decreases over time. Hemingway and colleagues (2001) found that 39 percent of 
patients remained on the diet at two years, 20 percent at three years, and 12 percent at 
four years. The main reason given for discontinuing the ketogenic diet beyond 24 months 
was the patient being seizure-free or having a significant seizure reduction. Although there 
are no human short- or long-term studies evaluating the ketogenic diet for TBI, these data 
suggest that use of the ketogenic diet should be most strongly considered during the initial 
rehabilitation interval associated with the greatest gains.

As mentioned earlier, several observational studies have investigated the use of ketogenic 
diets modified in an effort to improve tolerability. In 2009, Evangeliou and colleagues exam-
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ined the role of branched-chain amino acids (BCAAs) as a supplemental therapeutic agent 
to the ketogenic diet in children with intractable epilepsy, based on evidence of antiepileptic 
action in animal models (for further discussion on the role of BCAAs in TBI and other CNS 
injuries, see Chapters 4 and 8). Although the fat-to-protein ratio was altered from the clas-
sic 4:1 to 2.5:1, there was no observed effect on ketosis. Furthermore, 47 percent (n = 17) 
of the patients who had already achieved a reduction of seizures on the ketogenic diet saw 
an even greater reduction after the BCAA supplementation, with three patients experienc-
ing a complete cessation of seizures (Evangeliou et al., 2009). Further studies are needed to 
examine this particular combination; however, the results of this prospective pilot suggest a 
possible synergistic action between the ketogenic diet and BCAAs.

Pharmacological research on dementia has used a cognitive assessment instrument 
known as the Alzheimer’s disease (AD) Assessment Scale-Cognitive subscale (ADAS-Cog), 
which provides quantification of cognitive domains such as memory and attention in order 
to assess outcomes. There is some evidence that administering a form of MCTs in patients 
with a normal diet increased the serum level of the ketone body gamma hydroxybutyrate and 
increased ADAS-Cog scores in a population of patients with mild to moderate AD compared 
to placebo in the same population (Henderson et al., 2009; Reger et al., 2004). Given that 
multiple studies have shown a decreased risk of developing AD in those consuming foods 
high in essential fatty acids, it is also possible that the ketogenic diet may confer greater 
neuroprotection in people with AD than normal or high-carbohydrate diets (Gasior et al., 
2006; Henderson, 2004; Morris et al., 2003a, 2003b).

Animal Studies

Studies with a rat model of TBI have suggested reduction in volume of damage and 
improved recovery with use of the ketogenic diet (Prins, 2008). One study demonstrated 
increased protection against oxidative stress and deoxyribonucleic acid damage because 
of increased redox status in the hippocampus (Jarrett et al., 2008). Several investigators 
have identified an age-dependent effect in rat TBI models, with greater levels of reduction 
of edema, cytochrome c release, and cellular apoptosis being observed in younger rats 
(Appelberg et al., 2009; Hu et al., 2009a).

Evidence of neuroprotection has been demonstrated with 24-hour fasting in rodent 
models of controlled cortical impact injury following moderate but not severe injury. Fasting 
for 48 hours demonstrated no significant benefit (Davis et al., 2008).

As mentioned earlier, animal studies have evaluated the ketogenic diet in stroke, another 
form of acquired brain injury, as well as in neurodegenerative disorders such as AD, Parkin-
son’s disease, and ALS (Gasior et al., 2006; Prins, 2008; Zhao et al., 2006). The majority 
of experimental studies in other models of CNS injury support the evidence suggesting ben-
eficial effects of the ketogenic diet. It is also important to note that age-related differences 
in ketogenesis and cerebral utilization of ketones have been observed in animal models, and 
suggest the developing brain has a greater capacity to generate, transport, and utilize ketone 
bodies as an energy substrate (Appelberg et al., 2009; Prins, 2008; Prins et al., 2005).

Because the only TBI data available has been from rodent models, there are significant 
limitations (as stated in Chapter 3) in correlating the results from animal studies to humans 
(e.g., rodents tend to eat immediately after injury, which is not typical human behavior). An 
additional limitation encountered when conducting energy metabolism studies with rodents 
is that they have lesser energy reserves than humans and a higher metabolic rate; prolonged 
fasting also can be more devastating to rodents than to humans. Fasting rodents for longer 
than a few days will likely result in their death, while uninjured humans can fast for five to 
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six weeks without mortality. However, feeding rats a fat-only diet has been demonstrated 
to prolong survival (Moldawer et al., 1981) and should be investigated as a possible model 
to measure the efficacy of compounds that alter energy metabolism.

CONCLUSIONS AND RECOMMENDATIONS

Based on the evidence presented, the ketogenic diet does hold some promise of effective-
ness in improving the outcomes of TBI. There are indications that ketones may provide an 
alternative and readily usable energy source for the brain that might reduce its dependence 
on glucose metabolism, which may be impaired immediately following TBI. However, im-
portant knowledge gaps must be addressed before either the classic or modified ketogenic 
diet can be recommended as a treatment for TBI. Although it would not be feasible to pre-
scribe ketogenic diets to improve resilience against TBI, identifying dietary compounds that 
are precursors of ketones, such as medium-chain triglycerides, and evaluating whether they 
have positive effects when administered after the injury is warranted.

There is a general need for demonstration of the benefit of ketone bodies and ketogenic 
diets in human TBI, including the use of exogenous agents to enhance the production and 
utilization of ketone bodies. Several questions relate to that broad gap in knowledge. None 
of the animal models previously used has incorporated blast injury as a mechanism for TBI. 
An appropriate animal model for following TBI recovery is also necessary to evaluate the 
efficacy and applicability of a ketogenic diet. This nutritional strategy utilizes an alternative 
metabolic pathway, and there is limited data on issues such as dosing and duration of either 
diet-controlled ketosis or exogenous administration of agents that enhance ketone produc-
tion. As with other interventions considered in this report, there is an absence of information 
on which forms of TBI—mild/concussion, moderate, severe, and penetrating—might benefit 
from such therapy. Another consideration is the feasibility of prescribing such a strict diet 
when treating nonhospitalized patients. Although ensuring compliance with any nutrition 
intervention may present a challenge, this is especially true when the whole diet needs to 
be altered. Because of the diversity of nutritional needs and metabolic demands of military 
service, diet-induced ketosis also may not be practical for treatment of military injuries, 
especially in the context of polytrauma and the need to balance other nutritional recom-
mendations following injury.

 RECOMMENDATION 11-1. DoD should conduct animal studies to examine the spe-
cific effects of ketogenic diets, other modified diets (e.g., structured lipids, low-glycemic-
index carbohydrates, fructose), or precursors of ketone bodies that affect energetics and 
have potential value against TBI. These animal studies should specifically consider dose, 
time, and clinical correlates with injury as variables. Results from these studies should 
be used to design human studies with these various diets to determine if they improve 
outcome against severe TBI. These studies should include time as a variable to determine 
whether there is an optimal initiation point and length of use.

 RECOMMENDATION 11-2. If these studies show benefits, then DoD should further 
investigate whether the potential beneficial effect of such ketogenic or modified diets 
or precursors to ketone bodies applies to concussion/mild and moderate TBI. Before 
conducting these studies, DoD should consider the feasibility (i.e., how to ensure com-
pliance with a modified diet) of using diets that affect the metabolic energy available, 
such as ketogenic diets, for the treatment of TBI.
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Magnesium

Magnesium is an essential nutrient that serves as a cofactor for more than 300 enzymes 
involved in biological reactions important for cellular energy metabolism, protein synthe-
sis, maintenance of cardiovascular health, regulation of blood glucose levels, and normal 
nervous system functioning. Approximately 50 percent of the magnesium in the body is 
found in bone, while the other 50 percent is found predominantly in soft tissue (Fleet and 
Cashman, 2001; Shils, 1999). Magnesium levels in the body are tightly regulated by ab-
sorption and excretion of the mineral. Increasing dietary magnesium intake leads to reduc-
tions in magnesium absorption and increases in urinary output. Conversely, reductions in 
magnesium intake are compensated by more efficient gastrointestinal absorption and renal 
reabsorption (Shils, 1999).

MAGNESIUM AND THE BRAIN

Magnesium, which is transported to the brain by an active mechanism, plays an impor-
tant role in brain functioning. Under normal conditions, magnesium inhibits the actions of 
the excitatory neurotransmitter glutamate. More specifically, magnesium blocks the calcium 
channel of the N-methyl-D-aspartate (NMDA) glutamate receptor, and thereby regulates cal-
cium entry into the postsynaptic neuron. Magnesium also relaxes vascular smooth muscle, 
resulting in vasodilation and increased cerebral blood flow.

Moreover, magnesium plays an important role in the homeostatic regulation of the 
pathways involved in the secondary phase of brain injury (Sen and Gulati, 2010). Following 
traumatic brain injury (TBI), reduction in magnesium levels in the brain is associated with an 
influx of glutamate and calcium into the postsynaptic neuron. The entry of these compounds 
into the brain is considered to be the predominant contributor to neuronal degeneration and 
cell death, secondary to the original insult (Bullock et al., 1998; Faden et al., 1989; Fleet 
and Cashman, 2001; McKee et al., 2005a; Sen and Gulati, 2010). Magnesium has also been 
linked to antidepressant effects in experimental studies because it affects the functioning 
of monoaminergic and serotonergic neurotransmitter systems, which are disrupted as part 
of the secondary injury cascade following TBI, and alters the activity of the hypothalamic-
pituitary-adrenocortical system (Fromm et al., 2004).
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A relevant selection of human and animal studies (years 1990 and later) examining the 
effectiveness of magnesium intake in providing resilience or treating TBI in the acute phase 
of injury is presented in Table 12-1. This table elaborates on the treatment methodology and 
includes review articles on magnesium intake in humans for other central nervous system 
(CNS) injuries such as subarachnoid hemorrhage, stroke, and hypoxia in the case of human 
studies. The occurrence or absence of adverse effects in humans is included if reported by 
the authors.

USES AND SAFETY

The Recommended Dietary Allowance (RDA) for magnesium ranges from 80 mg/day 
in children between the ages of one and three, to 420 mg/day in males over the age of 30 
and 320 mg/day in females over the age of 30. Recommendations for military personnel in 
garrison training are the same as those for adults over 30 years of age (IOM, 2006). Good 
dietary sources of magnesium include green leafy vegetables, beans, nuts, seeds, and unre-
fined whole grains.

According to 2005–2006 data from the National Health and Nutrition Examination 
Survey (NHANES), just more than half (56 percent) of all individuals aged one year and 
older had inadequate intakes of magnesium.1 The percentage below the Estimated Average 
Requirement (EAR) was greatest among 14- to 18-year-olds and adults aged 71 years and 
over. Two small research studies assessing dietary intake of Army Rangers and Special Forces 
soldiers in garrison found that approximately 40 percent of these individuals were not meet-
ing the EAR for magnesium, and about 60 percent were not meeting the RDA (IOM, 2006). 
Although a 2006 analysis found that First Strike Rations and Meals, Ready-to-Eat (MREs) 
contained sufficient magnesium (IOM, 2006), the Institute of Medicine Committee on Min-
eral Requirements for Cognitive and Physical Performance of Military Personnel concluded 
that the information on magnesium status of military personnel in various types of training 
was too limited to provide evidence of magnesium sufficiency (IOM, 2006).

Magnesium toxicity is not a problem in the context of normal dietary intake. However, 
intake of magnesium supplements can lead to decreased blood pressure, abdominal cramp-
ing, and nausea. These adverse effects have been observed primarily with pharmacologi-
cal uses of magnesium, rather than intake from food and water. Derived from studies on 
excessive intake from nonfood sources, the Tolerable Upper Intake Level (UL) of 350 mg/
day for individuals nine years of age and over is based on diarrhea as the critical endpoint 
(IOM, 1997). The risk of magnesium-induced diarrhea mediates against the use of high-
dose magnesium supplements. Symptoms of magnesium toxicity are more likely to occur in 
individuals suffering from renal failure, when the kidney loses its ability to remove excess 
magnesium (Fleet and Cashman, 2001; IOM, 1997).2

EVIDENCE INDICATING EFFECT ON RESILIENCE

Human Studies

The committee’s review of the literature found no clinical trials investigating the effects 
of magnesium on resilience for TBI or related diseases or conditions (i.e., subarachnoid 
hemorrhage, intracranial aneurysm, stroke, anoxic or hypoxic ischemia, or epilepsy). An 

1 Available online at http://www.cdc.gov/nchs/nhanes.htm (accessed December 22, 2010).
2 Available online at http://ods.od.nih.gov/factsheets/magnesium/ (accessed December 22, 2010).
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TABLE 12-1 Relevant Data Identified for Magnesium

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 1: Clinical trials

Kidwell 
et al., 2009

Acute ischemic 
stroke

Multicenter, 
randomized, 
double-blind, 
placebo-
controlled 
clinical trial 
(substudy of 
IMAGES trial)

na=104 
patients with 
diffusion-
weighted 
imaging 
(DWI) lesion 
volume of ≥ 
3 mL

Magnesium 
sulfate (MgSO4) 
solution (bolus 
dose of 16 mmol 
infused over 15 
minutes, then 
65 mmol/day) 
or matching 
amount of 
saline)

For all patients, baseline lesion volume 
measured by DWI (rb=0.654, p < 0.001) 
and perfusion-weighted imaging (r=0.805, 
p < 0.001) correlated with final infarct 
size.

At day 90, there was no significant 
difference between the MgSO4 group and 
placebo group in lesion growth, clinical 
outcome, or mortality rate. However, 
patients with poor clinical outcome tended 
to have greater percentage infarct growth 
(p=0.015) and absolute infarct growth 
(p=0.004).

Although baseline serum glucose level 
correlated with infarct growth (p ≤ 0.028) 
in the MgSO4 group, higher glucose level 
was not detected in patients with growth 
of > 0% compared to those with growth 
of ≤ 0%. Serum glucose level was not 
significantly correlated with infarct growth 
in placebo patients.

No adverse effects were mentioned.

Wong et al., 
2009

Aneurysmal 
subarachnoid 
hemorrhage 
(SAH)

Multi-center, 
randomized, 
placebo-
controlled trial

n=22 patients 
who were 
simultaneously 
participating 
in an 
intravenous 
MgSO4 after 
aneurysmal 
SAH trial

MgSO4 infusion 
(80mmol/day) 
or normal saline 
for 10–14 days

Throughout the study, the treatment group 
had a higher plasma magnesium level than 
the control group (p < 0.001). The average 
plasma magnesium level in the treatment 
group was between 1.59–1.84 mmol/L, 
while the average in the control group 
ranged from 0.85–1.02 mmol/L.

Although the treatment group had higher 
levels of cerebrospinal fluid magnesium 
overall, the difference was significant 
only on day 2 and days 5–8 (p ≤ 0.035). 
The average levels of cerebrospinal fluid 
magnesium ranged from 1.22–1.278 
mmol/L in the treatment group, and from 
1.09–1.10 mmol/L in the control group; 
the increase ranged from 10.5–21.3%.

The treatment group also had significantly 
higher 24-hour urine levels of magnesium 
(p ≤ 0.005); the group’s average ranged 
from 47.9–77.3 mmol, while the control 
group’s average ranged from 2.7–3.5 
mmol.

No adverse effects were mentioned.

continued
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Dhandapani 
et al., 2008

Closed TBI Randomized 
trial

n=60

Postinjury, 
standard care or 
supplementation 
with MgSO4 
(initiation of 4 
g intravenously 
[i.v.] and 5 g 
intramuscularly 
[i.m.], then 
continuation 
of 5 g every 4 
hours for 24 
hours)

At 3 months, 73.3% of the patients on 
MgSO4 supplementation had good to 
moderate outcome compared to just 40% 
of the standard care group (ORc=4.13, 
95% CId: 1.39–12.27, p=0.009). 
Specifically, 46.7% of patients in MgSO4 
group had good recovery compared to 
20% of the patients in standard care 
group (OR=3.5, 95% CI: 1.11–11.02, 
p=0.028).

Significantly greater number of patients 
in the control group (73.3%) experienced 
intra-operative brain swelling during 
surgical decompression than patients in 
the MgSO4 group (29.4%, OR=0.15, 95% 
CI: 0.03–0.71, p=0.01).

At 1 month, mortality rate was higher in 
control group (43.3%) than MgSO4 group 
(13.3%, OR=0.2, 95% CI: 0.06–0.72, 
p=0.01). Logistic regression analysis 
showed that favorable outcome was 
associated with patients’ early entry into 
trial (< 8 hours, OR=8.2, p=0.008), CT 
finding of uneffaced cisterns (OR=4.67, 
p=0.04), and assignment to MgSO4 
treatment (OR=0.038).

No significant adverse effects were 
observed.

TABLE 12-1 Continued
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

van den 
Bergh et al., 
2008

SAH Randomized, 
placebo-
controlled trial

n=167

I.v. MgSO4 (64 
mmol/day) vs. 
placebo (saline) 
for up to 20 
days

Regression analysis showed that serum 
magnesium level is inversely associated 
with ionized serum calcium level 
(Be=–0.09; 95% CI: –0.12 to –0.06). 
This relationship remained the same even 
after adjusting for parathyroid hormone 
(PTH) and calcitriol levels (B=–0.11; 95% 
CI: –0.12 to 0.06). Further, the analysis 
showed no relationship between serum 
magnesium and PTH (B=–0.37; 95% CI: 
–3.44 to 2.70) or calcitriol (B=50.4; 95% 
CI: –11.7 to 112.4).

Increased level of serum PTH heightened 
the risk of poor outcome, defined by 
having a modified Rankin Scale score of 
4 or worse (OR=5.4; 95% CI: 1.6–8.9), 
but not the risk of developing delayed 
cerebral ischemia. PTH’s effect on risk of 
poor outcome increased after adjusting 
for age and gender (OR=16.3; 95% CI: 
2.2–119.2).

No other adverse effects were mentioned.

TABLE 12-1 Continued
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Dorhout 
Mees et al., 
2007

SAH Randomized, 
placebo-
controlled trial

n=155

MgSO4 therapy 
(64 mmol/day) 
vs. placebo for 
up to 20 days

Over the course of the study, 17% of 
the patients developed delayed cerebral 
ischemia (DCI) (median day of onset 
was day 8), and 26% had poor outcome, 
defined by modified Rankin score of ≥ 4.

During treatment, the average serum 
magnesium level of patients with poor 
outcome was 0.22 mmol/L higher than 
patients with no poor outcome (95% CI: 
0.09–0.36 mmol/L).

The serum magnesium level measured at 
day 8 (the median day of onset of DCI) 
was 0.42 mmol/L higher in patients with 
poor outcome than in those with no poor 
outcome (95% CI: 0.14–0.69 mmol/L). 
Patient with serum magnesium levels 
of > 1.28 mmol/L at day 8 (categorized 
as quartiles 2nd–4th) had lower risk 
(adjusted OR=0.2; 95% CI: lower 
limit 0.0–0.1, upper limit 0.8–0.9) of 
developing DCI than patients whose 
serum magnesium was between 1.10–1.28 
mmol/L at day 8 (1st quartile).

Compared to the 1st quartile, patients in 
2nd (1.28–1.40 mmol/L) and 4th (> 1.62 
mmol/L) quartiles tended to have higher 
risk developing poor outcome (adjusted 
OR=1.8, 95% CI: 0.5–7.0; adjusted 
OR=4.9, 95% CI: 1.2–19.7, respectively). 
The risk was not higher for patients in the 
3rd quartile (1.40–1.62 mmol/L).

No other adverse effects were mentioned.

Natale et al., 
2007

Severe TBI Randomized, 
double-blind, 
placebo-
controlled, 
multi-center 
trial

n=6 pediatric 
(3 months 
to 18 yrs) 
patients with 
severe TBI

Postinjury, saline 
vs. MgSO4 (50 
mg/kg bolus 
followed by 
8.3 mg/kg/hr 
infusion for 24 
hours)

Mean arterial pressure, at 14–24 hour 
period of the infusion, showed significant 
change from baseline with an 11 mmHg 
increase.

The other 4 variables used to determine 
hemodynamic effects of MgSO4—
heart rate, corrected quartile interval, 
intracranial pressure, and cerebral 
perfusion pressure—showed no significant 
changes during the administration of 
MgSO4 bolus or 24-hour infusion when 
compared to baseline.

MgSO4 had no adverse effect on cerebral 
blood flow velocity, and no other adverse 
effects were mentioned.

TABLE 12-1 Continued
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Temkin 
et al., 2007

Moderate and 
severe TBI

Single center, 
randomized, 
double-blind, 
parallel group 
trial

n=499 patients 
with moderate 
or severe TBI, 
with Glasgow 
Coma Score 
(GCS) 
between 3–12

Postinjury, i.v. 
MgSO4 (low 
target group: 
loading dose 
of 0.30 mmol/
kg over 15 
minutes within 8 
hours of injury, 
followed by 
a continuous 
infusion of 
0.05 mmol/
kg/hour; high 
target group: 
loading dose of 
0.425 mmol/kg, 
followed by an 
infusion of 0.10 
mmol/kg/hour 
for 5 days) or 
placebo

MgSO4 treatment at the higher target level 
had no effect on the composite outcome 
measure (variables include survival, 
seizure occurrence, and neurobehavioral 
functioning). But, at the lower target level, 
patients treated with MgSO4 had worse 
outcomes than those treated with placebo 
(p=0.007).

Analysis of the characteristics of patients 
in the low target group showed that 
MgSO4 was associated with worse 
outcomes if patients were ≤ 40 years 
old (p=0.02), male (p=0.007), an ethnic 
minority (p=0.01), had severe injury 
(p=0.001), had no emergent intracranial 
surgery (p=0.02), and/or began their 
loading dose > 4 hours from injury 
(p=0.03).

Analysis of individual outcomes showed 
that mortality rate was higher with 
MgSO4 treatment than with placebo 
(p=0.05) at the high target level and 
functional status at 6 months was worse 
with MgSO4 than placebo at the low 
target group (p=0.05).

No other adverse effects were mentioned.

Van de 
Water et al., 
2007

SAH Randomized, 
placebo-
controlled trial

n=137

Postinjury, i.v. 
magnesium 
(64 mmol/day; 
n=70) or normal 
saline (50 mL/
day; n=67)

There was an inverse relationship between 
serum magnesium and serum calcium 
(B=–0.27; 95% CI: –0.33 to 0.20; p < 
0.001). Patients with low calcium levels (< 
2.0 mmol/L) were more likely to develop 
delayed cerebral ischemia than patients 
with normal calcium level (HRf=2.1; 95% 
CI: 1.0–4.3).

Hypocalcaemic patients also had 
significantly higher risk of poor outcome 
after 3 months (OR=2.9; 95% CI: 1.4–
6.4); however the risk was not significantly 
higher when multivariable analysis was 
used to adjust for age, World Federation 
of Neurological Surgeons (WFNS) score, 
and ventricular blood (OR=1.9; 95% CI: 
0.8–4.7).

No other adverse effects were mentioned.
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Arango and 
Bainbridge, 
2006

Acute TBI Meta-
analysis of 3 
randomized 
controlled 
trials

Magnesium vs. 
no magnesium 
or placebo

Analysis of mortality showed that 
magnesium treatment increased mortality 
(RRg=1.48, 95% CI: 1.00–2.19, overall 
effect: zh=1.96, p=0.05). However, there 
was evidence of heterogeneity among the 
studies.

Analysis of functional outcome showed 
that magnesium had no significant effect 
on Glasgow Outcome Scale (GOS) at 
6 months. There was also evidence of 
heterogeneity.

No differences in medical complications 
were observed.

Schmid-
Elsaesser 
et al., 2006

Aneurysmal 
SAH

Pilot study, 
randomized 
trial

n=104 

I.v. MgSO4 
(loading 10 mg/
kg followed 
by continuous 
infusion of 30 
mg/kg daily) or 
nimodipine (48 
mg/day)

Although there was no significant 
difference of mean maximum neuronal 
markers level between MgSO4 and 
nimodipine groups, there was a significant 
difference when comparing patients with 
different severity of neurological outcome.

Patients with worse neurological outcome 
(WFNS grades 4–5) in both MgSO4 and 
nimodipine groups had significantly 
higher levels of S-100 in serum (p < 0.05). 
Patients with WFNS grades 4–5 in MgSO4 
group also had a higher level of S-100 in 
cerebrospinal fluid, as well as higher levels 
of neuron-specific enolase in both serum 
and cerebrospinal fluid (p < 0.05). There 
was no significant difference in blood 
flow velocity and incidence of vasospasm 
between MgSO4 and nimodipine groups.

Among patients who experienced 
vasospasm, incidence of cerebral infarction 
was approximately equal regardless of 
treatment. There was no difference in 
outcomes after 1 year between the two 
treatment groups; 55% of patients in each 
group had GOS scores of 4–5.

No adverse effects were mentioned.
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Gorelick 
and Ruland, 
2004;

IMAGES 
Study 
Investigators, 
2004

Acute ischemic 
stroke

Multicenter, 
randomized, 
placebo-
controlled, 
double-blind 
trial

n=2,386 
stroke patients 
≥ 18 years old

MgSO4 solution 
(bolus dose 
of 16 mmol 
infused over 15 
minutes, then 
65 mmol/day) 
or matching 
amount of saline

At day 90, magnesium had no effect on 
death or disability (common OR=0.95, 
95% CI: 0.80–1.12; p=0.53). The 
magnesium group was not significantly 
different from the placebo group in 
terms of risk of death (OR=1.22, 95% 
CI: 0.98–1.53; p=0.073); when time to 
death was examined with Kaplan-Meier 
analysis, HR for death was 1.18 (95% CI: 
0.97–1.42; p=0.098).

The length of time between injury 
and treatment and the type of stroke 
(ischemic vs. intracerebral hemorrhage) 
had no effect on outcome. However, 
patients without cortical ischemic stroke 
had significantly fewer poor outcomes 
if treated with magnesium (OR=0.75, 
95% CI: 0.58–0.97; p=0.026); analysis 
showed a significant interaction between 
magnesium treatment and the group of 
patients with non-cortical syndromes 
(p=0.011).

Post hoc analysis showed that there were 
also fewer poor outcomes in magnesium-
treated patients with lacunar syndromes 
(OR=0.70, 95% CI: 0.53–0.92) and with 
mean arterial pressure > 108.3 mmHg 
(OR=0.78, 95% CI: 0.61–0.99); there 
was significant interaction with both sub-
groups of patients (p=0.0046, p=0.019, 
respectively).

Compared to placebo group, blood 
pressure was lower in magnesium group 
(p ≤ 0.0001) up to 24 hours after starting 
treatment, but it was not different at 48 
hours. Heart rate of magnesium-treated 
patients was lower after 12 hours of 
treatment, but not at other times.

No other adverse effects were mentioned.
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Saver et al., 
2004

Acute stroke Non-
randomized, 
open-label, 
phase II 
feasibility trial

n=20, aged 
44–92

A loading dose 
of 2.5 g MgSO4 
during transport 
to hospital, 
then another 
1.5 g MgSO4 
in the ER, was 
followed by 
maintenance 
infusion of 
16 g/day 
MgSO4. Time 
to treatment of 
study subjects 
was compared 
to control 
group, which 
consisted 
of patients 
participating 
in other 
neuroprotective 
trials at UCLA 

The average time between paramedics’ 
arrival on scene and initiation of treatment 
was significantly shorter in FAST-MAG 
patients (26 minutes, 95% CI: 21.8–30.2; 
range 15–61) than in control patients (139 
minutes, 95% CI: 111–167; range 66–300; 
p < 0.0001). Duration of transport to 
hospital was not significantly different 
between the two groups.

Paramedics completed Paramedic Global 
Impression Change Form and rated the 
condition of 4 patients as improved, 15 as 
unchanged, and 1 as worsened. At day 90, 
60% of patients had a modified Rankin 
score of ≤ 2, and 40% had ≤ 1.

No significant adverse events were 
associated with treatment.

Chia et al., 
2002

Aneurismal 
SAH

Non-
randomized, 
pilot study

n=23

Nimodipine (20 
μg/kg/hr) alone 
vs. nimodipine 
supplemented by 
1.0–1.5 mmol/L/
hr of MgSO4

No adverse event was associated with 
magnesium treatment. 70% of patients 
treated with nimodipine alone developed 
cerebral vasospasm compared to 15% of 
magnesium-supplemented patients (p < 
0.008).
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Lampl et al., 
2001

Acute stroke Randomized, 
placebo-
controlled, 
double-blind 
trial

n=44

Magnesium (i.v. 
loading dose 
of 4 g over 15 
minutes and 
a continuous 
infusion of 35 g/
day for 5 days) 
or placebo

Compared to patients treated with 
placebo, those treated with magnesium 
had significantly higher Orgogozo 
score beginning on day 3 (p=0.0173) 
that continued into day 30 (p=0.0002). 
Magnesium-treated patients also had 
higher Matthew score beginning on day 
8 (p=0.044) that continued into day 30 
(p=0.0087).

Although both groups of patients 
recovered in the first month (p for time < 
0.001), as demonstrated by improvement 
in Orgogozo score, magnesium-treated 
patients recovered at a faster rate than 
placebo-treated patients (p=0.007). 
However, magnesium had no significant 
effect on recovery as measured by 
Matthew score, Rankin disability score, 
and Barthel Index.

The magnesium group also had greater 
percentage of patients with improvement 
of > 20 points on the Orgogozo scale 
(p=0.0003) and the Matthew scale 
(p=0.003).

No adverse effects were mentioned.

Tier 2: Observational studies

Bayir et al., 
2009

Acute ischemic 
or hemorrhagic 
stroke

Case-control 
study, n=60 
(n=20 healthy 
controls, 
n=20 ischemic 
stroke 
patients, n=20 
hemorrhagic 
stroke 
patients); 
stroke patients 
arrived at ER 
within 3 hours 
of symptom 
onset)

Serum Mg2+ levels of both groups of 
stroke patients were not significantly 
different from controls. No significant 
relationship was observed between serum 
Mg2+ level and either GCS or cerebral 
spinal fluid (CSF) Mg2+ level. However, 
mean CSF Mg2+ levels were significantly 
lower in ischemic stroke patients (0.6±0.4) 
when compared to controls (0.9±0.1) and 
hemorrhagic stroke patients (0.8±0.2; 
p=0.006).

There was a correlation between CSF 
Mg2+ level and GCS for ischemic stroke 
patients (r=55; p=0.031), with CSF 
Mg2+ level decreasing as GCS decreased. 
Ischemic patients with GCS ≤ 8 had the 
lowest CSF Mg2+ level compared to all 
other cases and was significantly lower 
than controls (p < 0.05).

Ischemic stroke patients who died 7 days 
after stroke onset had significantly lower 
Mg2+ levels than controls (p=0.002), while 
the CSF Mg2+ level of hemorrhagic stroke 
patients was not significantly different 
from controls.
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Kerz et al., 
2008

DCI after SAH Retrospective, 
single-center 
observational 
case control 
study

n=100 SAH 
patients

Simvastatin (20 
mg for 3 days, 
then 40 mg/day 
for 11 days) and 
80 mmol/day 
of magnesium, 
solely 
simvastatin, or 
control

There was no significant difference 
between the groups in terms of 
proportions of patients who developed 
DCI and proportions of patients who died 
during the 14-day hospital stay.

Initial neurological condition, as measured 
by GCS score, is strongly associated with 
mortality during the 14-day hospital stay 
(p < 0.001); patients with lower GCS were 
more likely to die.

No other adverse effects were mentioned.

Larsson 
et al., 2008

Stroke Cohort study

n=26,556 
Finnish male 
smokers, 
aged 50 to 69 
years, who 
were free 
from stroke at 
baseline

Increase of magnesium intake was 
associated with decrease in risk of cerebral 
infarction (p=0.003) but not other stroke 
types.

Compared to subjects with the lowest 
intake, those with highest intake were 
less likely to have cerebral infarction 
(RR=0.85, 95% CI: 0.75–0.96). This 
relationship remained even after adjusting 
for cardiovascular risk factors (RR=0.85, 
95% CI: 0.76–0.97).

Multivariate analysis of both potassium 
and magnesium comparing highest to 
lowest intake produced a RR=0.86 for 
magnesium and RR=1.02 for potassium. 
Subjects taking the highest amount of 
both minerals were less likely to develop 
cerebral infarction than those taking the 
least amount of both minerals (RR=0.87, 
95% CI: 0.76–1.00).

Further multivariable analysis of highest 
and lowest magnesium intake showed that 
higher intake in men younger than 60 
was associated with lower risk of cerebral 
infarction (RR=0.67, 95% CI: 0.64–0.89) 
compared to men older than 60. The 
different RRs demonstrated modification 
by age (p=0.02).

No adverse effects were mentioned.
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Stippler 
et al., 2007

Severe TBI Retrospective 
cohort study 
(1996–2006)

n=216 TBI 
patients with 
GCS ≤ 8

None, but 
MgSO4 was 
given to 
hypomagnesemia 
(≤ 1.2 mEq/L) 
patients as part 
of routine care

Patients with low initial serum Mg2+ 
levels (< 1.3mEq/L) had a greater risk of 
having low GCS score (OR=2.37, 95% CI: 
1.18–4.78; p=0.016), although there was 
no association between serum Mg2+ level 
and GCS score.

26% of patients with low initial serum 
Mg2+ level were treated with MgSO4 
within 24 hours of admission; however, 
these patients had significantly higher 
risk of developing worse outcomes at 6 
months (OR=11.03, 95% CI: 1.87–68.14; 
p=0.008) than low Mg2+ level patients not 
treated within 24 hours.

Data on CSF Mg2+ levels were available 
for 44 patients. Analysis of these data 
showed that patients with low serum Mg2+ 
and those with GCS 1–3 had higher level 
of CSF Mg2+ (r=0.572; p=0.013).

Patients with high CSF Mg2+ were 
more likely to develop poor outcomes 
(OR=7.63, p=0.05). High CSF Mg2+ 
was associated with high CSF glucose 
(p=0.027) and low brain tissue oxygen 
pressure (p=0.029).

No adverse effects were mentioned.

McKee 
et al., 2005b

Acute brain 
injury resulting 
in intracranial 
hypertension 
requiring 
ventriculostomy 
and CSF 
drainage

Prospective 
study

n=30 patients 
≥ 18years old

Postinjury, i.v. 
MgSO4 (bolus 
of 20 mmol over 
30 minutes, then 
infusion of 8 
mmol/hr for 24 
hours)

Compared to baseline, there was a 
significant increase of mean total and 
ionized Mg2+ in serum and in CSF 
throughout the study period (p < 0.008). 
Total CSF Mg2+ increased a maximum 
value of 1.43±0.13 mmol/L after 12 hours 
and 1.40±0.16 mmol/L after 24 hours; 
both represented 15% increases from 
baseline.

Ionized CSF Mg2+ increased to 0.89±0.12 
mmol/L after 12 hours, and 0.88±0.11 
mmol/L after 24 hours; both represented 
11% increases from baseline. There was 
no relationship between serum Mg2+ and 
CSF Mg2+. But CSF Mg2+ values at 24 
hours were inversely associated with GOS 
(r=–0.44, p=0.03).

No adverse effects were mentioned.
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Song et al., 
2005

Cardiovascular 
diseases (CVD)

Randomized, 
placebo-
controlled, 
double-blind 
trial

n=35,601 
women with 
no coronary 
heart disease 
(CHD) at 
randomization

Median 
follow-up: 10 
years

Magnesium 
intake

Magnesium intake, in both dietary and 
supplement forms, was not associated with 
risk of CVD, CHD, non-fatal myocardial 
infarction (MI), CVD death, total stroke, 
or any stroke subtypes. Still no significant 
association was found when the analysis 
was restricted to just dietary intake.

No adverse effects were mentioned.

Begum et al., 
2001

Eclampsia 
(convulsions)

Prospective 
study, n=65 
patients with 
antepartum or 
postpartum 
eclampsia 

MgSO4: loading 
dose of 4 g i.v. 
and 2.5 g i.m. 
over 15 minutes, 
then 2.5 g i.m. 
every 4 hours for 
24 hours after 
administration 
of first dose

All patients had normal respiratory rate 
(16–25 breaths/min). The average serum 
Mg2+ level in patients was 3.34±0.27mg/
dL (range 1.08–6 mg/dL).

However, 5 patients had decreased knee 
jerks; the average Mg2+ level of those 5 
patients was 3.32±0.78 mg/dL (range 
3.0–3.8 mg/dL). 76% of patients regained 
consciousness 12 hours after first dose, 
and 100% after 20 hours.

No adverse effects were mentioned and 
serum levels of Mg2+ remain lower than 
those producing toxicity.

Iso et al., 
1999

Stroke Prospective 
cohort 
study (part 
of Nurses’ 
Health Study)

n=86,368 
women with 
no history 
of stroke, 
cancer, CVD, 
myocardial 
infarction, 
or angina; 
follow-up=14 
years

Dietary and 
supplementary 
magnesium 
intake

No significant association was observed 
between dietary or supplementary 
magnesium intake and risk of total or 
ischemic stroke in women.

No other adverse effects were mentioned.
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Ascherio 
et al., 1998

Stroke Prospective 
cohort study 
(the Health 
Professional 
Follow-up 
Study)

n=43,738 
men with no 
history of MI, 
stroke, angina, 
coronary 
artery surgery, 
peripheral 
arterial 
disease, or 
diabetes

Dietary 
magnesium 
intake

Dietary magnesium intake was inversely 
associated with risk of total stroke (χ for 
trend=–2.21), and men with the highest 
intake (452 mg/day) had 30% reduced 
risk compared to men with the lowest 
intake (243 mg/day, RR=0.70, 95% CI: 
0.49–1.01, p=0.027).

Further analysis showed that the 
association was significant in hypertensive 
men (RR=0.53, p for trend=0.006) but not 
in non-hypertensive men.

Magnesium intake was correlated with 
intake of potassium (r=0.65) and fiber 
(r=0.62). Reduced risk of total or ischemic 
stroke was not associated with intake of 
magnesium supplements.

No adverse effects were mentioned.

Tier 3: Animal studies

Ghabriel 
et al., 2006

Diffused 
TBI, impact-
acceleration 
model of 
diffuse TBI

Male Sprague-
Dawley rats

Postinjury,  
i.v. MgSO4 
(30 mg/kg) 
administered 30 
minutes after 
injury

All injured rats had increased 
immunolabeling for AQP4 in neuropil and 
inner and outer glia limitans and decreased 
micro-vessel labeling. However, compared 
to untreated rats, MgSO4-treated rats had 
decreased AQP4 activity and increased 
labeling of micro-vessels. Labeling in 
treated rats was restored to the level of 
sham-injured controls and uninjured rats.

Electron microscopy showed 
immunolabeling for AQP1 around brain 
vessels circumference in sham-injured rats 
and MgSO4-treated rats but not untreated 
rats.
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Type of Study 
and Subjects Treatment Findings/Results

Enomoto 
et al., 2005

Lateral fluid-
percussion 
injury (LFPI)

Male Wistar 
rats

n=68 

Preinjury,  
i.v. MgCl2 (150 
μmol) or saline 
administered 
from 20 to 5 
minutes before 
injury

Brain tissue samples were taken from some 
rats from both injury groups at 10, 30, 60, 
and 120 minutes after injury.

Compared to sham-injured rats, LFPI-
injured rats had higher levels of phospho-
ERK in their ipsilateral hippocampus at all 
times (p < 0.05 at 120 minutes; p < 0.01 
at all other times). Significantly higher 
levels of phospho-ERK was observed in 
LFPI rats after 10 minutes (p < 0.01) but 
not other times.

Compared to LFPI rats treated with 
saline, Mg2+ treatment had no effect on 
ERK level in FP rats at 10 minutes. But 
significantly lower levels of ERK were seen 
in the ipsilateral hippocampus of Mg2+-
treated LFPI rats at 60 minutes  
(p < 0.05); this change was not seen in 
their contralateral hippocampus.

Compared to sham-injured rats, LFPI 
rats had a larger amount of neuronal 
loss in the ipsilateral CA3 region of the 
hippocampus (p < 0.01) but not in the 
contralateral CA3 region. However, 
compared to saline-treated rats, Mg2+-
treated rats had smaller amount of 
neuronal loss (p < 0.05).

The rats’ memories were tested using a 
radial arm maze 2 weeks after injury. LFPI 
rats had significantly impaired working 
and reference memory compared to 
sham-injured rats (p < 0.0001), but Mg2+ 
significantly reduced impairment of both 
working (p < 0.0001) and reference (p < 
0.05) memory.

Browne 
et al., 2004

TBI (fluid 
percussion 
model)

Adult, male 
Sprague-
Dawley rats

Postinjury, 
MgSO4 (15 
minutes after), 
NPS 1506 (15 
minutes and 4 
hours after), 
or saline (15 
minutes after); 
sham-injured 
rats were treated 
with saline 90 
minutes after

Cognitive functions tested using Morris 
water maze showed that all injured rats 
spent more time than sham-injured rats 
completing the task (p < 0.001). However, 
performance was not significantly different 
between the treatment groups among 
injured rats.

Evaluation of tissue loss in the 
hippocampus showed that rats treated 
with MgSO4 had significantly reduced 
loss (14%) compared to rats treated with 
NPS 1506 (38%) or saline (34%, p < 
0.001). Loss in the ipsilateral cortex was 
not significantly different between the 
treatment groups.
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Fromm 
et al., 2004

Diffuse TBI, 
impact-
acceleration 
model

Adult, male 
Sprague-
Dawley rats

n=32

Postinjury,  
i.v. MgSO4 (250 
μmol/kg) 30 
minutes after 
injury or no 
treatment

At day 7, MgSO4-treated rats had higher 
scores on the Open Field Test than 
untreated controls (p < 0.05). Compared 
to their preinjury scores, control rats 
were 69% lower (p < 0.001), whereas the 
MgSO4-treated rats were only 28% lower.

At day 28, scores for MgSO4-treated rats 
were better than controls (p < 0.05) and 
not significantly different from preinjury 
values. At day 42, MgSO4-treated rats 
were performing better than control rats 
(p < 0.01) and were at 76% of preinjury 
level.

Depression over the 42-day study period 
was noted in 68% of control rats and 
34% of MgSO4-treated rats. At day 42, 
incidence of depression was significantly 
greater in control rats (90%) than MgSO4-
treated rats (30%, p < 0.05).

Park and 
Hyun, 2004

Weight-drop 
induced 
moderate 
diffuse axonal 
injury

Adult, male 
Sprague-
Dawley rats

Postinjury, 
MgSO4 (750 
μmol/kg) or 
saline at 30 
minutes after 
injury

Although serum Mg2+ level was reduced 
immediately after injury (p < 0.05), it 
returned to preinjury levels after 12 hours. 
Postinjury total Mg2+ levels were not 
significantly different from preinjury levels.

Compared to preinjury values, postinjury 
serum calcium to serum Mg2+ ratio 
(calcium level relative to serum Mg2+ level) 
was significantly higher between hours 
1–3 (p < 0.05); it was not different from 
preinjury level after 6 hours.

MgSO4 treatment had no effect on arterial 
blood pressure. Apoptotic Index was 
higher in untreated rats at 12 and 24 
hours postinjury compared to treated rats 
(p < 0.05), but there was no difference 
after 48 hours.

Turner et al., 
2004

TBI, impact-
acceleration 
model of 
diffuse TBI

Adult, male 
Sprague-
Dawley rats

Postinjury, 
250 μmol/
kg of MgSO4, 
magnesium 
gluconate, 
or saline 
administered 30 
minutes after 
injury

Rats treated with MgSO4 and 
magnesium gluconate had improved 
motor performance (p < 0.01) and faster 
cognitive recovery (p < 0.05) compared to 
saline-treated rats.

MgSO4 and magnesium gluconate 
treatment also resulted in lesser degree of 
cell stress in the cortex and hippocampus 
than saline treatment (p < 0.05). There 
was no significant difference between the 
two magnesium treatments in any of the 
three variables.
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Esen et al., 
2003

TBI,  
closed injury 
model

Adult, male 
Sprague-
Dawley rats

n=68

Postinjury, 
intraperitoneal 
bolus of MgSO4 
(750 μm/kg) 
or saline 30 
minutes after 
injury

Compared to injured, saline-treated 
controls, injured, MgSO4-treated rats 
had significantly reduced brain water 
content (p < 0.05) and increased brain 
tissue specific gravity (p < 0.05) in both 
hemispheres.

Blood-brain barrier integrity was 
significantly reduced in injured rats, 
compared to sham-injured rats (p < 
0.05). But MgSO4 treatment increased 
integrity to a level that was greater than 
injured controls (p < 0.05) and that was 
not significantly different from uninjured 
controls.

Hoane et al., 
2003

TBI, bilateral 
anterior medial 
cortex lesions 
(bAMC)

Male Sprague-
Dawley rats

Postinjury, 
MgCl2 (at 
1 mmol/kg 
or 2 mmol/
kg) or saline 
administered 
15 minutes, 
24 hours, and 
72 hours after 
injury

Treatment with 1 mmol or 2 mmol 
of MgCl2 had no effect on memory 
acquisition. Working memory was 
improved with 2 mmol of MgCl2 on days 
1 (p < 0.03) and 2 (p < 0.01), while 1 
mmol of MgCl2 resulted in improvement 
on day 2 (p < 0.03).

Delayed match-to-sample test showed 
that rats treated with 2 mmol MgCl2 
completed the test faster than injured, 
saline-treated rats (p < 0.009); treatment 
with 1 mmol MgCl2 made no significant 
difference.

In bilateral tactile removal test, 
performance was improved by 2 mmol 
of MgCl2 on days 1–3 (p < 0.04) and by 
1 mmol of MgCl2 on day 1 (p < 0.01). 
Lesion size was not significantly affected 
by MgCl2.

Vink et al., 
2003

Diffuse TBI Male Sprague-
Dawley rats

Postinjury,  
i.v. MgSO4  
(250 μmol/kg) 
or saline

At 28 days after injury, MgSO4-treated 
rats had better sensorimotor abilities, as 
measured by Rotarod scores, than saline-
treated rats (p < 0.05).

Although injury significantly lowered 
performance on the Open Field Test (p < 
0.001), magnesium treatment restored the 
rats’ performance to the level of sham-
injured rats.

On the Barnes Maze testing spatial 
learning abilities, saline-treated rats 
showed significantly slower improvement 
in performance than sham-injured rats (p 
< 0.05), improving at a rate of 11% of 
sham-injured rats. However, magnesium-
treated rats were performing at 62% of 
sham-injured rats.
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Hoane and 
Barth, 2002

TBI,  
focal injury 
model

Male, Wistar 
rats

Postinjury, 
MgCl2 (initial 
injection of 
1.0 mmol/kg 
at 15 minutes, 
8 hours, or 24 
hours following 
injury, then 
subsequent 
injections at 24 
hour and 72 
hours after first 
injection) or 
saline (injected 
at 15 minutes 
after injury, then 
24 hours and 48 
hours after first 
injection)

All rats recovered from an initial decline 
following injury in performance in the 
vibrissae-forelimb placing, forelimb-
forelimb placing, and foot-fault tests (p < 
0.0001 for all three tests). But rats treated 
with MgCl2 performed better (p < 0.0001 
for all three tests) and recovered faster 
(p < 0.02 for all three tests) than saline-
treated rats.

MgCl2-treated rats had better performance 
and recovery rate on the vibrissae-forelimb 
placing and forelimb-forelimb placing 
tests regardless of the time of the initial 
injection (p < 0.002), and there was 
no significant difference between rats 
receiving the initial injection at different 
times.

In the foot-fault test, MgCl2 injection at 
15 minutes and 8 hours postinjury led 
to significantly better performance and 
faster recovery (p < 0.05), but MgCl2 at 
24 hours postinjury did not lead to better 
results.

MgCl2 had no effect on lesion volume.

Compared to saline treatment, MgCl2 at 
15 minutes postinjury was associated with 
less thalamic cell loss (p < 0.001). MgCl2 
at other times were not significantly 
different from saline treatment or from 
each other.

Heath and 
Vink, 2001

TBI, closed 
head injury 
model of 
diffused brain 
injury 

Male Sprague-
Dawley rats

Postinjury, 
i.v. MgSO4 
(250 μmol/kg) 
or saline at 30 
minutes after 
injury

58% of the rats had subdural hematoma 
1 week after injury; 23% were treated 
with MgSO4, and 35% were treated with 
saline. Rotarod scores were higher in 
MgSO4-treated rats without hematoma 
compared to all saline-treated rats (both 
with and without hematoma, p < 0.05).

All injured rats had decreased free 
magnesium concentration immediately 
after injury. But only MgSO4-treated rats 
without hematoma recovered to preinjury 
level (p < 0.05); all other rats remained at 
depressed level.
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Saatman 
et al., 2001

TBI, 
lateral fluid 
percussion 
brain injury

Adult, male 
Sprague-
Dawley rats,

n=40

Preinjury: 
magnesium-
deficient diet vs. 
normal diet

Postinjury:  
rats fed 
a normal 
diet before 
injury were 
administered 
MgCl2 (15 
minute infusion 
of 125 μmol) 
or saline at 10 
minutes after 
injury; rats fed 
a magnesium-
deficient 
diet were 
administered 
saline

Among the injured rats, mortality rate was 
not affected by preinjury diet or postinjury 
treatment.

Lesion size in the cortex was greater in 
rats fed magnesium-deficient diet than in 
rats fed with normal diet and treated with 
saline at both –3.3 mm (p < 0.05) and 
–5.3 mm (p < 0.01) Bregma. In injured 
rats, cortical lesion was smaller in MgCl2-
treated rats than in saline-treated rats at 
–3.3 mm and –5.3 mm Bregma (p < 0.05 
for both). Lesion size at the ipsilateral 
CA3 region was the same in all injured 
rats.

At –3.3 mm Bregma, MgCl2-treated rats 
had smaller spectrin breakdown area in 
the cortex than rats fed with magnesium-
deficient diet (p < 0.05). At –5.3 mm 
Bregma, MgCl2-treated rats had smaller 
spectrin breakdown area in the cortex 
than the rats on magnesium-deficient 
diets (p < 0.005) and injured, saline-
treated rats (p < 0.05). In the CA3 region, 
MgCl2-treated rats had smaller spectrin 
breakdown area than saline-treated rats (p 
< 0.05).

Rats fed with magnesium-deficient diet 
had greater loss of microtubule-associated 
protein-2 (MAP-2) in the dentate hilus 
than sham-injured rats (p < 0.001). 
Magnesium-deficient rats also had greater 
MAP-2 loss in the CA3 region than 
MgCl2-treated rats (p < 0.05).
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Bareyre 
et al., 1999

TBI, LFPI Male Sprague-
Dawley rats

Postinjury, 
MgCl2 (125 
μmol) or saline 
administered 1 
hour after injury

Ionized, free Mg2+ level in serum in 
injured rats treated with saline was 
decreased compared to uninjured controls 
(p < 0.01) and was lower than injured rats 
treated with MgCl2 throughout the 24- 
hour period (p < 0.05).

Mean total Mg2+ level was unchanged in 
all saline-treated rats. It was increased in 
injured rats treated with MgCl2 at 2 hours 
(p < 0.001), but it returned to normal level 
after 24 hours.

At days 14 and 15, learning deficit was 
smaller in uninjured rats than injured 
rats (p < 0.001) and was not affected by 
MgCl2 treatment. MgCl2 treatment did not 
affect neurologic motor function in injured 
rats in the first 48 hours after injury, but it 
improved motor function after 1 week (p 
< 0.01) and 2 weeks (p < 0.001).

Ionized, free Mg2+ level at 24 hours was 
correlated with neurologic motor function 
at week 1 (r=0.51, p < 0.05) and week 2 
(r=0.81, p < 0.001).

Heath and 
Vink, 1999a

Closed head 
model of 
diffused axonal 
injury

Male, 
Sprague-
Dawley rats

Postinjury,  
i.m. MgSO4 
(bolus of 750 
μmol/kg 30 
minutes, 8 
hours, 12 hours, 
or 24 hours 
after injury, 
or initial dose 
at 30 minutes 
postinjury, then 
additional doses 
every 12 hours 
after injury) or 
no treatment

TBI led to significant reduction in 
Rotarod scores in untreated rats (p < 
0.001), but MgSO4 30 minutes after 
injury significantly improved the scores 
(p < 0.01). Rats treated at 8, 12, and 24 
hours postinjury also had significantly 
improved scores (p < 0.05) compared to 
saline-treated rats, but the rate of their 
improvement was slower than rats treated 
at 30 minutes.

For up to 2 days after injury, blood 
free-Mg2+ level was significantly 
lower in untreated rats (p < 0.05), but 
administration of MgSO4 at 30 minutes 
after injury increased and sustained blood 
free-Mg2+ to above preinjury level for up 
to 12 hours.

Although rats that had repeated injection 
of MgSO4 at 12-hour intervals for 1 week 
after injury had better neurological motor 
performance than untreated rats, their 
performance was not significantly different 
from rats treated with a single bolus of 
MgSO4.
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Heath and 
Vink, 1999b

Severe, diffuse 
closed TBI

Male, 
Sprague-
Dawley rats

Postinjury,  
i.v. or i.m. bolus 
of MgSO4 or 
MgCl2 (both at 
doses of 100, 
250, 500, 750, 
1,000, or 1,250 
μmol/kg) 30 
minutes after 
injury

Compared to untreated, injured controls, 
performance on Rotarod test was better in 
rats treated with i.m. MgSO4 at 250–
1,000 μmol/kg, i.v. MgSO4 at 250–500 
μmol/kg, i.m. MgCl2 at 750 μmol/kg, and 
i.v. MgCl2 at 100–250 μmol/kg (p < 0.05 
for all).

Metabolic outcome was analyzed 
using phosphorus magnetic resonance 
spectroscopy with i.m. MgSO4 at 750 
μmol/kg. Injury did not change the 
brain intracellular pH level or ATP 
concentration. Free magnesium in 
both control and treated rats declined 
significantly (p < 0.01) from preinjury 
level; however, the MgSO4 group 
experienced an increase that was 
significantly higher than controls (p < 
0.05) but not significantly different from 
preinjury level. Brain bioenergetic status 
declined after injury in both control and 
MgSO4 groups (p < 0.05). Bioenergetic 
status of rats with MgSO4 treatment was 
increased to preinjury level and was higher 
than controls (p < 0.05).

Rotarod scores were highly correlated 
with free magnesium concentration 
(r=0.92, p < 0.001) and bioenergetic status 
(r=0.94, p < 0.001).
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Hoane et al., 
1998

TBI, electrolytic 
lesion model of 
cortical injury

Male Wistar 
rats, 11–12 
weeks old

 n=24

Preinjury  
daily 
intraperitoneal 
injections of 
MgCl2 (1 mmol/
kg) or saline (1 
mL/kg) starting 
at 5 or 2 days 
before injury; 
last injection at 
24 hours before 
injury

In both the vibrissae-forelimb placing 
test and forelimb-forelimb placing test, 
rats treated for 5 or 2 days showed 
significantly less impairment for up to 
3 weeks after surgery (p < 0.0001 for 
vibrissae-forelimb placing and p < 0.02 for 
forelimb-forelimb placing) compared to 
saline-treated rats, but the difference was 
minimized after 3 weeks, showing that the 
number of days after injury has significant 
effect on impairment reduction (on both 
tests: p < 0.0001 for effect of number of 
days).

Analysis of recovery rate showed that 
rats treated for 5 or 2 days recovered 
significantly faster than saline-treated 
rats (treatment/days interactions for 
vibrissae-forelimb test: p < 0.0001; for 
forelimb-forelimb: p < 0.009). In vibrissae-
forelimb test, both 5-day and 2-day group 
recovered significantly faster than saline 
group (p < 0.0001 for both groups). But 
in forelimb-forelimb test, only 2-day 
group recovered faster than saline group 
(p < 0.0004). In both tests, difference in 
recovery rate of 5-day and 2-day groups 
was not significantly different.

In the foot-fault test, 5-day and 2-day rats 
made fewer mistakes than saline-treated 
rats (p < 0.0002), but that difference 
disappeared after 7 days, suggesting that 
number of days has an effect on test 
performance test (p < 0.0001). MgCl2-
treated rats also recovered faster than 
saline-treated rats (p < 0.0002 for both 
2-day and 5-day vs. saline comparisons). 
There was a difference in recovery rate 
between 5-day group and 2-day group (p 
< .005).

Comparison of striatal atrophy between 
5-day group and saline group showed 
that saline group had significantly greater 
reduction in ipsilateral striatum volume (p 
< 0.05), with 20% reduction in saline rats 
and almost no reduction in 5-day treated 
rats.
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Feldman 
et al., 1996

TBI,  
closed head 
injury

Male, 
Sprague-
Dawley rats

Postinjury, 
MgSO4 (600 
mg/kg 1 hour 
after injury) or 
no treatment

At both 18 and 48 hours after injury, 
injured rats treated with MgSO4 had 
significantly improved neurological 
severity score than untreated rats (p < 0.05 
for both times).

TBI led to brain edema in injured rats 
compared to sham-injured rats (p < 0.05). 
Rats treated for 48 hours had reduced 
edema compared to untreated rats (p 
< 0.05). However 18 hours of MgSO4 
treatment had no effect on edema size.

Brain Mg2+ level in rats treated with 
MgSO4 for 48 hours was significantly 
higher when compared to sham-injured, 
untreated rats (p < 0.01), but not when 
compared to injured, untreated rats.

Serum osmolality was not significantly 
different from baseline after MgSO4 
treatment.

 a n: sample size.
 b r: correlation coefficient.
 c OR: odds ratio.
 d CI: confidence interval.
 e B: regression coefficient.
 f HR: hazard ratio.
 g RR: relative risk.
 h z: z-score.

observational study by Larsson and colleagues (2008) examined the relationship between di-
etary magnesium intake and the risk of stroke among the Alpha-Tocopherol, Beta-Carotene 
Cancer Prevention Study cohort of more than 26,000 male Finnish smokers. The subjects 
were 50 to 69 years of age and free from stroke at baseline. After adjusting for age and 
cardiovascular risk factor, magnesium intake was significantly inversely associated with risk 
of cerebral infarction, but not intracerebral or subarachnoid hemorrhage. This association 
was found to be strongest in men younger than 60 years of age. A similar inverse association 
was observed in the Health Professionals Follow-up Study of more than 43,000 U.S. men. 
Specifically, magnesium intake was significantly inversely associated with risk of total stroke, 
most strongly among hypertensive subjects (Ascherio et al., 1998). Other cohort studies did 
not find a significant association between magnesium intake and risk of stroke (Iso et al., 
1999; Song et al., 2005).
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Animal Studies

The majority of recent animal studies of magnesium therapy for TBI have investigated 
its effectiveness as a treatment for physiological events that occur during the secondary 
injury process. However, early animal head-injury models involving magnesium examined 
its prophylactic use to determine whether an intervention before injury would improve 
neurological outcome and decrease mortality by attenuating the postinjury decline of intra-
cellular magnesium concentration (McIntosh et al., 1988; Vink and McIntosh, 1990; Vink 
et al., 1988). The prevention of such postinjury decline of intracellular magnesium levels was 
associated with enhanced neurological recovery following intravenous magnesium sulfate 
administration 15 minutes before fluid percussion brain injury (McIntosh et al., 1988). Rats 
receiving prophylactic administration of magnesium chloride prior to electrolytic lesions 
of the somatic sensorimotor cortex also had more improved sensorimotor recovery than 
control rats (Hoane et al., 1998). Enomoto and colleagues reported in 2005 that intrave-
nous administration of magnesium 5 to 20 minutes before the induction of traumatic brain 
damage by a lateral fluid percussion brain injury model prevented injury-induced neuronal 
loss in the hippocampus, as well as injury-induced impairments in working and reference 
memory on the Morris water maze, a test of spatial memory.

Experimental studies have also examined the effect of preinjury magnesium deficiency on 
postinjury outcomes. When compared to controls fed a normal diet, rats fed a magnesium-
deficient diet for two weeks prior to lateral fluid percussion brain injury responded with 
significantly greater neurological impairment that persisted for four weeks postinjury, as well 
as increased mortality (McIntosh et al., 1988).

EVIDENCE INDICATING EFFECT ON TREATMENT

Human Studies

Based on studies demonstrating negative correlations between serum magnesium levels 
and the severity of neurological deficits following brain trauma as well as the neuroprotec-
tive effects of magnesium observed in experimental animals, a number of clinical studies 
have assessed the contribution of magnesium to recovery following stroke. Overall, the 
results of these studies indicate that intravenous administration of magnesium sulfate raises 
cerebrospinal fluid and brain extracellular levels of magnesium. Magnesium administration 
also appears to be well tolerated, with few side effects reported (Dorhout Mees et al., 2007; 
McKee et al., 2005a; Meloni et al., 2006).

The results of studies examining the neuroprotective effects of magnesium have been 
mixed. On the positive side, Dhandapani and colleagues (2008) reported that patients given 
parenteral magnesium sulfate within 12 hours after closed head injury displayed less brain 
swelling and lower mortality than patients not given magnesium. Further evidence of ben-
eficial effects of magnesium comes from work demonstrating that patients given magnesium 
sulfate within the first 24 hours after a stroke displayed more functional independence one 
month after the stroke than patients given a placebo (Lampl et al., 2001). Patients given 
magnesium within 4 days of suffering a subarachnoid hemorrhage, and then for the subse-
quent 20 days, also reportedly had less risk of delayed cerebral ischemia than patients given 
a placebo. However, the authors did note that a high concentration of serum magnesium 
could have a negative effect on clinical outcome (Dorhout Mees et al., 2007).

Although the results of some clinical studies indicate a neuroprotective role for mag-
nesium, results of other studies have been less positive (Kidwell et al., 2009; McKee et al., 
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2005a; Stippler et al., 2007; Temkin et al., 2007). In a double-blind trial, Temkin and col-
leagues (2007) evaluated the effects of intravenous administration of two doses of magne-
sium sulfate or placebo given within eight hours of traumatic brain injury and continuing for 
five days in 499 patients. Magnesium had no significant positive effects on survival, seizure 
occurrence, or neurobehavioral functioning. Similarly, the Intravenous Magnesium Efficacy 
in Stroke (IMAGES) trial failed to demonstrate a survival benefit in more than 2,500 pa-
tients with acute ischemic stroke who received either magnesium sulfate or placebo within 
12 hours of stroke onset (IMAGES Study Investigators, 2004). Moreover, in a subsequent 
report of a substudy within the IMAGES trial using magnetic resonance imaging, there were 
no differences in infarct growth observed between patients who had received magnesium and 
those who had not (Kidwell et al., 2009). In an analysis of three randomized control trials, 
a Cochrane review concluded that magnesium therapy in patients with acute brain injury is 
not currently supported by the evidence (Arango and Mejia-Mantilla, 2006).

Animal Studies

More than 20 years ago, Vink and colleagues (Heath and Vink, 1998; Vink et al., 1988) 
reported that TBI in laboratory rodents was associated with a decline in intracellular free 
magnesium and further noted that the greater the reduction in magnesium, the more severe 
the trauma-induced neurological deficits. In subsequent work, these investigators demon-
strated that magnesium deficiency exacerbated the physiological and behavioral outcomes of 
traumatic brain injury, while pretreatment with magnesium improved them (McIntosh et al., 
1988, 1989). More specifically, they found that rats receiving a magnesium-deficient diet for 
14 days before a fluid percussion injury displayed more profound neurological impairments 
and higher mortality rates than rats fed a standard laboratory diet. In comparison, rats 
given intravenous infusions of magnesium sulfate 15 minutes before injury demonstrated 
improved cellular bioenergetics and neurological functioning relative to rats fed the standard 
diet (McIntosh et al., 1988).

Since 1990, a variety of animal models of TBI that included fluid percussion injury, 
impact-acceleration injury, cortical contusion injury, and focal and global cerebral ischemia 
has repeatedly documented that treatment with magnesium shortly after the induction of 
injury is effective in limiting the detrimental neural and behavioral consequences of brain 
trauma (for reviews see: Hoane, 2007; Meloni et al., 2006; Sen and Gulati, 2010). Admin-
istration of magnesium prevents the postinjury decline in free magnesium, reduces cortical 
and hippocampal cell loss, ameliorates cortical alterations in microtubule-associated protein, 
and enhances cellular bioenergetic status (Enomoto et al., 2005; Heath and Vink, 1999b; 
Saatman et al., 2001; Turner et al., 2004). Treatment with magnesium can also attenuate 
the development of brain edema (Feldman et al., 1996), avert apoptotic changes in neurons 
(Park and Hyun, 2004), and diminish defects in the blood-brain barrier that result from 
TBI (Esen et al., 2003).

Magnesium also can improve the behavioral consequences of TBI. Heath and Vink 
(1999a) reported that the administration of magnesium salts after severe TBI resulted not 
only in dose-related increases in brain intracellular free magnesium, but also led to improve-
ments in motor behavior. Similarly, Hoane et al. (2003) found that magnesium chloride 
therapy facilitated reduction of sensorimotor deficits in a dose-dependent manner following 
bilateral damage to the anterior medial cortex.

The effects of magnesium on recovery are not limited to the transient phase of secondary 
injury, but rather have long-term functional significance. Research has demonstrated that 
posttraumatic administration of magnesium sulfate diminishes spatial and motor deficits 
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and attenuates anxiety in rats for up to four weeks after the induction of severe diffuse TBI 
(Vink et al., 2003). Further evidence of the potential long-term effects of magnesium comes 
from Browne and colleagues, who reported that magnesium given 15 minutes after fluid 
percussion injury significantly reduced tissue loss in the hippocampus when measured eight 
months after the induction of brain damage. However, although magnesium did reduce 
tissue loss, there were no differences observed in cognitive behavior between treated and 
untreated animals (Browne et al., 2004).

Most studies examining the therapeutic effects of magnesium following TBI in experi-
mental animals have concentrated on recovery of sensory functions, motor functions, or 
both. Studies conducted since 2000, however, also indicate that magnesium therapy can 
improve deficits in cognitive function that result from TBI (Enomoto et al., 2005; Hoane, 
2007; Hoane et al., 2003). As mentioned in the earlier section on resilience, a significant 
reduction in ipsilateral hippocampal cell loss was seen when magnesium therapy was admin-
istered prior to fluid percussion brain injury; accordingly, the magnesium therapy prevented 
injury-induced cognitive dysfunction in the Morris water maze (Enomoto et al., 2005). 
Hoane (2007) similarly reported that rats given magnesium chloride shortly after brain 
injury displayed fewer deficits in both reference and working memory on the Morris water 
maze than controls not given magnesium. It should be noted, however, that magnesium did 
not improve all aspects of cognitive behavior. In fact, daily administration of a high dose 
of magnesium produced amnesia and impairments in the acquisition of reference memory 
task on the Morris water maze. These findings indicate that the type of task used must be 
considered when evaluating the effects of magnesium on recovery of function following TBI.

TBI can affect brain regions and neurotransmitter systems involved in the modulation 
of mood, making depression and anxiety common occurrences in brain-damaged individu-
als (Bombardier et al., 2010; Jorge and Starkstein, 2005). It has been hypothesized that 
magnesium could be useful in alleviating mood disturbances related to TBI. In support of 
this hypothesis, rats given magnesium sulfate 30 minutes after impact-acceleration injury 
displayed less anxiety in an open field test 1 and 6 weeks after injury than brain-damaged 
animals not given magnesium (Fromm et al., 2004).

Taken together, the results of the previous animal studies strongly suggest that magne-
sium plays a role in the pathophysiological processes following TBI, and that magnesium 
therapy may be useful in recovery of both neural functioning and behavior. It is important 
to note, however, that not all studies have confirmed the neuroprotective effects of magne-
sium (Hoane, 2007; Hoane and Barth, 2002; Meloni et al., 2006); in reviewing studies that 
investigated the neuroprotective effects of magnesium in animals that had experienced global 
or focal cerebral ischemia, Meloni et al. (2006) reported that approximately 40 percent of 
the studies failed to find any positive effect for magnesium. These conflicting findings are 
important, because they suggest that the types of brain damage; the dose, route, and timing 
of magnesium administration; the species and strain of animal; and temperature can influ-
ence the neuroprotective effects of magnesium (see below).

One obvious factor that could contribute to the discrepancies in the results of studies 
assessing the neuroprotective effects of magnesium is the dosage used. With few exceptions 
(Heath and Vink, 1999b; Hoane et al., 2003), researchers have not examined dose-related 
responses to magnesium. Across studies, doses of magnesium have ranged from 80 mg/kg 
to more than 2,000 mg/kg, and in some studies animals were given only one dose of mag-
nesium, while in others they were given multiple doses (Meloni et al., 2006). Unfortunately, 
there are no consistent relationships evident between dosage and the neuroprotective effects 
of magnesium.

Results of a number of studies suggest that the timing of administration is another 
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important factor in determining whether magnesium can provide neuroprotective effects. 
Most studies demonstrating such an effect had administered magnesium either immediately 
before or very shortly (15 to 30 minutes) after the induction of brain injury. It is therefore 
likely that magnesium levels in the brain were elevated at the time of the injury or shortly 
thereafter (Meloni et al., 2006). When administration of magnesium was delayed for sev-
eral hours, neuroprotective effects have been less consistent. For example, although motor 
behavior improved in response to magnesium treatment provided up to 24 hours after brain 
damage, earlier treatments provided the most significant benefit (Heath and Vink, 1999a; 
Hoane and Barth, 2002). Cell death following brain injury was likewise reduced when mag-
nesium was given 15 minutes after injury, but not when it was given either 8 or 24 hours 
after injury (Hoane and Barth, 2002).

The extent of the damage following TBI may also moderate the neuroprotective effects 
of magnesium. Following impact-acceleration injury, magnesium treatment improved brain 
magnesium levels and motor behavior in rats that did not develop subdural hematomas. 
However, no such improvement was observed in rats that did develop subdural hematomas 
(Heath and Vink, 2001).

It has been hypothesized that magnesium’s neuroprotective effects following the induc-
tion of cerebral ischemia are only observed when combined with post-ischemia hypothermia 
(Campbell et al., 2008; Meloni et al., 2006, 2009; Zhu et al., 2004). Most studies have 
not considered body temperature following the induction of brain damage. In studies that 
have monitored body temperature, however, magnesium treatment reduced the death of 
hippocampal neurons in rats that were mildly hypothermic in the immediate hours after the 
induction of brain damage, but did not reduce neuronal death in animals that were normo-
thermic (Campbell et al., 2008; Meloni et al., 2006).

CONCLUSIONS AND RECOMMENDATIONS

A number of variables including dose and duration of treatment could modify the neuro-
protective effects of magnesium. Findings from both human and animal studies indicate that 
the most critical issue yet to be addressed is the window of opportunity for magnesium use 
in the treatment of TBI. Animal studies suggest that the therapeutic window within which 
neuroprotective effects of magnesium are observed is very brief. As described in preceding 
paragraphs, most animal studies demonstrating a beneficial effect of magnesium have admin-
istered the mineral within 60 minutes following brain damage, which may not be practical 
or feasible in an uncontrolled environment, such as in combat operations. Results of studies 
employing longer time intervals between injury and magnesium administration have not 
been as positive. With respect to clinical trials, results from a small number of patients in 
the IMAGES trial indicated a beneficial effect of magnesium when it was given within three 
hours of injury.3 To further evaluate the importance of rapid treatment with magnesium, the 
Field Administration of Stroke Therapy—Magnesium (FAST-MAG) phase III clinical trial 
(Saver et al., 2004) is comparing the effects of magnesium given intravenously by paramedics 
within 1 to 2 hours of symptom onset on scales of global handicap, neurological deficits, 
quality of life, and mortality, to placebo three months following injury.4 Results of this study 
have yet to be published.

Results of studies employing experimental animals have shown that magnesium can 
protect against a number of the secondary consequences of traumatic brain injury. Clini-

3 Available online at http://www.fastmag.info/sci_bkg.htm (accessed December 22, 2010).
4 Available online at http://www.fastmag.info/sci_bkg.htm (accessed December 22, 2010).
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cal studies have had more mixed results, however, with several large trials (e.g., IMAGES) 
failing to observe a beneficial effect of the mineral on recovery from stroke; indeed, a Co-
chrane review concluded that the evidence does not currently support magnesium therapy in 
patients with acute brain injury. No large clinical studies have assessed the neuroprotective 
effects of magnesium on other types of brain injury, including TBI.

At present, there is no clear evidence that magnesium would be useful in the treatment 
of TBI occurring in military personnel. However, it is recommended that the results of the 
FAST-MAG trial be monitored to determine if administration of magnesium within a two-
hour window after brain damage can alleviate some of the detrimental consequences of TBI.
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Eicosapentaenoic Acid (EPA) and 
Docosahexaenoic Acid (DHA)

Polyunsaturated fatty acids are classified as n-3 (omega-3) or n-6 (omega-6) depending 
on whether their first double bond is located on the third or sixth carbon from the terminal 
methyl group (Jones and Kubow, 2006). More than 80 percent of dietary polyunsaturated 
fatty acids consumed in the United States consist of the 18-carbon, 2 double bond, n-6 
(18:2, n-6) linoleic acid, with an average intake of about 17 g/day (IOM, 2005). The major 
dietary n-3 fatty acid is alpha-linolenic acid (ALA) (18:3, n-3), which is derived from certain 
nuts and vegetable oils (Kris-Etherton et al., 2000). Although the long-chain n-3 fatty acids 
eicosapentaenoic acid (EPA) (20:5, n-3) and docosahexaenoic acid (DHA) (22:6, n-3) can 
be synthesized from linolenic acid, the efficiency (yield) of the enzymatic reactions involved 
is rather low (Jones and Kubow, 2006).

Epidemiological studies have indicated that Inuit populations in Greenland whose 
diets contain a high level of fish (and concomitant high levels of EPA and DHA) have low 
incidences of cardiovascular disease and rheumatoid arthritis, conditions with a significant 
inflammatory etiology (Dyerberg, 1993). Several mechanisms affected by n-3 fatty acids may 
account for these findings. Polyunsaturated fatty acids serve as the precursor molecules for 
eicosanoids. The primary precursor is arachidonic acid (20:4, n-6), which is enzymatically 
transformed into inflammatory prostaglandins or leukotrienes that contain two and four 
double bonds, respectively. Prostaglandins and leukotrienes synthesized from n-3 fatty acids 
contain three and five double bonds, respectively, and are less biologically active (Jones and 
Kubow, 2006). Dietary fish oil supplementation reduces synthesis of inflammatory cytokines 
such as interleukin-1 (IL-1) and tumor necrosis factor (TNF) (Endres et al., 1989). Supple-
mentation with n-3 fatty acids likewise reduces reactive oxygen species (ROS) production by 
leukocytes (Massaro et al., 2008). EPA and DHA are also the precursors for resolvins, which 
bring about a programmed resolution of the inflammatory process (Schwab et al., 2007), 
and DHA serves as the precursor for synthesis of protectins that have anti-inflammatory and 
neuroprotective activities (Serhan, 2006).
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EPA AND DHA AND THE BRAIN

Long-chain polyunsaturated fatty acids are important structural components in cell 
membrane phospholipid bilayers, with EPA and DHA concentrated in synaptic membranes 
in the brain and in the retina (Dyall and Michael-Titus, 2008). Variations in the ratio of n-
3:n-6 composition may affect membrane fluidity, thickness, or other characteristics, as well 
as influence how proteins embedded in the membrane move and function (Lauritzen et al., 
2001). There is evidence that n-3 fatty acids protect normal mitochondrial function and 
reduce excitotoxicity (reviewed in Dyall and Michael-Titus, 2008). Human studies (years 
1990 and later) addressing the influence of EPA/DHA on resilience or treatment of central 
nervous system (CNS) injuries or disorders, such as stroke, epilepsy, and subarachnoid 
hemorrhage, are presented in Table 13-1. Likewise, Table 13-1 also lists animal studies on 
the effects of EPA/DHA on TBI.

There are various models that explain the transportation of fatty acids through the 
blood-brain barrier, most of them involving complexes with albumin and circulating lipo-
proteins. Other models propose that there are no specific transporters that participate in this 
process (Hamilton and Brunaldi, 2007).

USES AND SAFETY

There are insufficient data to correlate reduced concentrations of n-3 fatty acids with 
functional impairments; therefore, no Estimated Average Requirements (EARs) have been 
established. An Adequate Intake (AI) for alpha-linolenic acid, based on the average daily 
intake by apparently healthy people that is therefore assumed to be adequate, has been set 
at 1.6 g/day for adult men and 1.1 g/day for adult women (IOM, 2005). Any intake of 
EPA and DHA, which normally accounts for about 10 percent of total n-3 fatty acids in 
the diet, is considered to contribute to the AI for ALA. The most effective way to increase 
body stores of EPA and DHA is through increased dietary intake of oil from cold-water fish 
species and from krill.

Intake of up to 1 g/day of n-3 fatty acids from dietary fish intake is generally regarded 
as having very low risk, but higher intakes can increase the risk of gastrointestinal upset 
as well as increases in blood glucose and concentrations of low-density lipoprotein (LDL) 
cholesterol (Kris-Etherton et al., 2002). Increased intake of n-3 fatty acids will decrease the 
synthesis of the eicosanoid thromboxane A2, which promotes platelet aggregation (Kramer 
et al., 1996). Excessive intake can therefore increase the risk of bleeding, although this was 
not generally observed in a number of randomized clinical trials of fish-oil supplementation 
(Huang et al., 2007; Javierre et al., 2006). Environmental contaminants such as mercury 
and polychlorinated biphenyls can accumulate in certain species of fish, presenting another 
potential risk. The risk from mercury toxicity can be diminished, however, by avoiding 
some fish species (e.g., swordfish, mackerel), and ingestion of other contaminants can be 
diminished by removing the skin and fat from fish before cooking. Alternatively, purified 
EPA and DHA can be taken in capsule form.

Although increased dietary n-3 fatty acid intake reduces cellular production of ROS, the 
increased desaturation (double bonds) of these fatty acids increases susceptibility to lipid 
peroxidation, which may have detrimental effects on specific cellular processes, such as T 
cell–mediated immune function (Wu and Meydani, 1998). This can be ameliorated, however, 
by adequate supplementation with the antioxidant vitamin E (Wu and Meydani, 1998).
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TABLE 13-1 Relevant Data Identified for n-3 Fatty Acids (DHA, EPA, ALA)

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 1: Clinical trials

Garbagnati 
et al., 2009

Ischemic 
stroke

Randomized, 
double-blind, 
placebo-
controlled trial

na=72 stroke 
patients

Postinjury,  
n-3 
polyunsaturated 
fatty acids 
(PUFA, 
500 mg), 
antioxidants, 
PUFA and 
antioxidants, or 
placebo for 12 
months

Neurological and function status was not 
significantly affected by any supplements. 
Although PUFA was associated with lower 
mortality rate, the trend was not statistically 
significant.

No adverse effects were observed.

Poppitt 
et al., 2009

Ischemic 
stroke

Randomized, 
placebo-
controlled trial

n=102 stroke 
patients

3 g/day of fish 
oil capsules 
containing 
approx 1.2 g 
total n-3 fatty 
acid (0.7 DHA, 
0.3 EPA) or 
placebo for 12 
weeks

Fish oil had no effect on triglyceride level, 
though there was a nonsignificant 7% 
increase in the fish oil-treated group and a 
nonsignificant 3% decrease in the placebo 
group.

Fish oil also had no significant effect 
on total cholesterol level, high-density 
lipoprotein cholesterol, low-density 
lipoprotein cholesterol (LDL-C), LDL 
particle size, different sized LDL-C, high 
sensitivity C-reactive protein, erythrocyte 
sedimentation, ferritin, or fibrinogen.

Analysis of the 28-item General Health 
Questionnaire showed that fish oil–treated 
group had a mean 1.41 point decrease 
in total score (95% CIb: –2.76 to –0.06; 
p=0.04) and a mean 1.24 point decrease in 
social dysfunction (95% CI: –2.33 to –0.14; 
p=0.03). There was no change in scores for 
somatic symptoms, anxiety and insomnia, 
or depression.

Adverse effects related to treatment were 
not assessed.
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Bromfield 
et al., 2008

Intractable 
focal or 
generalized 
epilepsy

Randomized, 
double-blind 
trial for 12 
weeks, then 
open-label for 
4 weeks

n=21

PUFA 
supplement 
(EPA + DHA) 
at 2.2 mg/day 
in 3:2 ratio or 
placebo

During the double-blind phase, the number 
of subjects experiencing a > 50% reduction 
in seizure frequency was not significantly 
higher than baseline. Median seizure 
frequency during this study phase also 
showed no significant difference between 
the two groups.

PUFA treatment also had no effect on 
quality of life, as measured by Quality 
of Life in Epilepsy survey. During the 
open-label phase, 79% of patients 
experienced decreased seizure frequency, 
with 33% of these patients experiencing a 
> 50% reduction. Analysis of serum drug 
concentration showed a 16% decrease in 
lamotrigine levels (p < 0.05); there were no 
changes in other drugs.

Although not significant, nausea and/or 
diarrhea was reported more frequently in 
the treatment group (p=0.18).

DeGiorgio 
et al., 2008

Refractory 
epilepsy

Randomized, 
double-blind, 
cross-over 
clinical trial

n=11

9,600 mg of fish 
oil/day (2,800 
mg of n-3 fatty 
acids) or same 
quantity of 
placebo

An average 11% increase in seizure 
frequency from baseline was observed in 
patients taking fish oil, and an average 
14% increase was observed in those taking 
placebo, but these increases were not 
significant (p=0.051).

There was no significant change of seizure 
severity from baseline in either group. Fish 
oil treatment also had no effect on total 
cholesterol level, LDL level, high-density 
lipoprotein level, mean arterial pressure, 
or heart rate variability. However, fish oil 
treatment was inversely correlated with 
heart rate variability (SDNNc) in the highest 
risk patients (rs

d=–0.65, p=0.03); there was 
no correlation between placebo and heart 
rate variability (SDNN).

TABLE 13-1 Continued

continued
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Tanaka 
et al., 2008

Stroke Prospective, 
randomized, 
open-label, 
blinded 
endpoint trial

n=18,645

EPA (1,800 
mg/day) 
supplementing 
statin or statin 
alone for 
approximately 5 
years

During the study period, subjects with no 
history of stroke who were taking EPA 
had significantly greater reduction in total 
cholesterol level (17.6% vs. 17.0%; p < 
0.0001) and triglyceride level (7.3% vs. 
2.6%; p < 0.0001) than subjects in the same 
subgroup who were not taking EPA. EPA 
subjects with history of stroke had greater 
reduction of triglyceride level (p < 0.001) 
than subjects not taking EPA.

EPA supplementation had no significant 
effect in preventing stroke in subjects 
without a history of stroke, but it 
significantly reduced total stroke incident 
in subjects who had a history of stroke 
(HRe=0.80, 95% CI: 0.64–0.997; p=0.047).

No adverse effects were mentioned.

Yoneda 
et al., 2008

Subarachnoid 
hemorrhage 
(SAH)

Prospective, 
non-
randomized 
trial

n=101 SAH 
patients

Oral 
administration 
of EPA (1,800 
mg) daily for 10 
days (day 4–14); 
control group 
did not receive 
EPA

EPA supplementation significantly reduced 
the incidence of symptomatic vasospasm 
in the treatment group compared to the 
control group (14% vs. 36%, p=0.019). The 
EPA group also had a lower level of low-
density areas attributable to vasospasm than 
the controls (4% vs. 29%, p=0.001).

More patients from the EPA group had 
a good outcome at 1 month after onset 
of SAH (85% vs. 64% in control group, 
p=0.022). The control group had more 
deaths than the EPA group (11% vs. 0%, 
p=0.020).

No adverse effects were observed.

Puri et al., 
2007

Chronic 
refractory 
epilepsy

Pilot, 
randomized, 
double-blind, 
placebo-
controlled trial

n=7 patients

average age: 
50.7±13.6 
years

EPA (1 g) + 
DHA (0.7 g) or 
placebo daily 
for 12 weeks

Treatment with n-3 fatty acids had 
no significant effect on the percentage 
change of phosphodiesters, γ-nucleotide 
triphosphate, or broadband component.

No adverse effects were mentioned.
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continued

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Yuen et al., 
2005

Epilepsy Randomized, 
placebo-
controlled, 
double-blind 
trial for 
12 weeks, 
followed by 
open-label trial 
for another 12 
weeks when 
all patients 
received PUFA

n=57

1 g of EPA + 
0.7 g of DHA 
or matching 
placebo daily

Greater proportion of patients on PUFA 
than on placebo had a > 50% seizure 
reduction in the first 6 weeks (17% vs. 0%, 
95% CI: 1.5–3.6%; p < 0.05), but there was 
no difference between weeks 6 and 12.

During the open-label period (weeks 
13–24), total seizure and complex partial 
seizure in previously placebo-treated 
patients was reduced in weeks 13–18 
compared to the first 6 weeks of the trial 
(p=0.051).

There was no significant difference in rescue 
medication doses between the two groups 
during the blind period. But the PUFA 
group had greater decrease during weeks 
19–24, with 1.2 from previous range of 
1.9–2.3. There was no significant difference 
in serum antiepileptic drug concentration.

Sleepiness, fatigue and breathlessness, 
diarrhea, recurrence of depression and 
paranoia, and status epilepticus were 
reported among only a small number of 
subjects on supplements (n=5, one subject 
reporting per adverse effect).
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

GISSI-
Prevenzione 
Investigators, 
1999

Myocardial 
infarction 
(MI), 
stroke, and 
death from 
cardiovascular 
causes 
(primary 
outcome 
events)

Randomized, 
placebo-
controlled, 
multi-center, 
open-label 
trial (Gruppo 
Italiano per lo 
Studio della 
Sopravvivenza 
nell’Infarto 
miocardico)

n=11,324 
patients aged 
49–70 years 
with recent (≤ 
3 months) MI

2×2 factorial 
design: vitamin 
E (300 mg 
synthetic 
α-tocopherol) or 
placebo and n-3 
PUFA (850–882 
mg EPA and 
DHA as ethyl 
esters in average 
ratio of EPA/
DHA 1:2)

At 6 months, patients taking PUFA had 
decreased triglyceride concentration 
compared to controls (p < 0.05).

Two-way analysis of PUFA treatment (vs. no 
PUFA) for the entire study period showed 
that PUFA-treatment patients were at lower 
risk for combined endpoints of death, non-
fatal MI, and non-fatal stroke (RRf=0.90, 
95% CI: 0.82–0.99; p=0.048).

Four-way analysis of all four treatment 
groups confirmed that PUFA group was 
at lower risk for combined endpoints of 
death, non-fatal MI, and non-fatal stroke 
(RR=0.85, 95% CI: 0.74–0.98; p=0.023) 
and combined endpoints of cardiovascular 
disease (CVD) death, non-fatal MI, and 
non-fatal stroke (RR=0.80, 95% CI: 
0.68–0.95; p=0.008).

PUFA patients also had reduced risk of 
individual mortality events: CVD death 
(RR=0.70, 95% CI: 0.56–0.87; p=0.042), 
coronary death (RR=0.65, 95% CI: 
0.51–0.84; p=0.0226), and sudden death 
(RR=0.55, 95% CI: 0.40–0.76; p=0.01).

Analyzing the combined effects of PUFA 
and vitamin E showed that treatment 
reduced the risk for combined endpoints of 
death, non-fatal MI, and non-fatal stroke 
(RR=0.86, 95% CI: 0.74–0.99) and for 
CVD death, non-fatal MI, and non-fatal 
stroke (RR=0.88, 95% CI: 0.75–1.03).

Total mortality also was reduced in PUFA 
+ vitamin E group (RR=0.80, 95% CI: 
0.67–0.95) compared to controls. The risk 
of combined death, non-fatal MI, and non-
fatal stroke in PUFA + vitamin E patients 
was similar to patients taking PUFA alone.

Gastrointestinal disturbances and nausea 
were reported as the most frequent side 
effects among 4.9% and 1.4% of n-3 PUFA 
recipients, respectively.

TABLE 13-1 Continued

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

EICOSAPENTAENOIC ACID AND DOCOSAHEXAENOIC ACID 195

continued

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 2: Observational studies

Mozaffarian 
et al., 2005

Ischemic 
stroke

Prospective 
cohort study

n=4,775

> 65 years 
old, with no 
history of 
cerebrovascular 
disease at 
baseline

follow-up at 
approximately 
12 years

Fish 
consumption 
(tuna, other 
baked or 
broiled fish, and 
fried fish or fish 
sandwich. Note: 
intake of tuna 
and other baked 
or broiled fish 
is positively 
correlated with 
DHA+EPA 
levels, but fried 
fish and fish 
sandwich are 
not)

Tuna/other baked or broiled fish: compared 
to subjects with consumption of < 1 time/
month, HR (adjusted for CVD risk factors) 
for those with intake of 1–3 times/month 
was 0.86 (95% CI: 0.65–1.13), 1–4 times/
week was 0.74 (95% CI: 0.57–0.97), 
and ≥ 5 times/week was 0.72 (95% CI: 
0.53–0.98); this trend was significant (p for 
trend=0.02).

Further analysis of the trend showed that 
the significance existed for period between 
baseline and 6 years (p=0.03), but not years 
6 to 12.

Risk of ischemic stroke was reduced in 
tuna/other fish consumers: HR=0.85 for 1–3 
times/month (95% CI: 0.63–1.15), HR=0.72 
for 1–4 times/week (95% CI: 0.54–0.96), 
and HR=0.68 for ≥ 5 times/week (95% CI: 
0.48–0.95; p for trend=0.009). Again, the 
trend was significant from baseline to 6 
years (p=0.02), but not from years 6 to 12. 
Intake frequency had no significant impact 
on hemorrhagic stroke.

Fried fish/fish sandwich: compared to those 
who ate < 1 time/month, total stroke risk 
was increased in those who consumed 1–3 
times/month (HR=1.15, 95% CI: 0.95–
1.39) and ≥ 1 time/week (HR=1.30, 95% 
CI: 1.04–1.61; p for trend=0.02). Analysis 
of follow-up period breakdown was not 
significant.

Increased risk of ischemic stroke also was 
observed in these two groups consuming 
fried fish/fish sandwiches (1–3 times/month: 
HR=1.17, 95% CI: 0.96–1.43; ≥ 1 time/
week: HR=1.36, 95% CI: 1.08–1.72; p for 
trend=0.008). This trend was significant 
during years 6 to 12 (p=0.03). Intake 
frequency had no significant impact on 
hemorrhagic stroke.

Apart from the increased risk of stroke 
associated with fried fish/fish sandwich 
consumption, no other adverse effects were 
mentioned.
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Caicoya, 
2002

Stroke Population-
based, case-
control study

n=913

Fish 
consumption

Using intake of > 1 g/day as reference, 
stroke risk in subjects eating 1–22.5 g 
of fish per day was 70% lower (adjusted 
ORg=0.30, 95% CI: 0.12–0.78). Adjusted 
OR was 0.44 in those with intake of 23–45 
g/day (95% CI: 0.18–1.41), 0.59 in those 
with intake of 46–90 g/day (95% CI: 
0.24–1.47), and 0.76 in those with intake of 
91–250 g/day (95% CI: 0.27–2.1).

Risk of stroke increased with consumption 
of n-3 fatty acid. Compared to those 
consuming < 115 mg/day, adjusted OR 
for 116–319 mg/day was 1.14 (95% CI: 
0.60–1.88), for 320–659 mg/day was 1.37 
(95% CI: 0.91–2.20), and for > 659 mg/day 
was 1.76 (95% CI: 0.96–3.26); the trend 
was significant (χ2 for trend=2.7, p=0.01).

Compared to those with fish intake of 
< 11.2 g/day, adjusted OR for cerebral 
infarction in those consuming 11.3–28.7 g/
day was 1.05 (95% CI: 0.64–1.65), intake 
of 28.8–46.5g/day had OR=0.90 (95% CI: 
0.55–1.48), and intake of > 46.5 g/day had 
OR=1.98 (95% CI: 1.08–3.45); the trend 
was not significant.

OR of small, deep cerebral infarction 
in subjects consuming > 46.5 g/day was 
3.21 (95% CI: 1.11–9.20); however, OR 
for superficial cerebral infarction and 
intraparenchymatous hemorrhage were 
not significant. Cerebral infarction in 
those consuming > 659 mg/day of n-3 
fatty acid had adjusted OR=1.89 (95% CI: 
0.95–3.75).

Besides finding that increased fish 
consumption was associated with increased 
risk of stroke and cerebral infarction, 
no other significant adverse effects were 
mentioned.
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continued

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

He et al., 
2002

Stroke Prospective 
cohort study 
(Health 
Professional 
Follow-up 
Study)

n=43,671 men

Fish 
consumption

Men who consumed fish > 1 time/month 
had significantly lower risk of ischemic 
stroke than those who consumed fish 
< 1 time/month (p < 0.05). Specifically, 
cumulative consumption of 1–3 times/
month had a 43% reduction in risk 
(RR=0.57, 95% CI: 0.35–0.95), once/
week had a 44% reduction (RR=0.56, 95% 
CI: 0.37–0.84), 2–4 times/week had 45% 
reduction (RR=0.36–0.85), and ≥ 5 times/
week had a 46% reduction (RR=0.54, 95% 
CI: 0.31–0.94); however, test for trend was 
not significant.

Compared to men whose cumulative 
intake of n-3 PUFA was < 0.05 g/day, 
those with higher intake had lower risk of 
ischemic stroke. Intake of 0.05–0.2 g/day 
was associated with 44% risk reduction 
(RR=0.56, 95% CI: 0.35–0.88), 0.2–0.4 g/
day was associated with 36% reduction 
(RR=0.63, 95% CI: 0.40–0.98), and 0.4–0.6 
g/day was associated with 46% reduction 
(RR=0.54, 95% CI: 0.32–0.91). Intake of > 
0.06 g/day did not significantly reduce risk 
of ischemic stroke. And test for trend was 
also not significant.

Fish consumption and n-3 PUFA intake had 
no effect on hemorrhagic stroke. And effects 
of fish consumption on ischemic stroke were 
not modified by use of fish oil, vitamin E, 
aspirin, or linolenic acid.

Schlanger 
et al., 2002

Epilepsy 
secondary to 
other CNS 
diseases

n=5

observation 
period: 6 
months 

5 g/day of 
a spread 
containing 65% 
n-3 PUFAs

After 6 months, seizures of grand mal 
stopped completely in 3 patients, reduced to 
once a month in 1 patient, and reduced to 
3 times/week in another patient. 1 patient 
experienced seizure of petit mal. In this 
patient, frequency of petit mal was reduced 
to once/week from 5 times/week.

None of the patients experienced adverse 
effects.
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Iso et al., 
2001

Stroke Prospective 
cohort study 
(Nurses Health 
Study)

n=79,839 
women with 
no history of 
stroke, cancer, 
CVD, diabetes, 
or high 
cholesterol 
level

14-year 
observation 
period

Fish and 
seafood 
consumption

Increase of fish intake was inversely 
associated with risk (adjusted for age 
and smoking) of total stroke (p for 
trend=0.005), ischemic stroke (p=0.04), 
thrombotic infarction (p=0.02), and lacunar 
infarction (p=0.008). After further adjusting 
for CVD risk factors, intake of fruits 
and vegetables, saturated and trans fat, 
linoleic acid, animal protein, and calcium, 
inverse association was still significant for 
thrombotic infarction (p=0.03) and lacunar 
infarction (p=0.007).

For thrombotic infarction, compared to fish 
intake of < 1 time/month, multivariate RR 
for intake of 1–3 times/month was 0.77 
(95% CI: 0.46–1.30) and for > 2 times/
week was 0.52 (95% CI: 0.27–0.99). For 
lacunar infarction, multivariate RR for fish 
intake of 1–3 times/month was 0.63 (95% 
CI: 0.32–1.24) and for > 2 times/week was 
0.28 (95% CI: 0.12–0.67).

Increase in PUFA intake was inversely 
associated with risk of total stroke (p for 
trend=0.01), lacunar infarction (p=0.01), 
hemorrhagic stroke (p=0.03), and SAH 
(p=0.03). After further adjustment for CVD 
risk factors and dietary pattern, the inverse 
association remained significant only for 
lacunar infarction (p=0.004).

Compared to PUFA intake in the lowest 
quintile (median intake of 0.077 g/day), 
multivariate RR for lacunar infarction 
was 0.89 (95% CI: 0.55–1.43) in the 2nd 
quintile and 0.37 (95% CI: 0.19–0.73) in 
the 5th quintile.

When n-3 fatty acid intake exceeded 3 g/day 
(or, approximately the consumption of fish 
3 times or more per day), bleeding time was 
prolonged.
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continued

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 3: Animal studies

Mills et al., 
2010; Bailes 
and Mills, 
2010

Traumatic 
axonal 
injury, impact 
acceleration 
injury

Adult, male 
Sprague-
Dawley rats

Postinjury, oral 
supplementation 
of n-3 fatty 
acids (10 or 40 
mg/kg/day) or 
no treatment

Immunohistochemical analysis showed 
that injured rats without n-3 fatty acids 
supplement had significantly increased 
amyloid precursor protein-labeled axons 
than sham-injured rats (p < 0.05) and rats 
receiving n-3 fatty supplements (p < 0.05); 
there was no significant difference between 
supplemented rats and sham-injured rats.

Further immunohistochemical analysis 
showed that sham-injured rats and 
rats receiving n-3 supplementation had 
significantly fewer caspase-3 positive axons 
than injured, unsupplemented rats (p < 
0.05).

Wu et al., 
2007

TBI, mild 
fluid 
percussion 
injury (FPI)

Sprague-
Dawley rats

Preinjury,  
diet 
supplemented 
with n-3 fatty 
acids (1.4% 
DHA and 
13.5% EPA) or 
regular diet for 
4 weeks

Injury significantly reduced Sir2α expression 
(p < 0.05 vs. sham-injured rats), but n-3 
fatty acid supplementation significantly 
restored it (p < 0.05). Level of oxidized 
protein was increased after injury (p < 0.01 
vs. sham), but was reduced by n-3 fatty 
acid supplementation (p < 0.01). Sir2α 
expression was negatively correlated with 
oxidized protein level (ri=–0.67, p < 0.05).

AMPK and p-AMPK levels were 
significantly reduced by injury (p < 0.05 
vs. sham), but were increased to the same 
level as sham-injured rats by n-3 fatty 
acid supplementation. In sham-injured 
and n-3 fatty acid treated rats, Sir2α was 
correlated with AMPK (r=0.82, p < 0.05) 
and p-AMPK (r=0.96, p < 0.05). The 
correlations were not significant in injured 
rats.

Ubiquitous mitochondrial creatine kinase 
was significantly reduced in injured rats (p < 
0.05 vs. sham), but was restored in n-3 fatty 
acid treated rats.
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Wu et al., 
2004

TBI, mild 
fluid 
percussion 
injury model

Male, Sprague-
Dawley rats

Preinjury, diet 
supplemented 
with fish oil 
(12.4% DHA 
and 13.5 EPA) 
or regular diet 
for 4 weeks 
before injury 
and for 1 week 
after injury 

Learning ability in rats was assessed with 
Morris water maze. Rats fed with fish oil 
supplemented diet performed significantly 
better than rats fed with regular diet (p 
< 0.05) and were similar to sham-injured 
rats. Swimming speed was similar across all 
groups.

Levels of BDNF, CREB, and synapsin I were 
significantly reduced by injury (p < 0.05 vs. 
sham), but were restored to normal levels 
with n-3 fatty acid supplementation.

Compared to sham-injured rats, injured rats 
on regular diet had higher level of oxidized 
protein (p < 0.01). But injured rats fed 
with n-3 fatty acid supplemented diet had 
significantly lower level of oxidized protein 
compared to injured rats on regular diet and 
sham-injured rats on both diets (p < 0.01).

 a n: sample size.
 b CI: confidence interval.
 c SDNN: standard deviation of all normal R-R intervals for 1 hour, where R-R is the time between two r-waves 
on the ECG.
 d rs: Spearman’s correlation.
 e HR: hazard ratio.
 f RR: relative risk.
 g OR: odds ratio.
 h χ2: Chi-square.
 i r: correlation coefficient.

EVIDENCE SUGGESTING INCREASED RESILIENCE

Human Studies

There have been no human studies examining the role of EPA/DHA in providing re-
silience to traumatic brain injury (TBI). However, several randomized clinical trials have 
examined the effect of EPA/DHA on other neurological diseases, such as epilepsy and stroke, 
with mixed results. In a clinical trial including 942 Japanese hypercholesterolemic patients 
with stroke, use of EPA (1,800 mg/day for approximately five years) led to a significant re-
duction of stroke recurrence (Tanaka et al., 2008). Use of n-3 fatty acids also was associated 
with a lower risk of mortality in stroke patients in a small trial (n = 72) (Garbagnati et al., 
2009). In another trial including 102 ischemic stroke patients, however, fish oil supplementa-
tion (1,200 mg/day) for 12 weeks produced no significant differences from placebo in any 
lipids, inflammatory, hemostatic, or composite mood parameters (Poppitt et al., 2009). In 
a small trial including 51 epilepsy patients, seizure frequency was reduced over the first six 
weeks of supplementation with n-3 fatty acids (1,700 mg/day), but the protective effect was 
not sustained thereafter (Yeun et al., 2005). Additional studies (from 1990) addressing the 
influence of EPA/DHA on other CNS injuries or disorders in humans, such as stroke, epi-
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lepsy, subarachnoid hemorrhage, and Alzheimer’s disease are presented in Table 13-1. The 
occurrence or absence of adverse effects in humans is included if reported by the authors.

Animal Studies

A series of animal studies (Wu et al., 2004, 2007) showed that preinjury intake of an 
n-3 fatty acid–enriched diet (8 percent of total energy) could counteract some of the damag-
ing effects of TBI by, for example, normalizing levels of molecular systems associated with 
energy homeostasis (e.g., Sir2α), ameliorating protein oxidation, and improving learning 
ability (Table 13-1). These results suggest potential neuroprotective effects of n-3 fatty acids 
on TBI.

EVIDENCE INDICATING EFFECT ON TREATMENT

Human Studies

There have been no clinical trials conducted to determine the efficacy of n-3 fatty acid 
infusion for treatment of TBI. Nevertheless, n-3 fatty acid infusion into healthy human 
subjects affects several inflammatory pathways in a way that could be beneficial for TBI 
patients: platelet aggregation and thromboxane B2 synthesis were reduced within 60 minutes 
of infusion (Elmadfa et al., 1993). In a different study, the ratio of n-3 to n-6 fatty acids 
in monocyte membranes likewise increased, monocyte synthesis of interleukin-1 and TNF 
decreased, and monocyte adhesion/transendothelial migration decreased within 48 hours 
after initiation of infusion (Mayer et al., 2003).

Animal Studies

In a 2010 study using an impact acceleration head injury model, 40 adult male Sprague-
Dawley rats were assigned to four groups (n = 10 per group), of which two groups received 
dietary supplementation of n-3 fatty acids (EPA:DHA = 2:1) at a dosage of 10 or 40 mg/kg/
day, starting on postinjury day one (Mills et al., 2010). The authors found that, compared 
to injured rats on the control diet, n-3 fatty acids significantly reduced the number of beta-
amyloid precursor protein-positive (injured) axons at 30 days postinjury, achieving levels 
similar to those in uninjured animals.

CONCLUSIONS AND RECOMMENDATIONS

The n-3 fatty acid status of the active-duty military population is unknown. A survey by 
Lieberman et al. (2010) sought to determine the current usage of dietary supplements in U.S. 
Army soldiers on active duty. Fish oil was grouped in an “other” category that included sup-
plements such as melatonin, caffeine, coenzyme Q10, and lycopene. The authors reported 
that 11 percent of military personnel in combat-arms positions and 23 percent of those in 
Special Forces were taking “other” supplements. Data on the EPA and DHA concentrations 
measured in frozen serum (some archived for up to several years) from military personnel 
suggest that the levels are lower than in the civilian population (Lewis et al., 2011). There 
were a number of methodological differences, however, in the comparison civilian studies, 
such as measurement of fresh (not frozen) serum samples, expression of DHA as a percent-
age of fatty acids in serum phospholipids (rather than total fatty acids), or measurement of 
DHA levels in red blood cell membranes (rather than serum). Differences in DHA concentra-
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tions between military and civilian populations might thus be attributable to methodologi-
cal issues. In order to definitively determine if such differences exist, it will be necessary to 
conduct a prospective study in which samples from both populations are collected, stored, 
processed, and assayed in a uniform manner. By better determining the n-3 fatty acid status 
of military personnel, these data will also provide a basis for recommending increases in 
intake of n-3 fatty acid should future research findings indicate a role in resilience to TBI.

It is well documented that fish-oil supplementation will decrease inflammation. The in-
fluences of n-3 fatty acids on prostaglandin, leukotriene, cytokine, and ROS were described 
earlier in this chapter, and extensive reviews are available (Calder, 2006; Massaro et al., 
2008). When taken orally, the effects of n-3 fatty acids are not evident for days to weeks 
because of their slow incorporation into cellular membranes. Initiation of oral administra-
tion after TBI therefore may not be of immediate benefit (although when evaluated 30 days 
after injury, the 2010 animal study by Mills and colleagues showed reductions in neuronal 
toxicity). On the other hand, evidence from human subjects indicates that intravenous ad-
ministration of n-3 fatty acids can have more immediate effects. This is especially relevant to 
military operational settings, where the feasibility of a feeding tube or oral administration is 
greatly reduced immediately following injury. Overall, continuous administration—whether 
enteral, parenteral, or intravenous—is considered to be most effective in the early phase of 
severe TBI.

 RECOMMENDATION 13-1. DoD should conduct animal studies that examine the 
effectiveness of preinjury and postinjury oral administration of current commercial 
preparations of purified n-3 fatty acids on TBI outcomes.

 RECOMMENDATION 13-2. Based on the evidence that fish oil decreases inflamma-
tion within hours of continuous administration, human clinical trials that investigate fish 
oil or purified n-3 fatty acids as a treatment of TBI are recommended. For acute cases 
of TBI, it should be noted that there are intravenous fish oil formulations available in 
Europe, but these are not approved by the Food and Drug Administration. Continuous 
enteral feeding with a feeding formula containing fish oil should provide equivalent 
effects for this purpose in the early phase of severe TBI when enteral access becomes 
available.
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Polyphenols

Polyphenols are a diverse group of naturally occurring compounds widely distributed in 
many plant-based foods and plant-derived beverages. More than 8,000 have been identified 
in various plant species, and commonly consumed phytonutrient-rich foods include cocoa, 
tea, soy products, apples, onions, and Ginkgo biloba. Polyphenols arise from the common 
intermediate phenylalanine, or a precursor, shikimic acid. The main classes of polyphenols, 
based on their structure, are phenolic acids, flavonoids, stilbenes, and lignans. In food, these 
compounds are usually found complexed to sugar groups that must be removed by intestinal 
or colonic microfloral enzymatic hydrolysis. This process makes the identification of all the 
metabolites and evaluation of biological activity difficult, but the increase in antioxidant 
capacity of the plasma after consumption of polyphenol-rich foods provides evidence of ab-
sorption through the gut barrier (Pandey and Rizvi, 2009) (see Doré in Appendix C). There 
is interest in this group of compounds because of human and animal studies suggesting that 
long-term consumption is associated with protection against many chronic diseases such 
as cancer, cardiovascular diseases, and neurodegenerative diseases. It is important to note, 
however, that although studies on plasma levels and dietary intakes can be used to initiate 
hypotheses about nutrient status and health outcomes, their findings often vary, making it 
difficult to reach conclusions. It is obvious that these bioactive compounds are a heteroge-
neous group, with different structures and pharmacological properties.

Although few studies have been conducted to test their effects in traumatic brain injury 
(TBI), their mechanism of action in protecting against cardiovascular and neurodegenera-
tive diseases suggests that they warrant attention as neuroprotectants against this disease. 
Flavonoids, for example, are able to interact with neuronal signaling pathways critical in 
controlling neuronal survival (see Doré in Appendix C). The committee selected flavonoids, 
specifically the flavonoid curcumin, and a stilbene, resveratrol, for review because their 
health effects have been studied most extensively. A list of human studies evaluating the ef-
fectiveness of these compounds in providing resilience or treating TBI or related diseases or 
conditions (i.e., subarachnoid hemorrhage, intracranial aneurysm, stroke, anoxic or hypoxic 
ischemia, epilepsy) in the acute phase is presented in Tables 14-1 (flavonoids) and 14-2 
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(resveratrol), which also include supporting evidence from animal models of TBI. All stud-
ies included in these tables are from 1990 and after. The occurrence or absence of adverse 
effects in humans is included if reported by the authors.

FLAVONOIDS

Flavonoids are the group of polyphenols most studied. Their structure consists of two 
aromatic rings bound together by three carbons that form an oxygenated heterocycle. More 
than 4,000 flavonoids have been identified and categorized into seven subclasses, based on 
their structure: flavonols (e.g., quercetin), flavones (e.g., apigenin), flavanones (e.g., hesper-
etin), flavan-3-ols (e.g., epicatechin), anthocyanins (e.g., cyanidin), polymers (e.g., proan-
thocyanidins), and isoflavones (e.g., genistein). In addition to their antioxidant capacity, 
flavonoids can also alleviate neuroinflammation and regulate mitochondrial function and 
neuronal cell signaling cascades (Ramassamy, 2006; Spencer, 2008; Vafeiadou et al., 2007). 
Because of these properties and their ability to pass through the blood-brain barrier (BBB) 
(Dreiseitel et al., 2009; Youdim et al., 2004), flavonoids have been suggested as potential 
neuroprotective agents. Below is an overview of selected human trials that summarizes the 
evidence on flavonoid use for the prevention of cardiovascular diseases, a group of diseases 
that share some common pathways (e.g., oxidative stress and inflammation) with TBI (see 
Table 14-1 for both human and animal studies from 1990 and later). The results from ani-
mal studies on flavonoids and TBI are also presented. The committee highlights curcumin 
as one flavonoid for which there is substantial evidence of neuroprotectant effects in animal 
models of TBI.

In light of the work of Miller and colleagues (2005), any trials undertaken should ensure 
that dose levels of flavonoids do not approach levels that might cause adverse events, such 
as higher risk of mortality.

Evidence Indicating Effects on Resilience

Human Studies

Hollman and colleagues reviewed six prospective observational studies (n = 111,067) 
addressing the effects of dietary intake of flavonol on stroke risk (Hollman et al., 2010). In 
this review, the pooled RR of stroke, for the highest versus the lowest intake of flavonol, was 
0.80. In a sample of 9,208 Finnish men and women, apple consumption was significantly 
associated with a reduced risk of developing thrombotic stroke during a 28-year follow-up 
period (Knekt et al., 2000). However, the authors failed to find any significant association 
between quercetin and stroke (Knekt et al., 2000). Consumption of tea, as well as catechin, 
was not associated with significantly lower risks of stroke in the Zutphen Elderly study (806 
men aged 65–84 years at baseline) in the Netherlands (Arts et al., 2001), or the College 
Alumni Health Study in Japan (17,228 participants with a mean age of 59.5 years at base-
line) (Sesso et al., 2003b). The Women’s Health study, a large, randomized, clinical control 
trial that looked at vitamin E and cardiovascular disease, examined the association of food 
intakes of flavonols and flavones and primary food sources of flavonoids with cardiovascular 
disease (Sesso et al., 2003a). The study found no clear association with stroke. The authors 
observed nonsignificant inverse associations of the consumption of broccoli, apples, and tea 
with important vascular events. It is, however, noteworthy that estimation of total flavonoid 
intake in this study was based on an obsolete food composition table, which included only 
two flavonoid subclasses (flavonols and flavones). The potential neuroprotective effects of 

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

POLYPHENOLS 207

TABLE 14-1 Relevant Data Identified for Flavonoids

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 1: Clinical trials

Cao 
et al., 
2008

Acute cerebral 
infarction

Meta-
analysis of 9 
randomized 
and quasi-
randomized 
controlled 
clinical trials

na=723 male 
and female 
patients

Dengzhanhua 
(Erigeron 
breviscapus) 
alone or as 
supplement 
to another 
treatment vs. 
placebo or no 
treatment

None of the outcome measures of this meta-
analysis (death from any cause at the end of 
follow-up period, death or dependence at the 
end of follow-up period, quality of life, and 
adverse events) were included in any of the 
selected trials. However, post hoc analysis 
showed that, compared to controls, patients 
taking dengzhanhua were more likely to have 
at least 45% improvement in neurologic 
condition (RRb=1.53, 95% CIc: 1.36–1.72). 
Study heterogeneity was 0%.

Chan 
et al., 
2008

Brachial 
flow-mediated 
dilatation

Randomized, 
double-blind, 
placebo-
controlled

n=102

Postinjury, 
isoflavone 
supplement 
(80 mg/day) or 
placebo for 12 
weeks

Compared with controls, isoflavone-treated 
patients had greater flow-mediated dilatation 
(FMD; 1.2% vs. −0.1%, p=0.035) and lower 
prevalence of impaired FMD (58% vs. 79%, 
p=0.023) at 12 weeks. Adjusted for baseline 
differences in FMD, isoflavone treatment was 
found to be associated with lower prevalence 
of FMD impairment (ORd=0.32, 95% CI: 
0.13–0.80; p=0.014). Treatment effect on 
brachial FMD was inversely related to 
baseline FMD (re=−0.514, p < 0.001).

Isoflavone treatment had greater effect on 
current or past smokers than non-smokers 
(p=0.045) and on non-diabetics than diabetics 
(p=0.030). Moreover, isoflavone treatment for 
12 weeks lowered high sensitivity-C-reactive 
protein level (treatment effect =−1.7%, 95% 
CI: −3.3 to −0.1%; p=0.033).

There was no significant effect on 
nitroglycerin-mediated dilatation, blood 
pressure, heart rate, serum levels of fasting 
glucose and insulin, hemoglobin A1c, or 
oxidative stress.

No significant adverse effects from the 
isoflavone treatment were mentioned.

continued
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Le Bars 
et al., 
2000

Dementia 
(uncomplicated 
Alzheimer’s 
disease or 
multi-infarct 
dementia)

Double-blind, 
placebo-
controlled, 
fixed dose, 
parallel-group, 
multicenter 
study

n=224

Ginkgo biloba 
extract (EGb), 
120 mg dose 
(40 mg t.i.d.), 
26-week 
treatment

Compared to baseline, the placebo group had 
a significant 1.3 point increase on Alzheimer’s 
Disease Assessment Scale Cognitive Subscale 
(ADAS-Cog, p=0.01), while EGb group had a 
0.7 point decrease at 26 weeks; the difference 
of 2 points between the two groups was 
significant (p=0.007).

Compared to baseline value of the Geriatric 
Evaluation by Relative’s Rating Instrument, 
the placebo group had a worsening of 
0.06 points, while the EGb group had an 
improvement of 0.06 points (p=0.02). The 
placebo group’s mean rating on the Clinical 
Global Impression of Change worsened 
compared to baseline (p=0.008), while the 
EGb group experienced no change; the 
difference between groups was not significant.

Over the course of the study, 87 patients 
reported 149 adverse events, of which 69 
were mild, 60 were moderate, and 20 were 
severe. Of the 20 severe adverse events, 13 
were reported by patients in the EGb group, 
7 by patients in the placebo group. Adverse 
events were distributed equally between 
the two groups, except those related to 
gastrointestinal system, which occurred more 
frequently in EGb group.

Tier 2: Observational studies

Hollman 
et al., 
2010

Stroke Meta-
analysis of 7 
prospective 
cohort studies 
with data from 
individuals 
free of CVD 
or stroke at 
baseline (data 
from 6 cohorts)

npooled=111,067

Flavonol intake Compared to subjects with the lowest amount 
of flavonoid consumption, those with the 
highest consumption had a significantly 
reduced risk of fatal or non-fatal stroke 
(pooled RR=0.80, 95% CI: 0.65–0.98, 
p=0.05). However, there was significant 
heterogeneity among the studies (54%, 
p=0.05) and publication bias (p=0.01).

No adverse effects were mentioned.

TABLE 14-1 Continued
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Mursu 
et al., 
2008

Cardiovascular 
disease (CVD), 
especially 
strokes

Prospective, 
population-
based trial 
(Kuopio 
Ischaemic 
Heart Disease 
Risk Factor 
Study)

n=1,950 
Finnish men 
aged 42–60 
years, free of 
prior coronary 
heart disease or 
stroke

average follow- 
up period=15.2 
years

Flavonoids 
and flavonoid 
subclasses from 
non-controlled 
diet

Intake of flavonols, a subclass of flavonoids, 
was inversely associated with risk of 
ischemic stroke (p for trend=0.027). The 
risk of ischemic stroke in men taking the 
highest amount of flavonols was 48% lower 
than in men taking the lowest amount 
(RR=0.52, 95% CI: 0.30–0.90). However, 
total flavonoids intake and intake of other 
subclasses had no significant effect on risk of 
ischemic stroke.

Although there was a nonsignificant inverse 
association between flavones and risk of CVD 
mortality, total flavonoid intake and intake 
of other subclasses had no effect on CVD 
mortality.

No adverse effects of flavonoid intake were 
mentioned.

Kokubo 
et al., 
2007

Cerebral and 
myocardial 
infarctions (MI)

Japan Public 
Health Center-
Based Study 
Cohort

n=40,462 
participants, 
aged 40–59 
years, without 
prior CVD 
or cancer at 
baseline

average 
follow-up 
period=12.5 
years

Soy and 
isoflavone 
intake

Soy intake had no significant association with 
cerebral infarction, MI, or ischemic CVD 
mortality in men.

But in women, risk of cerebral infarction 
was inversely associated with intake of 
soy (multivariable HRf=0.64, 95% CI: 
0.43–0.95, p=0.037) and beans (HR=0.62, 
95% CI: 0.39–0.97, p=0.018). Risk of MI 
was inversely associated with intake of soy 
(HR=0.45, 95% CI: 0.23–0.88, p=0.024). 
Risk for cerebral infarction and MI combined 
was reduced with increased intake of soy 
(HR=0.64, p=0.008) and beans (HR=0.65, 
p=0.022). High level of soy intake also 
reduced ischemic CVD mortality in women 
(multivariable HR=0.31, 95% CI: 0.13–0.74).

Isoflavone intake was only associated with 
risk of CI in men (HR=1.16, 95% CI: 
0.84–1.61, p=0.046). In women, isoflavone 
intake reduced risk of cerebral infarction 
(multivariable HR=0.35, 95% CI: 0.21–0.59, 
p=0.015), MI (multivariable HR=0.37, 95% 
CI: 0.14–0.98, p=0.006), and combined 
cerebral infarction and MI (multivariable 
HR=0.39, 95% CI: 0.25–0.60, p < 0.001). 
Isoflavone also reduced risk of ischemic CVD 
mortality (HR=0.56, 95% CI: 0.21–1.44, 
p=0.01).

Risk of ischemic CVD was significantly 
reduced in post-menopausal women taking 
isoflavone (multivariable HR=0.25, 95% 
CI: 0.14–0.45, p < 0.001) but not in pre-
menopausal women.

No adverse effects were mentioned.

TABLE 14-1 Continued
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Sesso 
et al., 
2003a

CVD and 
important 
vascular events 
(MI, stroke, and 
cardiovascular 
death)

Randomized, 
double-blind, 
placebo-
controlled 
trial (Women’s 
Health Study)

n=38,445 
female 
U.S. health 
professionals 
free of CVD 
and cancer, 
aged 45–89 
years

Flavonols 
and flavones 
(quercetin, 
kaempferol, 
myricetin, 
apigenin, 
luteolin) and 
primary food 
sources of 
flavonoids 
(tea, broccoli, 
apples, onions, 
tofu)

Total and individual flavonoid intake had 
no significant effect on CVD, major vascular 
events, MI, or stroke. There also was no 
inverse association between flavonoid intake 
and CVD death. No effect was seen after 
adjusting for confounders.

Analysis of select food intake showed 
beneficial effect of broccoli on CVD (age-
adjusted RR=0.58, 95% CI: 0.38–0.89, 
p=0.027), apples on CVD (age-adjusted 
RR=0.58, 95% CI: 0.41–0.81, p=0.015), 
and apples on important vascular events 
(age-adjusted RR=0.49, 95% CI: 0.32–0.76, 
p=0.015). However, these effects were not 
significant after further adjusting for CVD 
risk factors and dietary pattern.

No adverse effects of flavonoid intake were 
mentioned.

Sesso 
et al., 
2003b

CVD, coronary 
heart disease, 
and stroke

Prospective 
study (College 
Alumni Health 
Study)

n=17,228 
(95.6% male; 
mean age of 
59.5 years), 
free of prior 
CVD and 
cancer at 
baseline

average 
follow-up 
period=15 
years

Tea 
consumption—
specifically 
catechin intake

Consumption of tea had no significant 
association with risk of CVD, coronary heart 
disease, stroke, or CVD death. Stratifying 
subjects by age, gender, and hypertension and 
diabetes statuses also showed no effect for tea 
consumption.

Analysis of original group of subjects (male 
Harvard alumni) showed that men who drank 
tea throughout the follow-up period had a 
36% reduction in stroke risk compared to 
those who never drank tea (age-adjusted 
RR=0.64, p < 0.05).

No adverse effects were mentioned.
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Polidori 
et al., 
2002

Acute ischemic 
stroke

Case-control 
study

n=104 (28 
stroke patients 
and 76 
controls), age 
76.9 ± 8.7 
years

Measured 
level of 6 
carotenoids 
(lutein, 
zeaxanthin, 
beta-
cryptoxanthin, 
lycopene, 
alpha- and 
beta-carotene) 
and compared 
to healthy, 
normolipidemic 
control group

Upon admission, the stroke patients had 
significantly lower plasma levels of lutein (p 
< 0.04), lycopene (p < 0.001), α-carotene 
(p < 0.001), and b-carotene (p < 0.004) and 
significantly higher levels of malondialdehyde 
(MDA, p < 0.001) than controls.

During follow-up, all stroke patients had a 
decrease in plasma carotenoid levels in the 
first 24 hours; the levels return to normal 
in the following days, except in patients 
who experienced a decline in functional 
independence between 2 weeks prior to stroke 
and admission or 1 week after stroke. These 
patients had lower levels of lutein (p < 0.01) 
and higher levels of MDA (p < 0.05) than 
controls.

There was an inverse relationship between 
MDA levels and Canadian Neurological Score 
(CNS) score on day 1 of follow up (r=−0.37, 
p < 0.05) and a positive correlation between 
lutein levels and CNS score on day 7 (r=0.51, 
p < 0.03).

No significant adverse effects were mentioned.

Arts 
et al., 
2001

Ischemic heart 
disease and 
stroke

Prospective 
cohort study 
(Zutphen 
Elderly Study)

n=806 men 
aged 65–84 
years

Examine tea 
consumption—
specifically 
catechin intake 
and the risk of 
cardiovascular 
disease

There was significant inverse relationship 
between catechin intake and risk of ischemic 
heart disease mortality (RR=0.49, 95% CI: 
0.27–0.88, p=0.17; RR adjusted for age, MI 
and angina pectoris at baseline, CVD risk 
factors, and dietary patterns).

The inverse relationship between catechin 
intake and MI incidence was only significant 
in the age-adjusted model (RR=0.54, 95% 
CI: 0.32–0.93, p=0.026). Catechin had 
no effect on stroke mortality or incidence. 
Catechin intake was highly correlated to tea 
consumption (r=0.98) and flavonol intake 
(r=0.85), but tea intake was not significantly 
related to risk of ischemic heart disease 
mortality. And effects of catechin and 
flavonol from sources other than tea were not 
significant.

No adverse effects were mentioned.
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Knekt 
et al., 
2000

Cerebrovascular 
disease (CVA)

Cohort study

n=9,208 men 
and women, 
aged 15 years 
or older and 
initially free of 
CVA

Studying 
relation 
between 
quercetin 
intake and 
subsequent 
incidence of 
CVA

Quercetin intake had no significant effect 
on CVA in men or women. However, apple 
consumption was inversely associated 
with risk of thrombosis or embolisms in 
women (RR=0.61, 95% CI: 0.33–1.12, p 
for trend=0.02). Consumption of onion 
was associated with risk of acute strokes 
(RR=1.37, 95% CI: 0.91–2.08, p=0.01) and 
thrombosis or embolisms (RR=1.44, 95% CI: 
0.90–2.31, p=0.008).

High quercetin intake increased the risk of 
thrombotic stroke in both men and women 
who had diabetes (men: RR=18.5, 95 CI: 
2.77–123.5; women: RR=2.79, 95% CI: 
1.18–2.36; both: p < 0.05).

Keli 
et al., 
1996

Stroke Cohort study 
(Zutphen 
Study)

n=552 men, 
aged 50–69 
years

follow-up 
period=15 
years

Examining 
flavonoid 
intake

Flavonoid intake was greater in men who had 
not had a stroke than in those who had (23.8 
mg/day vs. 20.7 mg/day, p < 0.01). The risk 
of stroke was reduced in men who had the 
highest intake of flavonoids (≥ 28.6 mg/day) 
compared to men with the lowest intake (< 
18.3 mg/day, RR=0.27, 95% CI: 0.11–0.70, 
p=0.004).

Flavonoid intake was correlated with tea 
consumption (r=0.94, p < 0.001), which is 
inversely associated with stroke incidence 
(RR=0.31, 95% CI: 0.31–0.84, p=0.02). 
Flavonoid intake was also correlated with 
solid fruit consumption (R=0.31, p < 0.001), 
which has a nonsignificant inverse association 
on stroke incidence.

No adverse effects were mentioned.
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continued

Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 3: Animal studies

Laird 
et al., 
2010

TBI (cerebral 
edema), 
moderate 
controlled 
cortical impact

Male CD-1 
mice

Curcumin 
15 minutes pre- 
and 30 minutes 
or 1 hour 
postinjury, 
75, 150 or 
300 mg/kg or 
DMSO placebo 
(dimethyl 
sulfoxide)

Edema in the ipsilateral cortex was reduced 
with pretreatment of 75 mg/kg (p < 0.05 
compared to placebo-treated mice and sham-
injured mice) and 150 mg/kg (p < 0.001 
against placebo-treated mice) of curcumin. 
Treatment with 150 mg/kg and 300 mg/kg 
of curcumin 30 minutes after injury was also 
effective in reducing edema (both p < 0.05 vs. 
placebo). However, curcumin did not reduce 
lesion size.

In postinjury tests of neurological functions, 
mice pretreated with curcumin had greater 
amount of locomotor activity (p < 0.05 vs. 
placebo; similar to sham mice) and spent 
more time exploring new objects (p < 0.05 vs. 
placebo; similar to sham mice).

Pre-treatment with 150 mg/kg of curcumin 
reduced the induction of AQP4 (p < 0.05 
vs. placebo; not significantly different from 
sham mice). Posttreatment with 300 mg/kg 
also reduced AQP4 expression (p < 0.05 vs. 
placebo and sham). Pretreatment with 150 
mg/kg of curcumin reduced expression of 
interleukin-1b to the level of sham-injured 
mice at 6 hours (p < 0.05 vs. placebo) and 12 
hours (p < 0.001 vs. placebo). Pretreatment 
with 150 mg/kg of curcumin also reduced 
the expression of GFAP (Glial fibrillary acid 
protein) after injury to the level of sham-
injured mice (p < 0.05 vs. placebo).

Sharma 
et al., 
2009

TBI, mild fluid 
percussion 
injury

Male Sprague-
Dawley rats

Age: 
approximately 
2 months

Preinjury,  
diet 
supplemented 
with 500 ppm 
curcumin or 
regular diet for 
4 weeks

pAMPK/AMPK ratio, ubiquitous 
mitochondrial creatine kinase level, and UCP2 
level were significantly reduced by injury (p < 
0.05 vs. sham), but were restored by curcumin 
supplementation (p < 0.05 vs. injured, regular 
diet rats).

Further, injury also deceased the level of 
COX-II in rats (p < 0.05 vs. sham). But 
curcumin supplementation restored the 
COX-II level to 96% of sham-injured rats 
(p < 0.01 vs. injured, regular diet rats). Sir2 
level decreased to 71% after injury (p < 0.01 
vs. sham), but curcumin restored Sir2 level to 
105% (p < 0.01 vs. injured, regular diet rats).
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Reference
Type of Injury/
Insult

Type of Study 
and Subjects Treatment Findings/Results

Di 
Giorgio 
et al., 
2008

TBI, moderate 
lateral fluid 
percussion TBI

Adult, male 
Sprague-
Dawley rats

Pre- and 
postinjury, 
curcumin 
(3, 30, 300 
mg/kg), 
α-tocopherol 
(100 mg/kg), 
DMSO (1 ml/
kg), or saline 
(1 ml/kg), 30 
minutes prior 
to injury, then 
30 and 90 
minutes after 
injury

Compared to rats treated with saline, rats that 
received curcumin (at all 3 dosages), DMSO, 
and α-tocopherol had significantly less neuron 
degeneration (p < 0.05). But there was no 
significant difference between the 3 treatment 
groups.

Wu et al., 
2006

TBI, mild fluid 
percussion 
injury model

Male, Sprague-
Dawley rats

Preinjury, 
regular diet, 
regular diet 
with curcumin 
(500ppm), 
high-fat diet, 
or high-fat diet 
with curcumin 
(500ppm), for 
4 weeks

Rats on diets without curcumin had 
significantly higher level of oxidized proteins 
compared to sham-injured rats (p < 0.01), 
but rats on diets with curcumin had lower 
oxidized protein level than sham-injured rats 
(p < 0.01). Curcumin had no effect on sham-
injured rats.

Injury lowered BDNF level, CREB, synapsin 
I and phosphorylated-synapsin I expression 
in the hippocampus (p < 0.05 vs. sham-
injured rats on regular diet), but curcumin 
supplementation restored them to normal 
level (~100% of sham-injured rats on regular 
diet). While the 2 diets had no effect on 
BDNF level in sham-injured rats, curcumin 
supplementation increased it (p < 0.05 vs. 
sham-injured rats on regular diet).

Injured rats on diets without curcumin had 
worse performance in Morris water maze 
than sham-injured rats (p < 0.05), with 
injured rats on high-fat diet having the lowest 
performance (p < 0.05); but the addition of 
curcumin to diets reversed the effect of TBI 
on the rats’ performance. Curcumin also 
increased the swim speed of injured rats on 
high-fat diet. Performance of sham-injured 
rats in Morris water maze was not affected by 
high-fat diet or curcumin.

 a n: sample size.
 b RR: relative risk.
 c CI: confidence interval.
 d OR: odds ratio.
 e r: correlation coefficient.
 f HR: hazard ratio.
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several other important flavonoids, such as flavan-3-ols, isoflavone, and anthocyanins, could 
therefore not be evaluated.

Despite these disappointing results, other human studies have found better cerebro-
vascular disease outcomes from the consumption of flavonoids. In a large Japanese cohort 
(n=40,462), greater intake of soy and isoflavone was significantly associated with lower 
risk of cerebral infarctions in women (adjusted RRs ranged from 0.35 to 0.64, comparing 
two extreme intake categories), though not in men (adjusted RR ranged from 0.95 to 1.21, 
comparing two extreme intake categories) (Kokubo et al., 2007). Another large prospec-
tive population-based study found an inverse association between high intakes of flavonoid 
subclasses and stroke, suggesting that high intakes of certain flavonoids could be neuropro-
tective (Mursu et al., 2008). This was supported by an earlier, smaller study that also tested 
the association between flavonoids and incidence of stroke (Keli et al., 1996). In a 2009 
review, Macready and colleagues summarized 15 human dietary intervention studies that 
examined associations between administration of flavonoid pure supplements or a flavonoid-
rich herbal extract (e.g., Ginkgo biloba) and cognitive function. The results are encouraging: 
nine studies reported that flavonoid supplementation provided greater neuroprotection than 
placebo. However, due to the great variations in exposure and outcome assessments across 
studies, results based on this review should be interpreted with caution.

Evidence Indicating Effects on Treatment

Human Studies

The committee found no clinical trials that tested the potential benefits of flavonoids 
in TBI, but did find evidence for other diseases or conditions included in the review of the 
literature (subarachnoid hemorrhage, intracranial aneurysm, stroke, anoxic or hypoxic 
ischemia, epilepsy). Included here are the results from two clinical trials and two meta-
analyses that may be relevant to the hypothesis that flavonoids are beneficial for TBI. In 
a randomized, double-blind, placebo-controlled trial including 102 individuals with acute 
ischemic stroke, there was significant inverse association between isoflavone supplementa-
tion and impairment of brachial flow-mediated dilatation and serum C-reactive protein 
concentrations (Chan et al., 2008). A double-blind trial conducted among 309 dementia 
patients also found that after 26 weeks of treatment with Ginkgo biloba extract, participants 
had significantly better cognitive performance, as assessed by the Alzheimer’s Disease Assess-
ment Scale-Cognitive subscale (ADAS-cog), than controls (Le Bars et al., 2000). In contrast, 
a meta-analysis failed to show significant protective effects of puerarin, an isoflavone found 
mainly in Pueraria, on acute ischemic stroke (only one trial was included) (Tan et al., 2008). 
Another meta-analysis including nine studies found that treatment with dengzhanhua, an 
herb widely used in China, produced “marked neurological improvement” in acute cerebral 
infarction patients, but the overall quality of the included studies was low (i.e., there was 
a “high risk of bias”) (Cao et al., 2008). Thus, no firm conclusion on the use of flavonoids 
could be reached.

CURCUMIN

Curcumin is a flavonoid derived from the spice turmeric, which has been used as a 
therapeutic agent in China and India (Sun et al., 2008). Many studies have demonstrated 
its antioxidant and anti-inflammatory properties, but more recent studies have also pointed 
to a potential ability to bind amyloid and prevent fibril and oligomer formation.
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Curcumin and the Brain

Although neurodegenerative diseases are not included in this review, it is noteworthy 
that curcumin is being studied for potential benefits for Parkinson’s disease and Alzheimer’s 
disease (AD). Curcumin was shown to protect against oxidative damage and synaptophysin 
loss, and to lower the level of oxidized proteins and cytokines in animal models of AD. Neu-
roprotective effects against Parkinson’s disease were hypothesized to result from a protection 
of the BBB (Sun et al., 2008). The mechanism of action of curcumin is not fully elucidated, 
but the array of molecular targets found for curcumin (e.g., transcription factors, growth 
factors, antioxidant enzymes, cell-surviving kinases and signaling molecules) suggests the 
multifaceted mode of action of this flavonoid. Recently, several animal studies have investi-
gated the potential effects of curcumin on TBI and on diseases with mechanistic similarities 
to TBI. The committee did not identify any human studies on this topic.

Uses and Safety 

In a review that examined published papers included in the database MEDLINE that 
addressed the safety of curcumin, the investigators found no safety concerns reported in 
six human trials. One human trial with 25 subjects used up to 8,000 mg/day of curcumin 
for three months, and the other five human trials used 1,125–2,500 mg/day of curcumin 
(Chainani-Wu, 2003). It is, however, worth noting that curcumin may slow down blood 
clotting, especially when administered with anticoagulant drugs or dietary supplements 
having a similar effect.1

Humans and rodents metabolize curcumin differently (i.e., curcumin hydrolyzes in the 
gastrointestinal tract in humans but not in rodents), so investigators should ensure that they 
use a form of curcumin that is physiologically stable and absorbable by humans.

Evidence Indicating Effect on Resilience

Human Studies

There have been no human trials or observational studies conducted to study curcumin’s 
potential to impart resilience against TBI. Likewise, there are no human studies to assess 
the effect of curcumin on subarachnoid or intracranial hemorrhage, intracranial aneurysm, 
ischemia, stroke, or epilepsy. 

Animal Studies

A small number of studies employing animal epilepsy models (e.g., Sharma et al., 2010), 
using a pentylenetetrazol-induced oxidative stress model, and Gupta et al. (2009) using a 
kainic acid–induced model, have consistently shown that curcumin is anticonvulsant. This 
finding may have relevance in TBI, because epilepsy is an effect seen in both its acute and 
long-term phases.

Studies also have assessed the neuroprotective effects of curcumin, using moderate or 
mild fluid percussion as a model of TBI. In an animal study of TBI using male CD-1 mice 
(8–10 weeks old; n = 8–12 per group), pretreatment with intraperitoneal injection of cur-
cumin (75 or 150 mg/kg) resulted in significantly lower brain water content and neuroin-
flammation as well as better neurological function, as assessed by the open field activity test 

1 Available online: http://www.nlm.nih.gov/medlineplus/druginfo/natural/662.html (accessed March 1, 2011).
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and a two-trial novel object recognition task, than controls treated by the vehicle [dimethyl 
sulfoxide (DMSO)] only (Laird et al., 2010). In another animal study, however, giving adult 
male Sprague-Dawley rats DMSO alone conferred neuroprotective effects against neuron 
death due to TBI that were similar to the curcumin treatment group. In other words, there 
was no difference between the two treatment groups (Di Giorgio et al., 2008). Oral ad-
ministration of curcumin prior to injury also has been shown to improve neurobehavioral 
and cognitive performance, promote membrane homeostasis, regulate energy homeostasis, 
reduce infarct area, and reduce lipid peroxidation in other animal studies of TBI or ischemic 
stroke (Sharma et al., 2009; Shukla et al., 2008; Wu et al., 2006).

Evidence Indicating Effect on Treatment

Human Studies

There have been no studies conducted with TBI patients. Likewise, there have been no 
human studies conducted to assess the effect of curcumin on subarachnoid or intracranial 
hemorrhage, intracranial aneurysm, ischemia, stroke, or epilepsy.

Animal Studies

Various animal studies conducted to test outcomes that are mechanistically similar to the 
pathology of TBI have shown that curcumin holds promise to lessen the effects of TBI. For 
example, curcumin given after injury in models of cerebral ischemia and reperfusion resulted 
in decreases in oxidative stress as measured by levels of malondialdehyde, cytochrome c, and 
cleaved caspase 3 and mitochondrial Bcl-2 expression (Zhao et al., 2010). In addition to 
lowering indicators of stress using similar models (Wang et al., 2005), studies have shown 
improved behavioral outcomes (Yang et al., 2009), attenuated neurological deficits and re-
active oxygen species (Dohare et al., 2008; Jiang et al., 2007), and reduction in infarct and 
edema volume (Jiang et al., 2007; Thiyagarajan and Sharma, 2004).

The animal study by Laird and colleagues (2010) also included experiments with ani-
mals treated with curcumin intraperitoneally after the injury. As with preinjury adminis-
tration, curcumin was found to be neuroprotective against deteriorative events caused by 
TBI, such as lipid peroxidation, inflammation, and cognitive impairment. Similar findings 
were reported in an earlier study by Shukla and colleagues (2008), where curcumin was 
given both pre- and postinjury. The authors of this study could make no conclusions about 
whether the effects of curcumin were due to its administration before the injury, or after 
(Shukla et al., 2008).

RESVERATROL

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) belongs to a class of polyphenolic com-
pounds called stilbenes. Resveratrol and other stilbenes are produced by some types of plants 
in response to stress and injury (for example, when under attack by bacteria or fungi), pre-
sumably to aid in recovery. Resveratrol was first isolated from the roots of white hellebore 
in 1940, but it began to attract more interest in 1992, when its potential protective effects 
on the cardiovascular system were hypothesized. Resveratrol is now the subject of numerous 
animal and human studies on its anti-inflammatory and anticarcinogenic effects as well as 
its potential to confer protection from heart disease, aging, and the effects of brain damage 
after a stroke (Baur and Sinclair, 2006).
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Resveratrol and the Brain

Resveratrol has been shown to exert anti-inflammatory and anti-aging effects in vitro 
and in animal models. Resveratrol inhibits the activity of several inflammatory enzymes in 
vitro, including cyclooxygenase and lipoxygenase, resulting in a suppressive effect upon 
inflammatory and oxidative stress (Ghanim et al., 2010). Resveratrol also may inhibit pro-
inflammatory transcription factors, such as NFκB or AP-1. Other mechanisms by which 
resveratrol may improve brain injury effects are restoration of cerebral blood flow, repair 
of neural loss, and scavenging of free radicals.

Recent evidence suggests that SIRT12 inhibitors may be neuroprotective; however, 
resveratrol does not appear to act directly as a SIRT1 inhibitor (Tang, 2010), because it does 
not activate SIRT1 during the acute phase of neuronal cell demise. Resveratrol may indi-
rectly increase SIRT1 activity in recovering or spared cells via elevation by 5′ AMP-activated 
protein kinase (AMPK) of NAD+ levels, which then translates into an overall beneficial 
outcome (activation of AMPK, another enzyme with a key role in cellular energy homeo-
stasis, may be neuroprotective). Table 14-2 lists studies (from 1990 and after) evaluating 
the effectiveness of resveratrol in providing resilience or treating TBI or related diseases or 
conditions (i.e., subarachnoid hemorrhage, intracranial aneurysm, stroke, anoxic or hypoxic 
ischemia, epilepsy) in the acute phases.

Uses and Safety

An expanding body of preclinical evidence suggests resveratrol may be beneficial in 
treating a variety of human diseases. For this reason, resveratrol is being sold as a dietary 
supplement, despite the absence of definitive information about resveratrol’s effects in 
humans, and while research into the potential health benefits of resveratrol is continuing. 
As with other food components, it appears that the health benefits of resveratrol are dose-
dependent. Low doses of resveratrol have been found to lead to beneficial health outcomes, 
while high doses of resveratrol can be detrimental to health (Mukherjee et al., 2010). High 
doses of resveratrol may, however, be required for treatment of pathological conditions, such 
as destruction of cancer cells (Mukherjee et al., 2010).

A 2011 review describes the available clinical data on safety and potential mechanisms 
of action following multiple dosing with resveratrol (Patel et al., 2011). The review acknowl-
edged that a complete picture of the safety of resveratrol could not be asserted, because 
out of 16 clinical trials, only 5 included information on adverse effects, and only 1 of these 
studies included a placebo control group. Still, the authors found resveratrol to be safe and 
reasonably well tolerated at doses of up to 5 g/day. The review found some mild to moder-
ate side effects, such as gastrointestinal disturbances, if used at doses higher than 1 g/day.

Evidence Indicating Effect on Resilience

Human Studies

There have been no human trials or observational studies conducted to study resvera-
trol’s potential to impart resilience against TBI. Likewise, there are no human studies to 
assess the effect of resveratrol on subarachnoid or intracranial hemorrhage, intracranial 
aneurysm, ischemia, stroke, or epilepsy.

2 The NAD-dependent deacetylase sirtuin-1 (SIRT1) is an enzyme that deacetylates proteins contrib-
uting to cellular regulation, including reaction to stressors. 
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TABLE 14-2 Relevant Data Identified for Resveratrol

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 1: Clinical trials

None 
found

Tier 2: Observational studies

None 
found

Tier 3: Animal studies

Sönmez 
et al., 
2007

Percussion 
TBI 
model for 
immature 
rats

Randomized, 
placebo-
controlled 
study

7-day-old 
Wistar albino 
rat pups

Postinjury, a 
single dose of 
intraperitoneal 
resveratrol (100 
mg/kg), saline, 
or no treatment

Locomotor activity in injured rats treated with 
saline was 38% lower than control rats and 36.2% 
lower than resveratrol-treated rats (p < 0.01). 
Performances on discrimination index, used to 
assess posttraumatic memory, were higher in both 
control rats (0.65±0.06, p < 0.01) and resveratrol-
treated rats (0.43±0.06, p < 0.05) compared to 
saline-treated rats (0.17±0.07).

Treatment with resveratrol increased the density 
of neurons in all ipsilateral and contralateral 
hippocampal regions in comparison to the injured, 
saline-treated animals (p < 0.001). There was a 
significant neuronal loss despite the treatment, 
however, in the ipsilateral hipoccampal CA1 (p < 
0.001), CA2 (p < 0.01), CA3 (p < 0.05), and DG 
(p < 0.001) regions when compared to control rats.

Ates 
et al., 
2007

TBI model 
by weight 
drop 
technique

Randomized, 
placebo-
controlled 
study

adult albino 
male Wistar 
rats 

Postinjury, a 
single dose of 
intraperitoneal 
resveratrol (100 
mg/kg), saline, 
or no treatment

Saline-treated injured rats had increased levels of 
MDA (p < 0.05), nitric oxide (NO, p < 0.05), and 
xanthine oxidase (XO, p < 0.05) and decreased 
levels of gluthatione (GSH, p < 0.05) compared 
to control rats. But injured rats treated with 
resveratrol showed reduced levels of MDA (p < 
0.05), NO (p < 0.05), and XO (p < 0.05) and 
increased levels of GSH (p < 0.05).

The resveratrol group also showed significantly 
lower cerebral edema 24 hours after injury (p < 
0.05) and smaller lesion area 14 days after injury 
(p < 0.05) compared to untreated group.
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Animal Studies

Numerous studies using rat models of ischemia reperfusion have demonstrated the abil-
ity of resveratrol, administered either intravenously or orally, to improve ischemia outcomes. 
The outcomes evaluated include cerebral blood flow, infarct volume, indicators of oxidative 
stress and inflammation, apoptotic cell death, and mitochondrial function. Studies have 
looked at the effects of intake of resveratrol as early as 21 days before the injury (Sinha et al., 
2002), but even oral intake 3 days before the injury showed positive effects. For example, 
in an ischemia model in rats, infarct volume decreased when resveratrol was given orally 
once daily for three days before the injury, but there was no decrease when it was given 
one hour prior to injury (Inoue et al., 2003). Likewise, when administered intraperitoneally 
immediately after occlusion and at the time of reperfusion, oxyresveratrol (an analogue of 
resveratrol) at 10 and 20 mg/kg reduced the infarct volume and, in the range of 10–30 mg/
kg, improved neurological outcomes. It also reduced apoptotic cell death and damage to 
the mitochondria. Similar results in infarct volume reduction were reported by Gao and 
colleagues (2006) when resveratrol was given seven days before the injury at 50 mg/kg, and 
by Li and colleagues (2010) when rats were injected with 30 mg/kg of resveratrol intraperi-
toneally for 6 days before the injury. Li and colleagues (2010) also showed a reduction in 
neurological deficit scores when evaluated with a neuromotor test two hours after reperfu-
sion. When the release of neurotransmitters was measured, rats that received resveratrol 
showed lower levels of glutamine and aspartate and higher levels of gamma-aminobutyric 
acid, glycine, and taurine than control ischemic rats. The excitotoxicity index, measured as 
excitation versus inhibition (i.e., glutamate × glycine/gamma-aminobutyric acid), was also 
lower in resveratrol-treated animals than in the injured controls. Resveratrol’s effects on re-
silience were also observed in younger animals. When administered before injury, resveratrol 

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Singleton 
et al., 
2010

Control 
cortical 
impact

Randomized, 
placebo-
controlled 
study

adult male 
Sprague-
Dawley rats 

Postinjury,  
10 or 100 mg/
kg of resveratrol 
or vehicle 
administered 
intraperitoneally 
at 5 minutes, 1 
day, and 2 days 
after injury

Injured rats treated with 100 mg/kg of resveratrol 
and sham-injured rats treated with vehicle showed 
significantly better motor performance on beam-
balance (p < 0.01), beam walk score (p < 0.01), 
and beam walk (p < 0.01 tests compared to 
injured, vehicle-treated rats). Rats treated with 10 
mg/kg of resveratrol were not significantly different 
from vehicle-treated rats.

Cognitive performance on Morris water maze was 
significantly better in sham rats (p < 0.001) and 
in rats treated with 100 mg/kg of resveratrol (p < 
0.05) than vehicle-treated rats.

Rats treated with 100 mg/kg of resveratrol had a 
mean contusion volume that was 10.6 mm3 smaller 
than injured, vehicle-treated rats (p < 0.028). Rats 
treated with 100 mg/kg resveratrol had more cells 
in the CA1 region (difference: 334.9, p < 0.001) 
and the CA3 region (difference: 102.5, p=0.001) of 
the hippocampus than injured, vehicle-treated rats. 
Thus, resveratrol (100 mg/kg) was significantly 
associated with hippocampal preservation 
(p=0.033).

TABLE 14-2 Continued

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

POLYPHENOLS 221

showed dose-dependent protection (but not at ≤ 0.002 mg/kg) against caspase-3 activation 
and also decreased the number of necrotic cells and reduced tissue loss in a neonatal model 
of ischemia (West et al., 2007).

Resveratrol also was beneficial in increasing the latency of pentylenetetrazol-induced 
epilepsy, as well as decreasing convulsions at doses ranging from 20 to 80 mg/kg. This 
enhanced protection also was observed when resveratrol was administered in combination 
with other known anticonvulsants (Gupta et al., 2002).

Evidence Indicating Effect on Treatment

Human Studies

There have been no studies conducted with TBI patients. Likewise, there have been no 
human studies conducted to assess the effect of resveratrol on subarachnoid or intracranial 
hemorrhage, intracranial aneurysm, ischemia, stroke, or epilepsy.

Animal Studies

One of the earliest investigations of the effect of resveratrol in brain injury used a model 
of ischemic injury in Mongolian gerbils that were given resveratrol immediately after injury 
and again 24 hours after injury (Wang et al., 2002). The decrease in neuronal cell death and 
decreased activation of astrocytes and glial cells led the authors to propose this polyphenol 
as a protective agent against ischemic injury. This study also demonstrated that resveratrol 
can cross the BBB, and has often been subsequently mentioned as a pivotal investigation. 
Given these positive findings, many studies have investigated the benefits of resveratrol, typi-
cally using ischemia reperfusion models in rodents. Improved measures of oxidative stress, 
brain damage, and blood flow indicate that the use of resveratrol is beneficial to ischemia 
outcomes. For example, resveratrol was found to reduce infarct volume when administered 
before or after injury at very low intravenous doses (10−9 and 10−10 mg/kg) (Huang et al., 
2001). A single dose of resveratrol significantly increased the level of nitric oxide and de-
creased the hydroxyl radical level (Kwok et al., 2006) in a cerebral ischemia model in rats. 
Subsequent research in humans not suffering from brain damage demonstrated that oral 
administration resulted in dose-dependent increases in cerebral blood flow (Kennedy et al., 
2010). In an effort to more precisely determine the time window of resveratrol’s efficacy 
after ischemia, and considering that patients will not have access to care immediately after 
injury, a 2010 study of mice given resveratrol three hours after ischemia showed it to be 
effective in suppressing indicators of inflammation, microglial activation, and reactive oxi-
dation species (Shin et al., 2010). Yousuf and colleagues (2009) conducted a very thorough 
study measuring functional and histopathological indicators after a rat model of ischemia. 
All indicators, including mitochondrial function, energy metabolism, oxidation, apoptosis, 
cell death, neurological behavior, reduced DNA fragmentation, and brain damage, suggested 
that resveratrol was beneficial in preserving anatomy and function of the brain after injury.

Animal models of TBI also have demonstrated the benefits of resveratrol. In a fluid 
percussion model of TBI for rat pups, those rats treated with 100 mg/kg resveratrol im-
mediately after trauma showed that posttraumatic memory decline (evaluated using the 
novel object recognition test) was restored to 66 percent of the uninjured control (Sönmez 
et al., 2007). In the same experiment, locomotor activity was normalized in the rats treated 
with resveratrol. In a weight-drop animal model of TBI, immediate treatment with a single 
dose of 100 mg/kg of resveratrol reduced lesion volume and brought the levels of oxidative 
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stress indicators (malondialdehyde, nitric oxide, xanthine oxidase, and glutathione) back to 
preinjury levels (Ates et al., 2007). Reinforcing these positive results are the results found by 
Singleton and colleagues (2010) in a trial with a TBI rat model, a controlled cortical impact 
model. In this case, resveratrol was given intraperitoneally at 10 or 100 mg/kg three times 
after injury (i.e., 5 minutes, 1 day, and 2 days after injury). Motor control and coordination 
of the animals were tested on days 1–5 after injury, and a cognitive test (the Morris water 
maze) was given on days 14–20 after the injury. The 100 mg/kg dose demonstrated benefits 
in all measures. Contusion volume was less and hippocampal preservation increased. Cogni-
tive test results and motor skills were improved in animals treated with the highest level of 
resveratrol. Animals given the 10 mg/kg dose did not see the same behavior improvements 
when compared to the injured controls.

CONCLUSIONS AND RECOMMENDATIONS

Given the oxidative and inflammatory processes associated with TBI, the committee sup-
ports efforts to provide a high-quality diet that supplies a mix of polyphenols. This would 
concur with the Dietary Guidelines for Americans, 2010, which recommends consuming a 
greater amount and variety of fruits and vegetables.3

The evidence presented of potential benefits of polyphenols on TBI suggests several 
conclusions. This review suggests that polyphenols fall into a category of compounds that 
exert their effects via not only their antioxidant properties, but also through modulation 
of enzymes important for the progression of the disease. This characteristic distinguishes 
this class of compounds from other antioxidants and gives them an advantage in protecting 
against a disease process as complex as TBI. Because there are many biological activities 
attributed to the flavonoids, some of which could be either beneficial or detrimental de-
pending on specific circumstances, further studies in both the laboratory and with patient 
populations are warranted.

Curcumin has not been tested in humans who have experienced a TBI event. However, 
in animal models of TBI, curcumin administration has consistently resulted in positive out-
comes such as improved neurological function and neurobehavioral performance, as well as 
reduced neuroinflammation and lipid oxidation. Although resveratrol has not been tested in 
a human TBI trial, the positive findings from studies using animal models of ischemia and 
TBI described above likewise support the notion that resveratrol may also be beneficial for 
resilience or treatment of TBI in humans.

Although caution must be exerted because the mechanisms of action of curcumin and 
resveratrol have not been completely elucidated, there have been no adverse effects reported 
from the studies reviewed. The committee concluded there is enough evidence to concur that 
further research needs to be conducted to confirm the results seen so far in small-animal 
studies and duplicate them in humans.

 RECOMMENDATION 14-1. Based on positive outcomes with curcumin and resvera-
trol in small-animal models of TBI, DoD should consider conducting human trials. In 
addition, other flavonoids (e.g., isoflavones, flavanols, epicatechin, theanine) should be 
evaluated in animal models of TBI.

3 Available online: http://www.cnpp.usda.gov/DGAs2010-PolicyDocument.htm (accessed March 1, 2011).
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Vitamin D

The requirement for the essential nutrient vitamin D can be met by a combination of de 
novo synthesis and intake, either from dietary sources or supplements. The form of vitamin 
D derived from plant sources is D2, while D3 is the form derived from the intake of animal-
based foods. Vitamin D3 also can be synthesized from cholesterol by exposure of the skin to 
ultraviolet light. Both of these forms of vitamin D act as prohormones. Modified first by the 
liver enzyme 25-hydroxylase, vitamin D is then transported to the kidney microsomes where 
it is converted to the active hormonal form known as 1,25-dihydroxyvitamin D, or calcitriol.

The function of the hormonal form of vitamin D is mediated by the nuclear receptor 
vitamin D receptor (VDR), which acts as a DNA-binding protein to regulate the transcrip-
tion of vitamin D–responsive genes. This mechanism of action is responsible for enhanced 
intestinal calcium absorption, kidney calcium reabsorption, and bone resorption of calcium. 
In this way, vitamin D regulates serum calcium and phosphate levels as well as bone metabo-
lism. Although vitamin D’s role in calcium balance is most prominent in the literature, it is 
clear that vitamin D also plays a key role in the molecular processes that control cellular 
proliferation, differentiation, and survival (Fleet, 2007). Consequently, in addition to the 
development of rickets and osteopenia, vitamin D deficiency has been linked to a variety of 
illnesses including hypertension and heart disease, obesity, diabetes, rheumatoid arthritis, 
and an increased risk of cancer (Holick, 2007; Martini and Wood, 2008; Wood, 2008).

VITAMIN D AND THE BRAIN

Although the role of vitamin D in calcium absorption, serum calcium balance, and 
bone metabolism has long been recognized, its essential role in the brain and central ner-
vous system (CNS) has only recently been appreciated. It is now known that the human 
brain expresses the enzyme 1 alpha-hydroxylase, responsible for the hydroxylation of 
25-hydroxyvitamin D to its active, hormonal form, 1,25-dihydroxyvitamin D; as well as the 
nuclear receptor for vitamin D, VDR.
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Although the roles of vitamin D in the CNS are not well understood, it appears that its 
function is largely mediated by VDR. This member of the steroid-thyroid nuclear receptor 
family is widely expressed in both the human and rodent cortex, spinal cord, amygdala, 
hypothalamus, cerebellum, mesopontine area, and diencephalon. VDR is particularly high 
in the hippocampus, a region of the brain associated not only with learning and memory, 
but also with emotion (Eyles et al., 2005). When the hormonal form of vitamin D associ-
ates with VDR in the nucleus, this complex can combine with the retinoic acid receptor 
RXR to produce heterodimers. Together, these two nutrients (vitamin D in the form of 
1,25(OH)2-D3 and vitamin A in the form of 9-cis-retinoic acid) and their respective nuclear 
receptors (VDR and RXR) bind to specific sequences of DNA known as vitamin D response 
elements (VDREs). Binding of this complex to VDREs in the 5′-flanking region of vitamin 
D–responsive genes results in the regulation of gene transcription in the CNS, where it is 
now believed to participate in cell proliferation and neuronal differentiation and neuronal 
function (Levenson and Figueirôa, 2008).

Table 15-1 includes limited supporting evidence (1990 and later) from human studies on 
vitamin D supplementation for CNS injuries. Any adverse effects in humans are also listed.

USES AND SAFETY

The current Recommended Dietary Allowance (RDA) for vitamin D is 600 International 
Units (IU) per day for both male and female adults up to the age of 70 (IOM, 2010). At 
age 70, the RDA increases to 800 IU. There are a number of considerations to take into ac-
count when applying these recommendations to military populations and others at risk for 

TABLE 15-1 Relevant Data Identified for Vitamin D

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 1: Clinical trials

None 
found

Tier 2: Observational studies

Buell 
et al., 
2010

Stroke Prospective 
cohort study 
(Nutrition 
and Memory 
in Elders)

na=318 
patients ≥ 60 
years old

25(OH)D insufficiency (10–20 ng/mL) was associated 
with twice the risk of stroke (ORb=2.29, 95% CIc: 
1.09–4.83, p=0.03). But the association with stroke was 
not significant after stratifying for presence or absence of 
dementia.

Compared to patients taking sufficient levels (> 20 ng/
mL) of 25(OH)D, deficient (< 10 ng/mL) patients had 
higher geometric mean white matter hypersensitivity 
(WMH) volume (p=0.004), higher WMH grade (p=0.02), 
and higher prevalence of large vessel infarcts (p < 0.01).

Tier 3: Animal studies

None 
found

 a n: sample size.
 b OR: relative risk.
 c CI: confidence interval.
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traumatic brain injury (TBI). First, the current RDAs for vitamin D were developed under 
conditions of minimal sun exposure (IOM, 2010), and therefore do not factor in the vita-
min D synthesized in the skin through exposure to sunlight. More importantly, the Institute 
of Medicine (IOM) set the current RDA for vitamin D at a level found to be sufficient to 
maintain bone health and normal calcium metabolism in healthy people, the only outcome 
found to be associated with vitamin D status. It is not known whether the dietary vitamin 
D requirement for optimal brain function under normal or injured conditions should be 
different.

Median estimates of vitamin D intake from foods are below the Estimated Average Re-
quirements (EARs) of 400 IU recently established by the IOM. However, vitamin D also is 
synthesized in the skin, and therefore vitamin D status is not accurately reflected exclusively 
by dietary intake. Using National Health and Nutrition Examination Survey (NHANES) 
data from 2000 to 2006, levels of 25-hydroxyvitamin D in serum, a depiction of total vita-
min D exposure, were above 50 nmol/mL, the level identified as meeting the needs of most 
of the population. The IOM concluded that the population of North America, with the 
possible exception of the aging population and those with dark skin, is meeting its needs 
for vitamin D.

NHANES (2005–2006) data show that 37 percent of the U.S. population reported us-
ing vitamin D supplements. This is likely to be predominantly in the form of multivitamin 
supplements or as an adjunct to calcium supplementation. The current Tolerable Upper 
Intake Level (UL) for adults is 4,000 IU. Excess dietary intake of vitamin D has been shown 
to cause vitamin D intoxication, which leads to hypercalcemia and, eventually, soft tissue 
calcification and resultant renal and cardiovascular damage.

EVIDENCE INDICATING EFFECT ON RESILIENCE

Human Studies

There have been no clinical trials to address the possibility that vitamin D supple-
mentation may promote resilience to subsequent TBI. However, human data (in elderly 
populations) does indicate that failure to maintain adequate vitamin D nutriture is associ-
ated with diminished neurocognitive health. For example, plasma 25-hydroxy vitamin D 
concentrations of less than 20 ng/mL in individuals 65–99 years of age were associated 
with increased prevalence of dementia, and concentrations below 10 ng/mL were associ-
ated with increased cranial indicators (detected via magnetic resonance imaging [MRI]) of 
cerebrovascular disease such as white matter hyperintensity volume and large vessel infarcts 
(Buell et al., 2010).

Animal Studies

Maintaining adequate vitamin D nutrition prior to injury may be critical for post-TBI 
treatment with progesterone, the only agent that has thus far shown therapeutic benefit in 
randomized, placebo-controlled clinical trials. This possibility is based on a 2009 study 
conducted in aged rats (Cekic et al., 2009): vitamin D–replete animals showed a 50 percent 
reduction in spontaneous locomotor activity following contusion to the medial frontal cor-
tex, but progesterone treatment fully restored activity. Rats deficient in vitamin D exhibited 
a similar reduction in locomotor activity following contusion, but treatment with either 
progesterone alone or vitamin D alone had no restorative effect. Although treatment with 
progesterone plus vitamin D did completely restore locomotor activity, the possible efficacy 
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of vitamin D as an adjunct to progesterone therapy is supported by in vitro data showing 
that pretreatment of cultured rat cortical neurons with either progesterone or vitamin D 
protected the cells from glutamate-induced excitotoxicity. Pretreatment with progesterone 
in combination with some lower doses of vitamin D was more protective than progesterone 
alone (Atif et al., 2009).

This requirement for vitamin D is important in light of two very encouraging human 
studies involving progesterone. In the first, Wright and colleagues (2007) conducted a phase 
II clinical trial with TBI patients. The treated patient group achieved a significantly lower 
mortality rate at 30 days and improved scores on disability rating scales at 30 days and 1 
year postinjury, compared to the placebo-treated patients; there were no serious adverse 
events observed. In the second study, Xiao and coworkers (2008) performed a human trial 
involving patients with severe TBI. These patients had significantly improved functional 
independence and Glasgow Outcome Scale scores at three and six months postinjury, and 
lower mortality at six months, compared to placebo-treated controls. Progesterone admin-
istration to patients with severe TBI is currently in phase III clinical trials.

Progesterone is best known as a steroid hormone involved in the regulation of reproduc-
tive function (Cannon, 1998), and in immunosuppression during pregnancy to guard against 
immunological rejection of the fetus (Arck et al., 2007). Progesterone is, however, also pro-
duced in the cerebral cortex, hypothalamus, and other areas of the brains of both men and 
women, primarily by astrocytes (Micevych and Sinchak, 2008); receptors for progesterone 
are also located in the brain, many in regions associated with cognitive function (Wagner, 
2008). There is growing evidence that neuroprogesterone produced in the brain can influ-
ence neurons by modulating membrane-bound receptors (including gamma-aminobutyric 
acid type A [GABAA] and glutamate receptors) and subsequently influencing neuronal 
excitotoxicity and apoptosis (reviewed in Leskiewicz et al., 2006). Progesterone may also 
promote myelin repair (Chesik and De Keyser, 2010; Labombarda et al., 2009). Potential 
neuroprotective mechanisms have been reviewed in the context of TBI by Stein (2008).

Although no published work has directly tested the hypothesis that vitamin D supple-
mentation improves resilience to TBI in otherwise vitamin D–adequate animals, an examina-
tion of data collected using other models of brain injury suggests the need for more work 
in this area. For example, eight days of treatment with 1,25 dihydroxyvitamin-D3 reduced 
tissue damage in the rat brain subjected to the middle cerebral artery occlusion model of 
stroke (Wang et al., 2000). Interestingly, four days of vitamin D treatment were ineffective, 
suggesting a dose-response curve that needs to be examined.

EVIDENCE INDICATING EFFECT ON TREATMENT

Human Studies

There have been no clinical trials to assess the efficacy of vitamin D as a treatment for 
TBI or for other related diseases or conditions included in the review of the literature (sub-
arachnoid hemorrhage, intracranial aneurysm, stroke, anoxic or hypoxic ischemia, epilepsy).

Animal Studies

No published studies have used vitamin D supplementation to treat TBI. In vitro work, 
however, has shown that vitamin D has direct neuroprotective and antiapoptotic functions, 
and protects cultured cortical neurons against excitotoxic damage (Kajta et al., 2009). The 
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same report further showed that administration of a single dose of 1,25 dihydroxyvitamin 
D3 (2 μg/kg) 30 minutes after hypoxia-ischemia in seven-day-old rats effectively reduced 
brain damage in these animals (Kajta et al., 2009). Although clearly very different from the 
accepted models of TBI, these data do suggest that future studies to examine the possible 
effectiveness of vitamin D in TBI models are warranted.

CONCLUSIONS AND RECOMMENDATIONS

An examination of the literature on the possible role of vitamin D in improving re-
silience to TBI and in the treatment of TBI has identified a number of unanswered ques-
tions that reveal gaps in our current knowledge. It is not known whether chronic vitamin 
D supplementation alone improves resilience. There also is no clear evidence yet to show 
the extent to which vitamin D supplementation is effective in treating TBI, the therapeutic 
window for treatment after TBI, or the optimal dose. Although it appears that adequate 
vitamin D status is necessary to the action of effective treatments such as progesterone, it is 
not currently known if vitamin D supplementation that exceeds recommended doses would 
improve progesterone efficacy or enhance other treatments. It is, however, recommended 
that military personnel ensure adequate intakes to meet the RDA for vitamin D. Because the 
current vitamin D status of military personnel is not definitive, the committee recommends 
in Chapter 5 that dietary assessments be conducted across military settings. A retrospective 
assessment of pre- and postinjury nutrition status is likewise recommended in Chapter 5. 
This should include investigating serum vitamin D levels in patients during the acute phase 
of TBI, with a range of severity from mild/concussion to severe injuries, to explore whether 
preinjury vitamin D levels are associated with different outcomes.

Progesterone was not included for independent evaluation in this report because, al-
though it is incorporated in some dietary supplements, there was no evidence that these 
preparations will have positive effects on TBI. Although progesterone can be taken orally 
in a micronized form that enhances solubility in aqueous solutions and absorption in the 
gastrointestinal tract (Fitzpatrick and Good, 1999), it appears that its positive effects in TBI 
are achieved only via intravenous administration and at therapeutic doses (Wright et al., 
2005, 2007; Xiao et al., 2008). Although some phytoprogestins have been identified by their 
ability to bind progesterone receptors on the breast carcinoma cell line T47D (Zava et al., 
1998), none of the herbal extracts that bound the receptors were agonists. They were either 
neutral or were progestin antagonists (examples include red clover, licorice, and nutmeg). 
Altogether, there is no evidence that oral administration of progesterone or phytoprogestins 
will provide a benefit as treatment for TBI.

 RECOMMENDATION 15-1. The committee recommends more animal studies be 
conducted to determine if vitamin D enhances the beneficial actions of progesterone in 
the treatment of TBI. If this synergistic effect is confirmed in animals, then studies in 
humans should be conducted to evaluate the extent to which vitamin D supplementation 
might improve the efficacy of progesterone treatment.

 RECOMMENDATION 15-2. Based on animal studies showing a requirement of vita-
min D for the efficacy of progesterone therapy, future animal studies are recommended 
to test the efficacy of using vitamin D supplements to improve resilience to TBI. Should 
the data from animal studies support use of this steroid hormone, human trials should 
be implemented to test the efficacy of vitamin D in populations at high risk for TBI.
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16

Zinc

The trace element zinc is essential to at least 80 different enzymes in the human central 
nervous system (CNS), including DNA (deoxyribonucleic acid) and RNA (ribonucleic acid) 
polymerases, metalloproteinases, and many dehydrogenases in intermediary metabolism, 
such as lactate dehydrogenase and pyruvate carboxylase (Tapiero and Tew, 2003). Zinc also 
is a structural component of a family of DNA-binding transcription factors known as zinc-
finger proteins that are essential for gene expression (Klug and Schwabe, 1995; O’Halloran, 
1993). Nuclear receptors, such as those that mediate the transcriptional roles of thyroid 
hormones, glucocorticoids, retinoic acid, vitamin D, and estrogen, are all zinc-finger proteins 
(Freedman and Luisi, 1993), and function as key players in the CNS.

ZINC AND THE BRAIN

In addition to the zinc that is bound to enzymes, transcription factors, and other pro-
teins, about 10 percent of CNS zinc is in the free form and is associated with presynaptic 
vesicles of glutamatergic neurons. Although neurons containing free zinc are found in many 
regions of the brain, including the cortex, amygdala, and olfactory bulb, the neurons of 
the hippocampus have the highest concentrations of free zinc. The zinc in these vesicles is 
released into the synaptic cleft, where it modulates the activity of a variety of postsynaptic 
receptors including N-methyl-D-aspartate (NMDA) receptors, gamma-aminobutyric acid 
(GABA) receptors, and voltage-gated calcium channels (Matias et al., 2006; Stoll et al., 
2007). Regulation of NMDA receptor subunit expression also has been shown to be regu-
lated by zinc (Levenson, 2006).

In addition to the important neuromodulatory roles of free zinc, it has been repeat-
edly shown that excessive release of zinc from synaptic boutons can result in postsynaptic 
neuronal death. Neurons in brain regions with high concentrations of free zinc, such as 
the hippocampus, are thus particularly vulnerable to zinc-mediated damage and death. 
Additionally, after CNS injury, large quantities of free zinc can be released, not only from 
presynaptic vesicles but also from metalloproteins and from mitochondrial zinc pools, result-
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ing in neuronal damage and death in a variety of brain regions (Frederickson et al., 2004; 
Sensi and Jeng, 2004).

Traumatic brain injury (TBI) induces a variety of damaging oxidative processes, and a 
number of studies show a role for zinc deficiency in the induction of reactive oxygen species 
(ROS). Zinc deficiency may therefore exacerbate the oxidative damage associated with TBI. 
This hypothesis is supported by work in cultured rat neurons (differentiated PC12 cells) 
showing that deficiencies in extracellular zinc resulted in an increase in neuronal oxida-
tion via the activation of the NMDA receptor. This in turn led to calcium influx and to the 
calcium-mediated activation of protein kinase C/NADPH (nicotinamide adenine dinucleo-
tide phosphate) oxidase as well as nitric oxide synthase (Aimo et al., 2010). Other work 
has implicated zinc deficiency in mitochondrial accumulation and release of ROS (Corniola 
et al., 2008). This mechanism is dependent on the tumor suppressor protein p53. Nuclear 
targets of p53 in zinc deficiency include genes that arrest the cell cycle and induce apoptotic 
mechanisms leading to cell death (Corniola et al., 2008). Finally, in response to TBI, anti-
oxidant mechanisms are increased in the brain. For example, increases in several isoforms (I, 
II, and III) of the zinc- and copper-binding protein metallothionein have been reported after 
brain injury (Penkowa et al., 2001; Yeiser et al., 1999). Zinc deficiency blunts this response. 
Because the metal-binding metallothioneins have been shown to play an antioxidant role, 
these data suggest that zinc deficiency may impair antioxidant mechanisms that are needed 
to protect neurons and other cell types in the brain after TBI.

A relevant selection of human and animal studies (from the year 1990) examining the 
effectiveness of zinc supplementation on providing resilience or treating TBI in the acute 
and subacute phases of injury is presented in Table 16-1. This table also includes some sup-
porting evidence from human studies on zinc supplementation for other CNS injuries, such 
as stroke and seizure. The occurrence or absence of adverse effects in humans is included if 
reported by the authors.

USES AND SAFETY

Dietary requirements for zinc are determined not only by the roles of zinc in the brain, 
but also by the necessity of adequate zinc for immune function, tissue repair and replace-
ment, nutrient digestion, and energy metabolism in all organ systems. There is, however, 
no single widely accepted or routinely available biomarker for zinc status (IOM, 2006). 
Marginal zinc deficiency is particularly difficult to identify and is thus likely to go unrecog-
nized. The Committee on Mineral Requirements for Cognitive and Physical Performance of 
Military Personnel (IOM, 2006) reported that high-intensity exercise can increase urinary 
zinc excretion by 20–40 percent. This, combined with severe environmental conditions that 
promote sweating, means that many active-duty military personnel have high zinc losses. 
These losses must be replaced by dietary intake. 

The current Recommended Dietary Allowance (RDA) for zinc in the general population 
is 9 mg/day for females between the ages of 14 and 18, 8 mg/day for females 19 years and 
older, and 11 mg/day for males 14 years and older. In the general population, data from the 
National Health and Nutrition Examination Survey (2002) suggest that 11 percent of males 
and 17 percent of females have regular intakes below the recommended amounts. Owing 
to the increased requirements resulting from physical activity and potential increased excre-
tion (via sweat and urine, as well as increased muscle turnover), the Military Daily Recom-
mended Intake (MDRI) for zinc is 12 mg/day for females and 15 mg/day for males (IOM, 
2006). Revisions to the MDRIs, based on current DRIs, are imminent.

Because of zinc’s important role in the modulation of immunity, zinc supplements have 
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TABLE 16-1 Relevant Data Identified for Zinc

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 1: Clinical trials

Aquilani 
et al., 
2009

Subacute 
stroke 
patients 
with low 
Zn2+ intake 
(< 6.6 mg/
day)

Randomized, 
prospective, 
placebo-
controlled, 
double-blind 
trial

na=26 

Postinjury,  
Zn2+ supplementation at 
10 mg/day or placebo

Compared to baseline values, all 
patients had significantly greater daily 
carbohydrate (p=0.03) and zinc intake (p 
< 0.001) and lower National Institute of 
Health Stroke Scale (NIHSS) scores (p < 
0.001) at 30 days.

Compared to patients assigned to 
placebo, patients assigned to zinc 
supplementation had greater body weight 
(p=0.002), daily energy intake (p=0.02), 
protein intake (p=0.04), lipid intake 
(p=0.01), and zinc level (p < 0.001) at 30 
days.

Zinc-treated patients also had higher 
level of serum albumin (p=0.001) and 
greater improvement in NIHSS score 
(p=0.04) than controls. And zinc intake 
was inversely correlated to NIHSS score 
(rb=−0.46, p < 0.02).

No adverse effects of zinc were 
mentioned.

Young 
et al., 
1996

Severe TBI Randomized, 
prospective, 
double-blind, 
placebo-
controlled 
trial

n=68 TBI 
patients

Postinjury,  
elemental zinc at 
standard level of 2.5 
mg or supplementation 
at 12 mg for 15 days, 
then tablets of 22 mg 
elemental zinc or placebo 
for 3 months

Although there was no difference 
between the standard (2.5 mg) group 
and the supplemented (12 mg) group 
on serum zinc level, the supplemented 
group had significantly higher levels of 
zinc in urine at days 2 (p=0.0001) and 10 
(p=0.01). But the significance disappeared 
at week 3.

Supplemented group also had higher 
mean serum pre-albumin level (p=0.003) 
and mean retinol-binding protein levels 
(p=0.01) at 3 weeks.

After adjusting for baseline value, 
supplemented group had higher mean 
Glasgow Coma Scale (GCS) score at day 
28 (p=0.03) and mean motor GCS score 
at days 15 (p=0.005) and 21 (p=0.02), 
although there was no statistically 
significant difference in the raw GCS 
scores.

No adverse effects were mentioned.

Tier 2: Observational studies

None 
found

continued
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Tier 3: Animal studies

Hellmich 
et al., 
2008

TBI Adult, male 
Sprague-
Dawley rats

Calcium 
ethylenediaminetetraacetic 
acid (EDTA)

Compared to saline-treated rats, rats 
pretreated with CaEDTA had significantly 
fewer Flouro-Jade (FJ, showing injured 
cells) stained cells in CA1 (p < 0.05) 
and rats treated with CaEDTA after TBI 
had reduced FJ-stained cells in CA3 (p < 
0.02).

Although both pre- and postinjury 
administration of CaEDTA increased 
the expression of antiapoptotic gene 
Bcl-2, only pretreatment was significant 
when compared to saline-treated rats (p 
< 0.05). And only postinjury treatment 
with CaEDTA increased the expression 
of Bax (p < 0.05 vs. saline-treated and 
pretreated rats) and caspase 3 genes (p < 
0.05 vs. saline-treated rats only).

CaEDTA treatment had no significant 
effect on spatial memory. And injured 
rats with and without CaEDTA treatment 
and treated, sham-injured rats all had 
significantly worse performance on 
the Morris water maze test (p < 0.05) 
compared to untreated, sham-injured 
rats.

Hellmich 
et al., 
2007

TBI, fluid 
percussion 
injury (FPI)

Adult, male 
Sprague-
Dawley rats

Lamotrigine or 
nicardipine

At 4 hours post-TBI, injured rats had 
significant increase in number of neurons 
with Flouro-Jade (FJ, showing injured 
cells) and Newport Green (NG, showing 
zinc positive cells) staining in CA1, 
CA3, and dentate gyrus regions of the 
hippocampus (p < 0.05). At 24 hours 
after injury, increased number of FJ- and 
NG-positive cells was seen in the CA1 
and CA2 regions (p < 0.05), with stained 
cells seen in rats with severe injury. In the 
dentate gyrus, increase in stained cells 
was seen only in moderately injured rats 
(p < 0.05).

Both lamotrigine and nicardipine led to a 
decrease on FJ- and NG-stained neurons 
in CA1 (p < 0.05), and lamotrigine led 
to decrease of stained cells in CA3 (p < 
0.05).

There was no significant difference in 
the expression of Bcl-2, caspase 3 and 
caspase 9, and Hsp 70 between the two 
staining methods. However, within-rat 
variability was smaller for FJ staining 
than NG.

TABLE 16-1 Continued
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continued

Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Hellmich 
et al., 
2004

TBI, FPI Male 
Sprague-
Dawley rats

Preinjury, 
calcium EDTA (100mM) 
30 minutes before injury 
or no treatment 

Treatment with EDTA was significantly 
associated with increased expression of 
neuroprotective genes and antioxidant 
enzymes.

EDTA also significantly increased 
expression of cell cycle regulatory genes 
and reduced apoptotic cell death after 
TBI up to 85%. Results were consistent 
with microarray studies describing 
changes in the expression of genes in 
several signaling and cellular pathways 
after TBI.

Yeiser 
et al., 
2002

TBI, 
unilateral 
cortical stab 
wounds

Adult, male 
Sprague-
Dawley rats

Postinjury,  
zinc diets (standard: 
30 mg/kg; moderately 
deficient: 5 mg/kg; and 
supplemental: 180 mg/kg)

Compared to rats fed with standard 
amount of zinc (controls), serum 
zinc level was significantly lower in 
zinc-deficient rats (p ≤ 0.05) and was 
not significantly different in zinc-
supplemented rats. There was no 
significant between-group difference 
regarding zinc levels in the brain.

Compared to controls, deficient rats 
had greater number of cells stained with 
terminal deoxynucleotidyl transferase 
dUTP nick end labeling (p ≤ 0.05).

TABLE 16-1 Continued
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Penkowa 
et al., 
2001

TBI Adult, male 
Sprague-
Dawley rats

Preinjury, normal diet 
(43.3 mg Zn/kg, 6.5 mg 
Cu/kg), zinc-deficient diet 
(1.9 mg Zn/kg), copper-
deficient diet (0.8 mg Cu/
kg), or zinc pair-fed diet 
(43.3 mg Zn/kg)

Compared to uninjured controls, 
zinc-deficient rats had lower food 
consumption, lower level of brain zinc, 
and decreased weight gain (p < 0.05 
for all three). Zinc-deficient rats had 
decreased weight gain compared to pair-
fed rats, too (p < 0.05).

Injured, zinc-deficient rats had greater 
number of round hypertrophic 
microphages at the periphery of the 
lesion and in the parenchyma than 
injured, normally fed rats (p < 0.05) and 
uninjured controls (p < 0.001). Both 
injured and uninjured zinc-deficient 
rats had decreased astrogliosis around 
the lesion and long thin processes than 
corresponding normally fed rats (p < 0.05 
for both).

Injured zinc-deficient rats had more 
apoptotic cells (neurons, astrocytes, and 
microglia/microphages) than uninjured 
controls (p < 0.001) and injured normally 
fed rats (p < 0.05). Expression of 
metallothionein (MT) isoforms I and II 
in injured, zinc-deficient rats was greater 
compared to uninjured controls (p < 
0.001), but lower compared to injured, 
normally fed rats (p < 0.05). Expression 
of MT-III was higher in injured, zinc-
deficient rats compared to both controls 
(p < 0.001) and injured, normally fed rats 
(p < 0.05).

Analysis of oxidative stress markers 
showed that injured, zinc-deficient 
rats had increased levels of MDA 
(malondialdehyde), NITT (protein 
tyrosine nitration), and NF-κB (nuclear 
factor kappa B) compared to both 
uninjured controls (p < 0.001 for all three 
markers) and injured, normally fed rats 
(p < 0.05 for all three).

TABLE 16-1 Continued
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Reference
Type of 
Injury/Insult

Type of Study 
and Subjects Treatment Findings/Results

Suh 
et al., 
2000

Moderate 
and severe 
TBI, 
induced by 
weight drop 
model

Male 
Sprague-
Dawley rat

Postinjury,  
calcium EDTA (for ion 
zinc chelation), zinc-
EDTA (prevents zinc 
chelation), or saline 

Vesicular zinc was loss from boutons in 
impacted area within 6 hours of injury.

In rats that underwent severe trauma, 
neurons stained with N-(6-methoxy-8-
quinolyl)-para-toluenesulfonamide (TSQ) 
can be seen 1 hour after TBI, especially 
in the hilar and infragranular regions 
in dentate gyrus. TSQ-labeled neurons 
can be seen in the cortex and thalamic 
regions after 24 hours. The main 
difference between severe and moderate 
trauma was there was more florescent 
neurons in the dentate granule layer and 
subgranular hilar regions.

Results from TSQ florescence were 
confirmed by eosin staining showing 
neuron degeneration.

Administration of calcium EDTA reduced 
the number of eosinophilic neurons in 
the dentate gyrus, hilus, and CA1 regions 
(p < 0.05 vs. saline for all three). The 
number of eisonophilic neurons was not 
affected by zinc-EDTA.

 a n: sample size.
 b r: correlation coefficient.

TABLE 16-1 Continued

been used in a variety of settings to improve immune function and reduce inflammation 
(see Prasad, 2009; Scrimgeour and Condlin, 2009 for recent reviews). A 2008 meta-analysis 
of the four available randomized trials of zinc supplementation and clinical outcomes in 
critically ill patients showed only small, statistically insignificant improvements in mortality 
and length of stay in intensive care (Heyland et al., 2008). However, zinc supplementation 
appears to be associated with improvements in markers of immune function in a variety of 
other noncritically ill patients. For example, a 2010 report showed that 18 months of daily 
zinc supplementation (12 mg for women and 15 mg for men) significantly reduced the likeli-
hood of immunological failure, rate of diarrhea, and mortality in HIV-infected adults (Baum 
et al., 2010). The use of zinc to treat cold and flu symptoms also has become very popular, 
albeit with conflicting scientific evidence on efficacy. Although some studies have reported no 
improvements in cold symptoms (Eby and Halcomb, 2006), a meta-analysis of double-blind, 
randomized, controlled trials suggested that zinc gluconate may be effective in reducing the 
symptoms and duration of the common cold in healthy people when administered within 24 
hours of onset of symptoms (Singh and Das, 2011). To produce these effects, however, the 
daily dose varied between 30 mg zinc in syrup preparation and 80–190 mg zinc in lozenge 
form (Singh and Das, 2011).

This raises the issue of zinc overload. Currently, the Tolerable Upper Intake Level (UL) 
for zinc is set at 40 mg/day; the minimum effective dose discussed for treatment of colds 
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would significantly exceed this amount. A number of recent reports have shown that pro-
longed excessive zinc overload from misuse of dental preparations results in potentially fatal 
copper deficiency, characterized by pancytopenia and myelopolyneuropathy (Afrin, 2010; 
Hedera et al., 2009). These data suggest that recommendations to supplement zinc for any 
reason, including for the treatment of TBI, should include cautionary advice not to chroni-
cally exceed the UL for zinc intake.

EVIDENCE INDICATING EFFECT ON RESILIENCE

Human Studies

As with other nutrients or food components, the committee found no human studies that 
have examined the potential benefits of zinc in TBI or in other related diseases or conditions 
included in the review of the literature (subarachnoid hemorrhage, intracranial aneurysm, 
stroke, anoxic or hypoxic ischemia, epilepsy).

Animal Studies

Given the evidence, both clinical and experimental, showing a possible role for the use 
of zinc as a treatment in TBI, a 2010 study (Cope et al., unpublished) sought to test the 
hypothesis that zinc supplementation prior to injury could increase resilience and improve 
outcomes of brain injury. The effect of diet was assessed using the controlled cortical injury 
model of TBI in adult rats. This model of severe injury induced anhedonia, a depression-like 
symptom, in the rat, as measured by the two-bottle saccharin preference test. Although this 
symptom was observed in injured animals that were fed a diet with adequate zinc (30 ppm), 
four weeks of zinc supplementation (180 ppm) prior to the injury prevented the appearance 
of anhedonia following TBI.

Animals also were monitored for the appearance of anxiety-like behaviors. Four weeks 
of a diet with marginal zinc deficiency (5 ppm) resulted in anxiety, as measured by the 
elevated plus maze, even in the absence of brain injury. The development of anxiety has 
been previously reported in zinc-deficient rats (Takeda et al., 2008; Tassabehji et al., 2008) 
and reviewed in 2010 (Cope and Levenson). The earlier reports used diets that were more 
severely limited in zinc (< 3 ppm), used weanling animals that are highly susceptible to zinc 
deficiency, or both. The most recent work is the first report to show that even diets margin-
ally deficient in zinc may result in anxiety. Cortical injury produced additional evidence of 
anxiety; however, animals fed the zinc-supplemented diet prior to injury appeared to have 
greater resilience to the effects of injury on anxiety. Not only did supplementation partially 
prevent anxiety-like behaviors, supplemented animals also showed prevention of significant 
increases in adrenal weight measured two weeks after TBI (Cope et al., unpublished).

Because loss of cognitive function can be one of the most debilitating deficits associated 
with TBI, the 2010 study also examined whether zinc supplementation could prevent losses 
in spatial learning and memory. While controlled cortical impact resulted in significant 
performance deficits on the Morris water maze test in animals fed a diet adequate in zinc, 
rats that were fed the zinc-supplemented diet (180 ppm) prior to TBI showed no differences 
from sham-operated control rats at any point during the 10-day cognitive trial, suggesting 
that zinc supplementation may improve cognitive resilience in the event of brain injury 
(Cope et al., unpublished). Future work will be needed to determine the possible uses of 
zinc supplementation to improve resilience across the range of traumatic brain injuries, 
including mild TBI.
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EVIDENCE INDICATING EFFECT ON TREATMENT

Human Studies

Traumatic brain injury results in significantly depressed serum zinc levels as well as 
increased urinary zinc excretion. A 1986 report showed that urinary zinc excretion was 
proportional to the severity of the brain injury (McClain et al., 1986). The most severely 
injured patients in this study had mean urinary zinc levels that were 14 times normal values, 
suggesting rapid zinc depletion. Additionally, patients with severe head injuries develop hy-
poalbuminemia (most likely secondary to increased interleukin-1-mediated transendothelial 
movement of albumin), as well as evidence of inflammation, including increases in acute-
phase proteins (e.g., C-reactive protein, ceruloplasmin), and elevated white blood cell counts 
(McClain et al., 1988; Young et al., 1988). The impact of these factors on zinc availability 
and zinc metabolism is potentially significant. Because albumin is the major serum transport 
protein for zinc, hypoalbuminemia would potentially impair both zinc transport and avail-
ability. Induction of cytokines such as interleukin-1 may further compromise zinc availability 
and reduce zinc stores that are already significantly depleted by increased urinary excretion.

Given the apparent role of TBI in compromising zinc status, Young et al. (1996) 
sought to test the effectiveness of using zinc supplementation after TBI to reduce zinc 
losses, maintain protein balance, and improve neurological outcomes. Within 72 hours of 
injury, 68 patients with severe closed head injuries were randomly assigned to either an 
adequate zinc (2.5 mg/day) or supplemental zinc (12 mg/day) treatment group. These zinc 
levels were administered intravenously as zinc sulfate in conjunction with total parenteral 
nutrition. Supplements were administered in a double-blind fashion for the initial 15 days 
and followed by 22 mg intravenous zinc (as zinc gluconate) or placebo for the remainder 
of the study. Zinc supplementation resulted in increased levels of serum pre-albumin and 
retinol-binding protein, suggesting improved protein synthesis and a role for supplemental 
zinc in maintaining visceral protein in TBI patients. Two weeks after injury, patients in the 
zinc-supplemented group had better Glasgow Coma Scale scores than control patients given 
adequate zinc. These improvements were maintained at 21 and 28 days. Interestingly, the 
differences between the groups were seen despite the fact that neither serum zinc concentra-
tions nor zinc levels in cerebral spinal fluid were changed by zinc supplementation, suggest-
ing that the zinc is taken up into tissues after administration, and illustrating the fact that 
serum zinc levels are not a good indicator of zinc status. One month after TBI, mortality in 
the control group receiving adequate zinc was 26 percent, compared to 12 percent in the 
group receiving supplemental zinc. Caution should be exercised, however, when interpret-
ing the mortality data, because a larger number of patients in the control group (13 vs. 6 in 
the zinc-supplemented group) required craniotomies for hematoma evacuation during the 
course of the study.

The efficacy of treatment with zinc also has been tested after ischemic injury. A small 
(26 patients assigned to receive either zinc supplementation or placebo) human study sought 
to explore the effectiveness of replacing zinc in stroke patients who had dietary zinc intakes 
that were lower than two-thirds of the RDA. In these patients, zinc replacement (10 mg/
day) improved outcomes measured by the National Institutes of Health Stroke Scale 30 
days after stroke (Aquilani et al., 2009). Although this work does not address the effect of 
zinc supplementation using levels that are higher than the RDA as a treatment for neuronal 
injury, it does suggest that, at the very least, maintaining adequate zinc levels after injury is 
important for recovery.

Finally, as many as 40 percent of patients hospitalized with TBI develop major depres-
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sion, making it the most common long-term complication of TBI (Jorge and Starkstein, 
2005). Although there are no data on the use of supplemental zinc to improve antidepressant 
drug treatment in patients with TBI-associated depression and although this report does not 
further review long-term health disorders associated with TBI, the use of zinc to improve 
mood may be effective among this patient population.

Animal Studies

Zinc Deficiency

Because military personnel may be at risk for developing zinc deficiency, and TBI further 
increases zinc losses, it is important to understand the possible effects of zinc deficiency on 
the cellular and molecular mechanisms associated with TBI. Animal models not only per-
mit the study of these mechanisms in a controlled fashion, but also have provided useful 
information about the role of zinc in TBI. For example, an examination of DNA damage 
after infliction of a unilateral cortical stab wound in adult rats found that zinc deficiency 
(induced with a moderately deficient diet that did not result in anorexia) led to a significant 
increase in terminal deoxynucleotidyl transferase-mediated biotinylated dUTP nick-end 
labeling (TUNEL)-positive cells at the site of injury compared to animals with adequate 
zinc. TUNEL staining, a marker of DNA fragmentation and cell death, in combination 
with nuclear morphology and cell-specific markers, revealed that moderate zinc deficiency 
caused both apoptosis and necrosis of macrophages and ameboid microglia involved in the 
clearance of debris following TBI (Yeiser et al., 2002). More severely zinc-deficient diets that 
induced anorexia resulted in increased neuronal death and significant increases in gliosis at 
the site of injury (Penkowa et al., 2001). These data combine to suggest that zinc deficiency 
not only increases the severity of damage after TBI, but also may prevent debris clearance 
and inhibit repair at the site of the injury.

Zinc Toxicity

Animal models also have been used to show that TBI can result in the accumulation of 
free zinc that leads to neuronal death (Hellmich et al., 2004; Yeiser et al., 1999). In addi-
tion to affecting the site of injury, TBI produced either by fluid percussion injury (Hellmich 
et al., 2004) or mechanical cortical trauma (Suh et al., 2000) resulted in neuronal death in 
the dentate gyrus, hilus, and CA1 regions of the hippocampus. Not only does the neuronal 
death appear to be associated with presynaptic zinc release (Hellmich et al., 2007), but also 
the cell death was largely prevented by treatment with the zinc chelator calcium disodium 
ethylenediamine tetraacetate (Hellmich et al., 2004, 2008), suggesting that zinc in high 
concentrations after TBI is neurotoxic. Despite histological evidence of neuronal survival, 
however, chelation of zinc after TBI did not improve the spatial memory deficits associated 
with brain injury (Hellmich et al., 2008).

This understanding of the possible role of free zinc in neuronal death raises the ques-
tion of whether clinicians should be treating brain-injured patients with supplemental zinc, 
particularly in acute periods after severe injury when the blood-brain barrier that regulates 
brain zinc uptake has been disrupted. An animal model of TBI showed that four weeks of 
dietary zinc supplementation (180 ppm) after TBI did not significantly increase cell death 
(as measured by TUNEL labeling) in any cell type examined, including microglia, macro-
phages, neurons, or oligodendrocytes at the site of injury or any other region of the CNS 
(Yeiser et al., 2002). These data suggest that concerns about the potential neurotoxicity of 
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enteral zinc supplementation in TBI patients are unwarranted. Reports that intraperitoneal 
injections of zinc significantly increased the infarct size and impaired motor behavior after 
focal ischemia in subject rats suggest, however, that caution is warranted when using zinc 
parenterally in moderately to severely injured patients (Levenson, 2005; Shabanzadeh et al., 
2004).

CONCLUSIONS AND RECOMMENDATIONS

Although the available evidence suggests that zinc may be an effective treatment for 
TBI, there are many unanswered questions that prevent its optimal use in the clinical set-
ting. Future research will be needed to determine the best practices for zinc administration 
after TBI and to populations at risk of TBI. The safety of zinc supplementation, especially 
in patients with moderate to severe TBI, also must be evaluated.

In the acute care situation, the available clinical evidence suggests that after TBI, zinc 
deficiency should be prevented to maintain visceral protein and optimize the potential for 
neurological recovery. The only acute dose of supplemental zinc that has been tested in a 
clinical setting is 12 mg/day administered intravenously for the first 15 days after injury. 
After day 15, an oral dose of 22 mg/day was used. With the UL set at 40 mg/day, these doses 
are not likely to have adverse effects. However, the impact of parenteral administration of 
zinc has not been independently investigated, nor has it been compared to enteral feeding in 
a TBI model. Doses of up to 30 mg/day have been provided to critically ill patients without 
obvious adverse clinical impacts.

Although there have been no studies to determine the possible efficacy of zinc supple-
mentation in TBI patients who are being treated for depression and depression-related dis-
orders, the available clinical evidence suggests that this approach may be warranted.

 RECOMMENDATION 16-1. Based on a report showing efficacy in humans, the com-
mittee recommends that animal studies be conducted to determine the best practices for 
zinc administration after concussion/mild, moderate, and severe TBI, such as determin-
ing the therapeutic window for zinc administration, the length of treatment time for 
greatest efficacy, and the optimal level of zinc to improve outcomes. These trials should 
also evaluate the safety of zinc, based on concerns about toxicity and overload. Results 
from these studies should be used to design human clinical trials using zinc as a treat-
ment for TBI.

 RECOMMENDATION 16-2. Future work is needed in both humans and animal mod-
els to determine the extent to which chronic preinjury zinc supplementation can improve 
resilience in the event of a TBI.
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Summary of Recommendations

Traumatic brain injury (TBI) is the beginning of an ongoing process that affects mul-
tiple organs and systems and may cause or accelerate other diseases and disorders that can 
reduce life quality and expectancy. As the physiological mechanisms associated with TBI, 
such as oxidation and inflammation, are elucidated, it becomes clear that nutrition may play 
a role in ameliorating primary and secondary (i.e., acute, or within minutes; and subacute, 
or within 24 hours) as well as long-term effects of TBI. The ability of any intervention to 
improve the outcomes of TBI will largely depend on its ability to inhibit disease progression 
either by solo action, or by acting synergistically with other interventions or endogenous re-
covery factors. Specific approaches need to be targeted to the pathophysiology of the disease, 
and will differ depending on the mechanisms involved in the disease progression. Broadly 
speaking, different processes—such as hypoxia, excitotoxicity, or proteinopathies—will 
respond to different interventions. Some interventions also may be most beneficial when 
administered over an extended period of time, while others may provide optimal benefit with 
one-time administration. The timing of administration is also critical, as there may be a time 
window of efficacy for some nutrients; that is, some interventions might be beneficial within 
minutes, while others will be effective later. For these reasons, it is important to identify 
promising interventions of two different kinds: those that will target primary and secondary 
effects early after injury, and those that will target long-term effects of TBI.

In addition to the evidence indicating that nutrition can affect the disease pathophysiol-
ogy, there is increasing information indicating that nutrition affects brain function and that 
nutritional strategies may improve resilience or support treatment of brain disorders. With 
this in mind, an IOM expert committee reviewed the evidence supporting the potential role 
for nutrition in the acute and subacute phases of TBI. Based on the evidence reviewed, the 
committee concluded that nutritional interventions could be important both to augment 
mechanisms that defend against the effects of TBI, and to serve as an integral component of 
multidisciplinary postinjury treatment to lessen the primary and secondary effects of TBI. 
With the exception of a recommendation to follow a specific energy- and protein-feeding 
regimen early after injury for patients with severe TBI, the committee concluded there is a 
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need to either refine study protocols or confirm the effectiveness of nutritional approaches 
in lessening the health outcomes of TBI. Because of the paucity of data about the efficacy 
of most of the nutrition approaches reviewed, the committee thought it premature to direct 
DoD to adopt any of them at this time. For some approaches for which enough preclinical 
and, in some cases, clinical data exist the committee sees the potential benefits and reached 
consensus about research needed in some promising areas. The research recommended will 
serve to confirm published results and to refine the protocols (i.e., optimal route of admin-
istration, timing, and dose). There is even less data being generated about the effectiveness 
of nutritional interventions in combination, either with one another or with other forms of 
treatment. Investigating the synergistic or antagonistic effects of nutrients is an important 
area of research for the future. However, there are more pressing areas to investigate that 
are highlighted below.

It is important to note that, as requested in the statement of task, this report has re-
viewed nutritional interventions only for primary (i.e., acute) and secondary (i.e., subacute) 
effects. The effects of TBI are conceptually categorized as primary, secondary, and long-term 
effects, based on the amount of time elapsed since the injury; but in reality, the boundaries 
of these definitions are ambiguous. For example, the impact of some of the early pathogenic 
events related to cell death may linger in the more chronically injured brain, into the time 
when there is upregulation of growth factors linked to plasticity and ongoing angiogenesis. 
Moreover, events such as angiogenesis, typically associated with wound healing, are initi-
ated within the more acutely injured brain. Because of these challenges, this report includes, 
in addition to acute effects, some studies that also evaluate outcomes that are seemingly 
long-term but that might be initiated in the acute phase of the disease. This report does not 
address other outcomes such as neurodegenerative (e.g., Alzheimer’s disease, Parkinson’s 
disease), neuroendocrine, psychiatric, and other nonneurological disorders that appear 
later in life and for which a causal relationship with the original injury has not been clearly 
established.

The report is limited in that it did not evaluate the role of nutritional therapies in the 
rehabilitation phase and did not address the long-term effects of TBI, despite evidence in-
dicating that nutritional therapies may be beneficial. Based on the literature searches the 
committee concluded that conducting a review of the nutrition approaches to improve 
long-term effects of TBI, which was part of the initial task and later excluded because of 
financial constraints, would also be important. Specifically, it would be important to review 
the alterations in metabolism associated with TBI, together with the nutritional interventions 
that could enhance or impair recovery from those long-term health disorders in the areas of 
motor dysfunction and cognitive, neuropsychiatric, and neurodegenerative states, should be 
reviewed (see also workshop papers by Metzger, Gomez-Pinilla, and Sands in Appendix C).

RECOMMENDATIONS

The committee concluded that there is already sufficient evidence to indicate that nu-
trition should be added to the toolbox of interventions for TBI treatment and recovery. A 
summary of the committee’s recommendations follows. Only one recommendation calls 
for updating evidence-based guidelines for severe TBI, to provide patients with energy and 
protein (Box 17-1). The remaining recommendations identify additional research needs in 
study methodologies (Box 17-2), nutritional assessments (Box 17-3), and specific recom-
mendations for research on nutritional interventions that have been prioritized into the 
most promising (Box 17-4) and other research (Box 17-5). Finally, the committee includes 
a general recommendation to develop evidence-based clinical nutritional guidelines, and to 
continue to update them as more evidence becomes available (Box 17-6).
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BOX 17-1 
Standardize the Provision of Energy and Protein to Patients with Severe TBI

RECOMMENDATION 6-1. The committee recommends that evidence-based guidelines include the 
provision of early (within 24 hours after injury) nutrition (more than 50 percent of total energy expen-
diture and 1–1.5 g/kg protein) for the first two weeks after injury. This intervention is critical to limit the 
intensity of the inflammatory response due to TBI, and to improve outcome.

BOX 17-2 
Continue Improving Animal Models and Identifying Biomarkers

RECOMMENDATION 3-1. The committee recommends that the Department of Defense (DoD), in 
cooperation with others, refine existing animal models to investigate the potential benefits of nutrition 
throughout the spectrum of TBI injuries, that is, concussion/mild, moderate, severe, and penetrating, 
as well as repetitive and blast injuries. Development of animal models is particularly urgent for concus-
sion/mild TBI and brain injuries due to blast as well as for repetitive injuries. These models also will 
aid in understanding the pathobiology of TBI, which is particularly needed for concussion/mild TBI, 
blast, and repetitive injuries.

RECOMMENDATION 3-2. The committee recommends that DoD, in cooperation with others, continue 
to develop better clinical biomarkers of TBI (i.e., concussion/mild, moderate, severe, penetrating, 
repetitive, and blast injuries) for the purposes of diagnosis, treatment, and outcome assessment. In 
addition, the committee recommends the identification of biomarkers specifically related to proposed 
mechanisms of action for individual nutritional interventions.

BOX 17-3 
Assessing Nutrition Status

RECOMMENDATION 5-1. DoD should conduct dietary intake assessments in different military set-
tings (e.g., when eating in military dining facilities or when subsisting on a predominantly ration-based 
diet) both predeployment and during deployment to determine the nutritional status of soldiers as a 
basis for recommending increases in intake of specific nutrients that may provide resilience to TBI.

RECOMMENDATION 5-2. Routine dietary intake assessments of TBI patients in medical treatment 
facilities should be undertaken as soon after hospitalization as possible to estimate preinjury nutri-
tion status as well as to provide optimal nutritional intake throughout the various stages of treatment.

RECOMMENDATION 5-3. In individuals with TBI, DoD should estimate preinjury and postinjury di-
etary intake or status for those nutrients, dietary supplements, and diets that might show a relationship 
to TBI outcome. For example, based on the current evidence, the committee recommends collecting 
those estimates for creatine, n-3 fatty acids, choline, and vitamin D. The data could be used to in-
vestigate potential relationships between preinjury nutritional intake or status and recovery progress. 
Such data also would show possible synergistic effects between nutrients and dietary supplements.

Energy and Protein to Patients with Severe TBI

The committee made one urgent recommendation to standardize the feeding regimen for 
TBI patients early after a severe injury. This important recommendation focuses on including 
specific energy and protein provisions for patients with severe TBI in the current evidence-
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BOX 17-4 
Most Promising Research Recommendations on Nutritional Interventions

RECOMMENDATION 6-2. DoD should conduct human trials to determine appropriate levels of blood 
glucose following TBI to minimize morbidity and mortality. These should be clinical trials of early feed-
ing using intense insulin therapy to maintain blood glucose concentrations at less than 150–160 mg/
dL versus current usual care of acute TBI in intensive care unit (ICU) settings for the first two weeks.

RECOMMENDATION 6-3. DoD should conduct clinical trials of the benefits of insulin therapy for care 
of acute TBI in inpatient settings with total parenteral nutrition (TPN) alone (or plus enteral feeding) 
versus enteral feeding alone. The goals for blood glucose in the TPN group should be lower (e.g., 
less than 120 mg/dL) than in the enteral group (e.g., less than 150–160 mg/dL). Variables to measure 
include clinical outcomes and incidence of hypoglycemia.

RECOMMENDATION 6-4. DoD should conduct studies to determine the optimal goals for nutrition 
(e.g., when to begin meeting total energy expenditure for optimal lean tissue maintenance or repletion) 
after the first two weeks following severe injury.

RECOMMENDATION 8-1. DoD should continue to monitor the literature on the effects of nutrients, 
dietary supplements, and diets on TBI, particularly those reviewed in this report but also others that 
may emerge as potentially effective in the future. For example, although the evidence was not suf-
ficiently compelling to recommend that research be conducted on branched-chain amino acides, DoD 
should monitor the scientific literature for relevant research.

RECOMMENDATION 9-1. DoD should monitor the results of the Citicoline Brain Injury Treatment 
(COBRIT) trial, a human experimental trial examining the effect of CDP-choline and genomic factors 
on cognition and functional measures in severe, moderate, and complicated mild TBI. If the results 
of that trial are positive, DoD should conduct animal studies to define the optimal clinical dose and 
duration of treatment for choline (CDP-choline) following TBI, as well as to explore choline’s potential 
to promote resilience to TBI when used as a preinjury supplement.

RECOMMENDATION 10-1. Based on the evidence supporting the effects of creatine on brain func-
tion and behavior after brain injury in children and adolescents, DoD should initiate studies in adults 
to assess the value of creatine for treating TBI patients.

RECOMMENDATION 13-1. DoD should conduct animal studies that examine the effectiveness of 
preinjury and postinjury oral administration of current commercial preparations of purified n-3 fatty 
acids on TBI outcomes.

RECOMMENDATION 13-2. Based on the evidence that fish oil decreases inflammation within hours 
of continuous administration, human clinical trials that investigate fish oil or purified n-3 fatty acids 
as a treatment for TBI are recommended. For acute cases of TBI, it should be noted that there are 
intravenous fish oil formulations available in Europe, but these are not approved by the Food and Drug 
Administration (FDA). Continuous enteral feeding with a feeding formula containing fish oil should 
provide equivalent effects for this purpose in the early phase of severe TBI when enteral access 
becomes available.

RECOMMENDATION 16-1. Based on a report showing efficacy in humans, the committee recom-
mends that animal studies be conducted to determine the best practices for zinc administration after 
concussion/mild, moderate, and severe TBI, such as determining the therapeutic window for zinc ad-
ministration, the length of treatment time for greatest efficacy, and the optimal level of zinc to improve 
outcomes. These t also rials should evaluate the safety of zinc, based on concerns about toxicity and 
overload. Results from these studies should be used to design human clinical trials using zinc as a 
treatment for TBI.

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

SUMMARY OF RECOMMENDATIONS 253

BOX 17-6 
Future Update of Evidence-Based Guidelines

RECOMMENDATION 2-1. Evidence-based nutrition guidelines specific for severe TBI should be 
updated. These guidelines should address unique nutritional concerns of severe TBI when different 
from generic critical illness nutrition guidelines (e.g., meeting energy needs and benefits of specific 
nutrients, food components, or diets). In addition, current guidelines to manage mild and moderate TBI 
should include recommendations for nutritional interventions. The guidelines should be developed in a 
collaborative manner with the various key stakeholders (e.g., American Dietetic Association, Depart-
ment of Veterans Affairs, DoD).

BOX 17-5 
Other Research Recommendations

RECOMMENDATION 7-1. Based on the literature from animal and human trials concerning stroke 
and epilepsy, DoD should consider a clinical trial with TBI patients using an array of antioxidants in 
combination (e.g., vitamins E and C, selenium, beta-carotene).

RECOMMENDATION 11-1. DoD should conduct animal studies to examine the specific effects of ke-
togenic diets, other modified diets (e.g., structured lipids, low-glycemic-index carbohydrates, fructose), 
or precursors of ketone bodies that affect energetics and have potential value against TBI. These 
animal studies should specifically consider dose, time, and clinical correlates with injury as variables. 
Results from these studies should be used to design human studies with these various diets to deter-
mine if they improve outcome against severe TBI. These studies should include time as a variable to 
determine whether there is an optimal initiation point and length of use.

RECOMMENDATION 11-2. If these studies show benefits, then DoD should further investigate 
whether the potential beneficial effect of such ketogenic or modified diets or precursors to ketone 
bodies applies to concussion/mild and moderate TBI. Before conducting these studies, DoD should 
consider the feasibility (i.e., how to ensure compliance with a modified diet) of using diets that affect 
the metabolic energy available, such as ketogenic diets, for the treatment of TBI.

RECOMMENDATION 14-1. Based on positive outcomes in small-animal models of TBI with curcumin 
and resveratrol, DoD should consider conducting human trials. In addition, other flavonoids (e.g., 
isoflavones, flavanols, epicatechin, theanine) should be evaluated in animal models of TBI.

RECOMMENDATION 15-1. The committee recommends more animal studies be conducted to de-
termine if vitamin D enhances the beneficial actions of progesterone in the treatment of TBI. If this 
synergistic effect is confirmed in animals, then studies in humans should be conducted to evaluate 
the extent to which vitamin D supplementation might improve the efficacy of progesterone treatment.

RECOMMENDATION 15-2. Based on animal studies showing a requirement of vitamin D for the ef-
ficacy of progesterone therapy, future animal studies are recommended to test the efficacy of using 
vitamin D supplements to improve resilience to TBI. Should the data from animal studies support 
use of this steroid hormone, human trials should be implemented to test the efficacy of vitamin D in 
populations at high risk for TBI.

RECOMMENDATION 16-2. Future work is needed in both humans and animal models to determine 
the extent to which chronic preinjury zinc supplementation can improve resilience in the event of a TBI.
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based guidelines. Such nutritional intervention should be implemented immediately, and will 
achieve significant positive outcomes by reducing the inflammatory response, which is likely 
to be at its height during the first two weeks after injury.

Research Needs

The rest of the recommendations concern research questions about the potential ben-
efits and adverse effects of nutritional interventions for TBI. The committee made research 
recommendations for animal studies as well as for both observational and randomized 
controlled trials in humans. Despite the expressed need for more research in the TBI patient 
population, the committee recognizes that clinical TBI is extremely complex and that the 
understanding of the differences in pathophysiology between mild and severe injuries is 
continuously evolving. Furthermore, the translation of experimental models to clinical care 
is limited by a number of factors, such as differences between animal species and variations 
in the mechanisms of injury producing the various types of TBIs. In addition, patients with 
TBI often suffer from polytrauma, which adds another level of complexity to an already 
multifaceted injury. Given the diverse nature of the injury, randomized clinical trials in a 
population with TBI are difficult to carry out, and long-term prospective studies among 
high-risk populations are costly, from both a financial and human resources perspective. 
Still, the committee emphasizes the need to follow best practices when designing such 
studies. Instead of providing specifics about the design of the research studies that might 
be challenging to meet, the committee offers the following list of considerations for future 
investigators in this discipline:

•	 A	note	of	caution	is	offered	on	extrapolating	findings	from	animal	models	to	humans;	
although there are good animal models for severe injuries, there is a need for better 
animal models for other types of TBI, especially concussion/mild TBI and blast TBI 
(see recommendation 3-1).

•	 There	are	limitations,	such	as	poor	sensitivity	and	specificity,	on	the	use	of	biomarkers	
as indicators of injury and recovery. Better predictability might be attained by using 
several biomarkers in conjunction with clinical data (see recommendation 3-2).

•	 Unless	specified	in	the	recommendations,	research	should	be	conducted	on	the	full	
spectrum of TBI, from mild/concussion to severe injuries.

•	 Although	 not	 specifically	 mentioned	 in	 the	 research	 recommendations,	 adverse	
effects from any studies should be recorded, taking into consideration that TBI 
patients may experience more frequent adverse effects than a healthy population 
exposed to the same intervention. The reader is also referred to the 2008 Institute 
of Medicine (IOM) report Use of Dietary Supplements by Military Personnel, in 
which a framework to review the safety of dietary supplements in military settings 
was developed.

•	 In	general,	and	based	on	results	 from	previous	studies,	 the	committee	advises	 that	
gender and age differences be considered in the study design.

•	 The	committee	emphasizes	that	commercial	food	components	and	nutrient	supple-
ments vary in their purity, and this variation will likely have an effect in the results 
of a study. Therefore, investigators should pay particular attention to the quality (i.e., 
purity) of these compounds.

•	 The	chemistry	(and	source)	of	each	compound	of	interest	affects	its	bioavailability,	
metabolism, and ability to reach the target area, which in turn influence the effective-
ness of a nutritional intervention.
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•	 Before	any	definitive	conclusions	can	be	made	about	efficacy,	the	route	and	timing	of	
administration and dosage are key considerations that investigators need to optimize 
in study designs.

•	 Investigators	 should	 consider	 synergistic	 and	 antagonistic	 effects	 with	 nutrients,	
dietary supplements, food components, or other substances in the diets of military 
personnel.

Although not related to nutrition specifically, the committee thought it important to 
mention the significance of appropriate methodologies. There are still substantial deficiencies 
in the biomarkers and animal models currently used. On that point, the committee made two 
general recommendations: first, to continue to develop better animal models, and second, to 
identify biomarkers of both injury and improved brain function.

There also is a need to assess the nutritional status of military personnel to determine 
whether there are nutrients that need to be added to the diets of military personnel to main-
tain optimal readiness and mission performance goals. The committee found there are not 
enough nutritional assessments of military personal conducted in various settings, specifi-
cally during deployments.

In addition to providing protein and energy after severe injury, there are other nutri-
tional interventions that are promising but for which many questions persist about exact 
protocols (e.g., dosage, time, and route of administration), and more research is critically 
needed in order to provide optimal treatment to military members with TBI. For example, 
based on recent reports that mortality and morbidity of TBI patients are affected by early 
feeding, the committee strongly supports elucidation of the best practices during the early 
postinjury period. Fundamental questions remain, however, about the appropriate serum 
levels of glucose and insulin to be achieved within the first 24 hours after severe TBI. More 
information is also needed on the best nutrition goals for the two weeks following that 
period. In addition to these urgent questions about protein and energy needs shortly after 
injury, research gaps also were identified in other promising areas. Based on the existing 
evidence from animal and human research studies, the nutritional interventions selected for 
review by the committee were energy and protein provision, antioxidants (e.g., vitamins E 
and C), polyphenols (e.g., flavonoids, resveratrol, and curcumin), branched-chain amino 
acids, choline, creatine, ketogenic and similar modified diets, magnesium, n-3 fatty acids, 
vitamin D, and zinc. Chapter 4 describes how these nutrition interventions were selected. 
For some of the selected nutrients, such as resveratrol, studies have demonstrated benefits 
of the nutrient in animal models of TBI or brain injury. However, there are as yet no clinical 
trials that confirm similar beneficial effects in humans. For other nutrients, such as creatine, 
there are human trials with promising results that could be extended to military personnel. 
In other cases, such as magnesium, choline, and n-3 fatty acids, human trials are under way, 
and the military should review those studies as the results are made public.

The committee recognizes the need for the Department of Defense (DoD) to prioritize 
the research recommendations. Although there will undoubtedly be other criteria that will be 
used to guide such ranking, the committee offers here its reflections on the prioritization of 
research based on its opinions about the likelihood of positive results for lessening the effects 
of TBI. Research on interventions for which human trials to explore efficacy in improving 
the outcomes of TBI already exist or are ongoing have been presented as “most promising 
research” (Box 17-4). Research on interventions for which animal studies in TBI or human 
studies in associated conditions have shown improvements in outcomes is presented as 
“other research” (Box 17-5). Although the research recommendations are directed to DoD 
as the sponsor of this study, the committee recognizes that this research agenda would entail 
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a tremendous effort. Because the problem of TBI is not unique to military personnel but is 
also a concern for the civilian population, the research questions would likely be of inter-
est to other organizations. DoD is encouraged to conduct research internally, to support 
extramural research, or to collaborate with others in order to obtain answers in the most 
effective manner.

Ultimately, any potential interventions must be applied to clinical care situations to 
benefit TBI patients. The committee found that, except for guidance on energy intake, 
the majority of clinical guidelines for critical care and TBI patients do not include specific 
recommendations for adequate nutrition either early after injury or in the long term. In ad-
dition, discussions with critical care and rehabilitation clinicians indicate there is diversity 
in clinical practices, and that the small number of current nutrition guidelines is followed 
by few practitioners. This picture is even more worrisome when considering the lack of 
specific, evidence-based guidelines for the use of dietary supplements or food components 
for TBI, and the frequent use of dietary supplements by military personnel discussed in the 
2008 IOM report Use of Dietary Supplements by Military Personnel (IOM, 2008). The 
committee therefore also reflected on the application of the research recommended in this 
report to improve the clinical guidelines. The findings of the research gaps outlined above 
would present an opportunity to update the existing clinical guidelines with evidence-based 
nutritional interventions. To that effect, a table (see Appendix B) was developed with 
questions for which the evidence does not currently exist, but that will benefit clinicians 
as they create evidence-based guidelines in the future. These questions are outlined in the 
PICO (Population/Participant, Intervention, Comparator, Outcomes) format, which is used 
to present questions for the purpose of creating evidence-based guidelines. Topics include 
designation of biomarkers, optimal feeding regimens (e.g., sources of energy, percentage of 
energy needs to be met, route of administration), and novel nutrition therapies. The com-
mittee hopes that in addition to creating a research agenda to answer questions about TBI, 
these recommendations will serve to update clinical guidelines.

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

Appendixes

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

259

A

Agenda

Workshop on Nutrition and Neuroprotection in Military Personnel

June 23–24, 2010
VENABLE

575 Seventh St., NW, Washington, DC 20004

Wednesday, June 23, 2010: Day 1

1:30 pm Welcome, Introductions, and Purpose of Open Session
 John Erdman, Committee Chair

SESSION 1: BACKGROUND AND OVERVIEW

Objective: To understand possible differences in pathophysiology and metabolic 
response between acute injury and injury from repeated low-severity events due to blast 
overpressure.

1:40  Moderator: Cathy Levenson, Committee on Nutrition, Trauma, and the 
Brain

1:45  Central nervous system (CNS)-related neurotrauma in the military 
environment

  Col. Michael Jaffee, M.D., USAF
  Director, Defense and Veterans Brain Injury Center

2:15 Pathophysiology and mechanisms of neurotrauma: Blast and civilian
  Mårten Risling, M.D., Ph.D.
  Associate Professor, Department of Neuroscience
  Karolinska Institutet, Sweden
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2:45 Recurrent sports-related traumatic brain injury (TBI) and tauopathy
  Robert Stern, Ph.D.
  Associate Professor of Neurology
  Co-Director, Center for the Study of Traumatic Encephalopathy
  Co-Director, Alzheimer’s Disease Clinical & Research Program
  Boston University School of Medicine

3:15  Panel Discussion

4:15  Public Comments

4:45  Adjourn

Thursday, June 24, 2010: Day 2

8:30 am Welcome
  John Erdman, Committee Chair

SESSION 2: CLINICAL TREATMENT AND REHABILITATION

Objectives:
	 •	 	To	gain	understanding	of	the	acute	phase	of	injury	in	the	civilian	world	(What	

treatments are available in early phases and rehabilitation; long-term strategies?)
	 •	 	To	gain	understanding	of	the	acute	phase	of	injury	in	the	military	(What	treatments	

are available in early phases and rehabilitation; long-term strategies?)

8:35  Moderator: Ross Zafonte, Committee on Nutrition, Trauma, and the Brain

8:40 Clinical management in the field
  Col. Geoffrey Ling, M.D., Ph.D.
  Medical Corps, U.S. Army
  Program Manager, Defense Sciences Office
  DARPA

9:10 Stateside acute care and rehabilitation
  Maj. Megumi Vogt, M.D.
  Medical Corps, U.S. Air Force
  Deputy Director, TBI Clinical Standards of Care
   Defense Center of Excellence for Psychological Health and Traumatic 

Brain Injury

SESSION 3: NUTRITIONAL CONSIDERATIONS IN CLINICAL TREATMENT

Objective: To gain understanding of existing clinical guidance and standards of practice 
on nutritional interventions for concussion and other CNS-related neurotrauma treatment 
and recovery.

9:40  Moderator: Wayne Askew, Committee on Nutrition, Trauma, and the Brain

9:45 The perspective of an R.D. working with civilian TBI
  Natalia Bailey, M.S., R.D., C.D.
  Neurological Trauma/Surgery ICU Nutrition Support Dietitian
  Harborview Medical Center
  University of Washington Level I Trauma Center
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10:05 The perspective of a neurosurgeon
  Jamshid Ghajar, M.D., Ph.D., FACS
  President, Brain Trauma Foundation
  Clinical Professor of Neurological Surgery
  Weill Cornell Medical College, Cornell University

10:25 The perspective of an R.D. working in the military environment
  Maj. Kelli Metzger, R.D.
  Medical Specialist Corps, U.S. Army
  Chief, Nutrition Marketing and Integration Services
  Walter Reed Army Medical Center

10:55 Break

11:10 Panel Discussion

12:10 pm Lunch

SESSION 4: ROLE OF NUTRITION IN RESILIENCE AND RECOVERY

Objective: To gather information about the state of research on the role of diets, food 
products, and/or nutritional interventions in the enhancement or impairment of recovery 
from CNS-related neurotrauma.

1:10  Moderator: John Erdman, Committee on Nutrition, Trauma, and the Brain

1:20 The ability of nutrients to promote brain plasticity and cognitive health
  Fernando Gómez-Pinilla, Ph.D.
  Professor, Depts. of Neurosurgery and Physiological Science
  University of California, Los Angeles

1:50  Resolvins and Protectins: Specialized proresolving mediators in inflammation, 
and organ protection from essential fatty acids

  Charles Serhan, Ph.D.
  Director, Center for Experimental Therapeutics and Reperfusion Injury
  The Simon Gelman Professor of Anesthesia
  Brigham and Women’s Hospital and Harvard Medical School

2:20 Mechanisms of nutritional neuroprotection: Flavanols
  Sylvain Doré, Ph.D.
   Associate Professor of Anesthesiology and Critical Care Medicine, and 

Pharmacology and Molecular Sciences
  Johns Hopkins University School of Medicine

2:50 Overview of therapeutics for TBI
  Edward Hall, Ph.D.
   Director, Spinal Cord & Brain Injury Research Center
   Professor of Anatomy & Neurobiology, Neurosurgery, Neurology, and 

Physical Medicine & Rehabilitation, Chandler Medical Center
  University of Kentucky

3:20 Panel Discussion

4:20 Public Comments
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Meeting 2 of the Committee on Nutrition, Trauma, and the Brain

September 23, 2010
The Keck Center of the National Academies

500 Fifth Street, NW, Washington, DC 20001
Room 205

OPEN SESSION AGENDA

10:00 am Welcome
  John Erdman
  Chair, Committee on Nutrition, Trauma, and the Brain

10:05 am The need for glucose control in critically ill patients: Risks and benefits
  Stanley Nasraway, M.D.
  Tufts University School of Medicine & Tufts Medical Center

11:05 am  Targeting mitochondrial dysfunction following TBI using creatine and fasting
  Patrick Sullivan, Ph.D.
  The University of Kentucky Chandler College of Medicine

12:05 pm Nutritional Support of TBI at the VA
  Stephanie Sands, R.D.
  James A. Haley Veterans Hospital
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B

Evidence-Based Guidelines for 
Traumatic Brain Injury
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264 NUTRITION AND TRAUMATIC BRAIN INJURY

TABLE B-1 Content of Evidence-Based Guidelines (EBG) for Acute Traumatic Brain 
Injury (TBI) in Intensive Care Unit (ICU) Setting (e.g., Critical Illness)

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

Nutrition-
related 
assessment 
information

A1. Traditional nutrition assessment tools (albumin, 
pre-albumin, and anthropometry) are not validated in 
critical care. Before initiation of feedings, assessment 
should include evaluation of weight loss and previous 
nutrient intake prior to admission, level of disease 
severity, comorbid conditions, and function of the 
gastrointestinal (GI) tract. (Grade: E)

C1. The target goal of enteral nutrition (EN) (defined 
by energy requirements) should be determined and 
clearly identified at the time of initiation of nutrition 
support therapy. (Grade: C) Energy requirements may 
be calculated by predictive equations or measured 
by indirect calorimetry. Predictive equations should 
be used with caution, because they provide a less 
accurate measure of energy requirements than 
indirect calorimetry in the individual patient. In 
the obese patient, the predictive equations are even 
more problematic without availability of indirect 
calorimetry. (Grade: E)

CI: Indirect calorimetry to determine RMR
Indirect calorimetry is the standard for determination of resting 
metabolic rate (RMR) in critically ill patients because RMR based 
on measurement is more accurate than estimation using predictive 
equations.

Rating: Strong
Imperative

CI: RMR Predictive equations for nonobese patients
If predictive equations are needed in nonobese, critically ill patients, 
consider using one of the following, as they have the best prediction 
accuracy of equations studied (listed in order of accuracy): Penn State, 
2003a (79%), Swinamer (55%), and Ireton-Jones, 1992 (52%). In some 
individuals, errors between predicted and actual energy needs will result 
in under- or over-feeding.

Rating: Fair
Conditional

CI: Inappropriate RMR predictive equations for this population
The Harris-Benedict (with or without activity and stress factors), the 
Ireton-Jones, 1997, and the Fick equations should not be considered 
for use in RMR determination in critically ill patients, because these 
equations do not have adequate prediction accuracy. In addition, the 
Mifflin-St. Jeor equation should not be considered for use in critically ill 
patients, as it was developed for healthy people and has not been well 
researched in the critically ill population.

Rating: Strong
Imperative

CI: RMR predictive equations for obese patients
If predictive equations are needed for critically ill, mechanically 
ventilated individuals who are obese, consider using Ireton-Jones, 1992 
or Penn State, 1998, because they have the best prediction accuracy of 
equations studied. In some individuals, errors between predicted and 
actual energy needs will result in under- or over-feeding.

Rating: Fair
Conditional

CI: Rest periods and RMR
Allow a rest of 30 minutes prior to RMR measurement in critically ill 
patients.

Rating: Consensus
Imperative

CI: Rest period and accuracy of RMR
If the critically ill patient has undergone a nursing activity or medical 
procedure (e.g., suctioning, wound care, central venous access 
or ventilator setting change), then employ a 30-minute rest after 
procedures to achieve a resting state during RMR measurement. 
Measuring RMR before the 30-minute period may be inaccurate 
because patient instability or ventilator gas re-equilibration.

Rating: Consensus
Conditional
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TABLE B-1 Content of Evidence-Based Guidelines (EBG) for Acute Traumatic Brain 
Injury (TBI) in Intensive Care Unit (ICU) Setting (e.g., Critical Illness)

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

Nutrition-
related 
assessment 
information

A1. Traditional nutrition assessment tools (albumin, 
pre-albumin, and anthropometry) are not validated in 
critical care. Before initiation of feedings, assessment 
should include evaluation of weight loss and previous 
nutrient intake prior to admission, level of disease 
severity, comorbid conditions, and function of the 
gastrointestinal (GI) tract. (Grade: E)

C1. The target goal of enteral nutrition (EN) (defined 
by energy requirements) should be determined and 
clearly identified at the time of initiation of nutrition 
support therapy. (Grade: C) Energy requirements may 
be calculated by predictive equations or measured 
by indirect calorimetry. Predictive equations should 
be used with caution, because they provide a less 
accurate measure of energy requirements than 
indirect calorimetry in the individual patient. In 
the obese patient, the predictive equations are even 
more problematic without availability of indirect 
calorimetry. (Grade: E)

CI: Indirect calorimetry to determine RMR
Indirect calorimetry is the standard for determination of resting 
metabolic rate (RMR) in critically ill patients because RMR based 
on measurement is more accurate than estimation using predictive 
equations.

Rating: Strong
Imperative

CI: RMR Predictive equations for nonobese patients
If predictive equations are needed in nonobese, critically ill patients, 
consider using one of the following, as they have the best prediction 
accuracy of equations studied (listed in order of accuracy): Penn State, 
2003a (79%), Swinamer (55%), and Ireton-Jones, 1992 (52%). In some 
individuals, errors between predicted and actual energy needs will result 
in under- or over-feeding.

Rating: Fair
Conditional

CI: Inappropriate RMR predictive equations for this population
The Harris-Benedict (with or without activity and stress factors), the 
Ireton-Jones, 1997, and the Fick equations should not be considered 
for use in RMR determination in critically ill patients, because these 
equations do not have adequate prediction accuracy. In addition, the 
Mifflin-St. Jeor equation should not be considered for use in critically ill 
patients, as it was developed for healthy people and has not been well 
researched in the critically ill population.

Rating: Strong
Imperative

CI: RMR predictive equations for obese patients
If predictive equations are needed for critically ill, mechanically 
ventilated individuals who are obese, consider using Ireton-Jones, 1992 
or Penn State, 1998, because they have the best prediction accuracy of 
equations studied. In some individuals, errors between predicted and 
actual energy needs will result in under- or over-feeding.

Rating: Fair
Conditional

CI: Rest periods and RMR
Allow a rest of 30 minutes prior to RMR measurement in critically ill 
patients.

Rating: Consensus
Imperative

CI: Rest period and accuracy of RMR
If the critically ill patient has undergone a nursing activity or medical 
procedure (e.g., suctioning, wound care, central venous access 
or ventilator setting change), then employ a 30-minute rest after 
procedures to achieve a resting state during RMR measurement. 
Measuring RMR before the 30-minute period may be inaccurate 
because patient instability or ventilator gas re-equilibration.

Rating: Consensus
Conditional
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TABLE B-1 Continued

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

CI: Impact of environmental factors on RMR
Ensure that the room is comfortably quiet, and the light is not 
providing heat or discomfort for the patient. Noise and light may cause 
erroneous measures of RMR if the critically ill patient’s state of rest is 
disturbed.

Rating: Consensus
Imperative

CI: Impact of room temperature on RMR
Recommend a room temperature 20 to 25 degrees Celsius (68 to 77 
degrees Fahrenheit). When the room’s temperature is too cold, RMR 
is overestimated in critically ill patients by shivering or non-shivering 
thermogenesis, as the body adapts.

Rating: Weak
Imperative

CI: Environmental factors and RMR
Ensure that each critically ill patient is in a physically comfortable 
posture before proceeding with the test, because discomfort will result 
in erroneously high RMR measures. Make sure that repeated measures 
are taken in the same position to ensure comparability of data.

Rating: Insufficient Evidence
Imperative

CI: Steady state measurement of RMR
For ventilated patients, if a steady state is achieved, then a single 
measure is adequate to describe RMR. To achieve a steady state, discard 
the first five minutes of measurement. Then achieve a five-minute 
period with CV = 5% for oxygen consumption and carbon dioxide 
production. An alternate protocol can be 25 minutes in duration if a 
CV of 10% is achieved. If proper attention is given to achieving resting 
conditions, 80% or more of RMR measures in ventilator patients will 
be in steady state. Sedation improves the likelihood of obtaining steady 
state measures.

Rating: Strong
Imperative

CI: Non-steady state measurement conditions
There are published data that were not in steady state, but were 
still reasonably close to steady state measures. When steady state is 
not achieved, interpret the results carefully. If the non-steady state 
conditions are chronic (e.g., patient posturing), then higher measures 
may reflect actual energy expenditure. If non-steady state conditions 
are episodic (e.g., ventilator change, nursing intervention, anxiety, 
coughing, sneezing, movement), RMR measures should be taken at a 
separate time.

Rating: Consensus
Conditional
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TABLE B-1 Continued

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

CI: Impact of environmental factors on RMR
Ensure that the room is comfortably quiet, and the light is not 
providing heat or discomfort for the patient. Noise and light may cause 
erroneous measures of RMR if the critically ill patient’s state of rest is 
disturbed.

Rating: Consensus
Imperative

CI: Impact of room temperature on RMR
Recommend a room temperature 20 to 25 degrees Celsius (68 to 77 
degrees Fahrenheit). When the room’s temperature is too cold, RMR 
is overestimated in critically ill patients by shivering or non-shivering 
thermogenesis, as the body adapts.

Rating: Weak
Imperative

CI: Environmental factors and RMR
Ensure that each critically ill patient is in a physically comfortable 
posture before proceeding with the test, because discomfort will result 
in erroneously high RMR measures. Make sure that repeated measures 
are taken in the same position to ensure comparability of data.

Rating: Insufficient Evidence
Imperative

CI: Steady state measurement of RMR
For ventilated patients, if a steady state is achieved, then a single 
measure is adequate to describe RMR. To achieve a steady state, discard 
the first five minutes of measurement. Then achieve a five-minute 
period with CV = 5% for oxygen consumption and carbon dioxide 
production. An alternate protocol can be 25 minutes in duration if a 
CV of 10% is achieved. If proper attention is given to achieving resting 
conditions, 80% or more of RMR measures in ventilator patients will 
be in steady state. Sedation improves the likelihood of obtaining steady 
state measures.

Rating: Strong
Imperative

CI: Non-steady state measurement conditions
There are published data that were not in steady state, but were 
still reasonably close to steady state measures. When steady state is 
not achieved, interpret the results carefully. If the non-steady state 
conditions are chronic (e.g., patient posturing), then higher measures 
may reflect actual energy expenditure. If non-steady state conditions 
are episodic (e.g., ventilator change, nursing intervention, anxiety, 
coughing, sneezing, movement), RMR measures should be taken at a 
separate time.

Rating: Consensus
Conditional

continued
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TABLE B-1 Continued

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

CI: Respiratory quotient
If Respiratory Quotient (RQ) is below 0.7 or above 1.0, then repeated 
measures are necessary under more optimal conditions. An RQ under 
0.70 suggests hypoventilation (inadequate removal of metabolic carbon 
dioxide from the blood to the lung) or prolonged fasting. An RQ above 
1.0, in the absence of overfeeding, suggests hyperventilation (removal 
of carbon dioxide from the blood to the lung in excess of the amount 
produced by metabolism) or inaccurate gas collection.

Rating: Strong
Conditional

Specific 
nutrition 
interventions

Level II. Patients should be fed to  
attain full caloric replacement by  
day 7 postinjury

Data show that starved traumatic brain 
injury (TBI) patients lose sufficient 
nitrogen to reduce weight by 15% 
per week; 100 to 140% replacement 
of Resting Metabolism Expenditure 
with 15 to 20% nitrogen calories 
reduces nitrogen loss. Data in non-
TBI injured patients show that a 30% 
weight loss increased mortality rate. 
The data support feeding at least by 
the end of the first week. It has not 
been established that any method of 
feeding is better than another or that 
early feeding prior to 7 days improves 
outcome. Based on the level of nitrogen 
wasting documented in TBI patients 
and the nitrogen sparing effect of 
feeding, it is a Level II recommendation 
that full nutritional replacement be 
instituted by day 7 postinjury.

A2. Nutrition support therapy in the form of enteral 
nutrition (EN) should be initiated in the critically ill 
patient who is unable to maintain volitional intake. 
(Grade: C)

A3. EN is the preferred route of feeding over 
parenteral nutrition (PN) for the critically ill patient 
who requires nutrition support therapy. (Grade: B)

A4. Enteral feeding should be started early within the 
first 24–48 hours following admission. (Grade: C) The 
feedings should be advanced toward goal over the next 
48–72 hours. (Grade: E)

A5. In the setting of hemodynamic compromise 
(patients requiring significant hemodynamic support 
including high dose catecholamine agents, alone or 
in combination with large volume fluid or blood 
product resuscitation to maintain cellular perfusion), 
EN should be withheld until the patient is fully 
resuscitated and/or stable. (Grade: E)

A6. In the ICU patient population, neither the presence 
nor absence of bowel sounds nor evidence of passage 
of flatus and stool is required for the initiation of 
enteral feeding. (Grade: B)

A7. Either gastric or small bowel feeding is acceptable 
in the ICU setting. Critically ill patients should be fed 
via an enteral access tube placed in the small bowel if 
at high risk for aspiration or after showing intolerance 
to gastric feeding. (Grade: C) Withholding of enteral 
feeding for repeated high gastric residual volumes 
alone may be sufficient reason to switch to small 
bowel feeding (the definition for high gastric residual 
volume is likely to vary from one hospital to the next, 
as determined by individual institutional protocol). 
(Grade: E)

CI: Enteral vs. parenteral nutrition
If the critically ill ICU patient is hemodynamically stable with a 
functional GI tract, then EN is recommended over PN. Patients who 
received EN experienced less septic morbidity and fewer infectious 
complications than patients who received PN. In the critically ill 
patient, EN is associated with significant cost savings when compared 
to PN. There is insufficient evidence to draw conclusions about the 
impact of EN or PN on length of stay (LOS) and mortality.

Rating: Strong
Conditional

CI: Timing of enteral nutrition
If the critically ill patient is adequately fluid resuscitated, then EN 
should be started within 24 to 48 hours following injury or admission 
to the ICU. Early EN is associated with a reduction in infectious 
complications and may reduce LOS. The impact of timing of EN on 
mortality has not been adequately evaluated.

Rating: Strong
Conditional

CI: Immune-enhancing enteral nutrition
Immune-enhancing EN is not recommended for routine use in critically 
ill patients in the ICU. Immune-enhancing EN is not associated with 
reduced infectious complications, LOS, reduced cost of medical care, 
days on mechanical ventilation or mortality in moderately to less 
severely ill ICU patients. Their use may be associated with increased 
mortality in severely ill ICU patients, although adequately powered 
trials evaluating this have not been conducted. For the trauma patient, 
it is not recommended to routinely use immune-enhancing EN, because 
its use is not associated with reduced mortality, reduced LOS, reduced 
infectious complications or fewer days on mechanical ventilation.

Rating: Fair
Imperative

Administering intensive insulin 
therapy may reduce intercranial 
pressure (ICP) (Level 3) 
Isolated patients with severe TBI 
treated with intensive insulin therapy 
had lower mean and maximal ICPs 
than subjects in a randomized 
control group who were treated 
with insulin only when their 
glucose levels exceeded 220 mg/
dl. The intensive insulin therapy 
group did not experience more 
hypoglycemic episodes and required 
less vasopressors to achieve the same 
cerebral perfusion pressure as the 
control group.

Initiating adequate nutrition within 
72 hours of injury may improve 
outcomes (Level 3) 
A study of the effect of malnutrition 
on rehabilitation length of stay found 
that patients with malnutrition had 
lengths of stay that were 28 days 
longer than patients with adequate 
nutrition. Two systematic reviews 
found a trend toward improved 
mortality and less disability with 
early feeding in patients with 
severe TBI. The BTF Guidelines 
for the Management of Severe TBI 
recommend patients be fed so that 
full caloric requirements are met 
by postinjury day 7 (Bratton et al., 
2007).
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TABLE B-1 Continued

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

CI: Respiratory quotient
If Respiratory Quotient (RQ) is below 0.7 or above 1.0, then repeated 
measures are necessary under more optimal conditions. An RQ under 
0.70 suggests hypoventilation (inadequate removal of metabolic carbon 
dioxide from the blood to the lung) or prolonged fasting. An RQ above 
1.0, in the absence of overfeeding, suggests hyperventilation (removal 
of carbon dioxide from the blood to the lung in excess of the amount 
produced by metabolism) or inaccurate gas collection.

Rating: Strong
Conditional

Specific 
nutrition 
interventions

Level II. Patients should be fed to  
attain full caloric replacement by  
day 7 postinjury

Data show that starved traumatic brain 
injury (TBI) patients lose sufficient 
nitrogen to reduce weight by 15% 
per week; 100 to 140% replacement 
of Resting Metabolism Expenditure 
with 15 to 20% nitrogen calories 
reduces nitrogen loss. Data in non-
TBI injured patients show that a 30% 
weight loss increased mortality rate. 
The data support feeding at least by 
the end of the first week. It has not 
been established that any method of 
feeding is better than another or that 
early feeding prior to 7 days improves 
outcome. Based on the level of nitrogen 
wasting documented in TBI patients 
and the nitrogen sparing effect of 
feeding, it is a Level II recommendation 
that full nutritional replacement be 
instituted by day 7 postinjury.

A2. Nutrition support therapy in the form of enteral 
nutrition (EN) should be initiated in the critically ill 
patient who is unable to maintain volitional intake. 
(Grade: C)

A3. EN is the preferred route of feeding over 
parenteral nutrition (PN) for the critically ill patient 
who requires nutrition support therapy. (Grade: B)

A4. Enteral feeding should be started early within the 
first 24–48 hours following admission. (Grade: C) The 
feedings should be advanced toward goal over the next 
48–72 hours. (Grade: E)

A5. In the setting of hemodynamic compromise 
(patients requiring significant hemodynamic support 
including high dose catecholamine agents, alone or 
in combination with large volume fluid or blood 
product resuscitation to maintain cellular perfusion), 
EN should be withheld until the patient is fully 
resuscitated and/or stable. (Grade: E)

A6. In the ICU patient population, neither the presence 
nor absence of bowel sounds nor evidence of passage 
of flatus and stool is required for the initiation of 
enteral feeding. (Grade: B)

A7. Either gastric or small bowel feeding is acceptable 
in the ICU setting. Critically ill patients should be fed 
via an enteral access tube placed in the small bowel if 
at high risk for aspiration or after showing intolerance 
to gastric feeding. (Grade: C) Withholding of enteral 
feeding for repeated high gastric residual volumes 
alone may be sufficient reason to switch to small 
bowel feeding (the definition for high gastric residual 
volume is likely to vary from one hospital to the next, 
as determined by individual institutional protocol). 
(Grade: E)

CI: Enteral vs. parenteral nutrition
If the critically ill ICU patient is hemodynamically stable with a 
functional GI tract, then EN is recommended over PN. Patients who 
received EN experienced less septic morbidity and fewer infectious 
complications than patients who received PN. In the critically ill 
patient, EN is associated with significant cost savings when compared 
to PN. There is insufficient evidence to draw conclusions about the 
impact of EN or PN on length of stay (LOS) and mortality.

Rating: Strong
Conditional

CI: Timing of enteral nutrition
If the critically ill patient is adequately fluid resuscitated, then EN 
should be started within 24 to 48 hours following injury or admission 
to the ICU. Early EN is associated with a reduction in infectious 
complications and may reduce LOS. The impact of timing of EN on 
mortality has not been adequately evaluated.

Rating: Strong
Conditional

CI: Immune-enhancing enteral nutrition
Immune-enhancing EN is not recommended for routine use in critically 
ill patients in the ICU. Immune-enhancing EN is not associated with 
reduced infectious complications, LOS, reduced cost of medical care, 
days on mechanical ventilation or mortality in moderately to less 
severely ill ICU patients. Their use may be associated with increased 
mortality in severely ill ICU patients, although adequately powered 
trials evaluating this have not been conducted. For the trauma patient, 
it is not recommended to routinely use immune-enhancing EN, because 
its use is not associated with reduced mortality, reduced LOS, reduced 
infectious complications or fewer days on mechanical ventilation.

Rating: Fair
Imperative

Administering intensive insulin 
therapy may reduce intercranial 
pressure (ICP) (Level 3) 
Isolated patients with severe TBI 
treated with intensive insulin therapy 
had lower mean and maximal ICPs 
than subjects in a randomized 
control group who were treated 
with insulin only when their 
glucose levels exceeded 220 mg/
dl. The intensive insulin therapy 
group did not experience more 
hypoglycemic episodes and required 
less vasopressors to achieve the same 
cerebral perfusion pressure as the 
control group.

Initiating adequate nutrition within 
72 hours of injury may improve 
outcomes (Level 3) 
A study of the effect of malnutrition 
on rehabilitation length of stay found 
that patients with malnutrition had 
lengths of stay that were 28 days 
longer than patients with adequate 
nutrition. Two systematic reviews 
found a trend toward improved 
mortality and less disability with 
early feeding in patients with 
severe TBI. The BTF Guidelines 
for the Management of Severe TBI 
recommend patients be fed so that 
full caloric requirements are met 
by postinjury day 7 (Bratton et al., 
2007).

continued
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TABLE B-1 Continued

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

(See guideline D4 for recommendations on gastric 
residual volumes, identifying high-risk patients, and 
reducing chances for aspiration.) 

B1. If early EN is not feasible or available the first 
7 days following admission to the ICU, no nutrition 
support therapy (i.e., standard therapy) should be 
provided. (Grade: C) 

In the patient who was previously healthy prior to 
critical illness with no evidence of protein calorie 
malnutrition, use of PN should be reserved and 
initiated only after the first 7 days of hospitalization 
(when EN is not available). (Grade: E)

B2. If there is evidence of protein-calorie malnutrition 
on admission and EN is not feasible, it is appropriate 
to initiate PN as soon as possible following admission 
and adequate resuscitation. (Grade: C)

B3. If a patient is expected to undergo major upper 
GI surgery and EN is not feasible, PN should be 
provided under very specific conditions: If the patient 
is malnourished, PN should be initiated 5–7 days 
preoperatively and continued into the postoperative 
period. (Grade: B)

PN should not be initiated in the immediate 
postoperative period but should be delayed for 5–7 
days (should EN continue not to be feasible). (Grade: 
B)

PN therapy provided for a duration of < 5–7 days 
would be expected to have no outcome effect and 
may result in increased risk to the patient. Thus, PN 
should be initiated only if the duration of therapy is 
anticipated to be ≥ 7 days. (Grade: B)

C2. Efforts to provide > 50–65% of goal calories 
should be made in order to achieve the clinical benefit 
of EN over the first week of hospitalization. (Grade: 
C)

C3. If unable to meet energy requirements (100% of 
target goal calories) after 7–10 days by the enteral 
route alone, consider initiating supplemental PN. 
(Grade: E) Initiating supplemental PN prior to this 
10-day period in the patient already receiving EN does 
not improve outcome and may be detrimental to the 
patient. (Grade: C)

CI: Feeding tube placement
EN administered into the stomach is acceptable for most critically ill 
patients. Consider placing feeding tube in the small bowel when patient 
is in supine position or under heavy sedation. If your institution’s 
policy is to measure gastric residual volume (GRV), then consider small 
bowel tube feeding placement in patients who have more than 250 ml 
GRV or formula reflux in two consecutive measures. Small bowel tube 
placement is associated with reduced GRV. Adequately powered studies 
have not been conducted to evaluate the impact of GRV on aspiration 
pneumonia. There may be specific disease states or conditions that 
may warrant small bowel tube placement (e.g., fistulas, pancreatitis, 
gastroparesis); however, they were not evaluated at this phase of the 
analysis.

Rating: Fair
Conditional

Providing continuous intragastric 
feeding may improve tolerance  
(Level 3) 
Continuous feeding was better 
tolerated and achieved 75% of 
nutritional goals faster than bolus 
feeding in patients admitted to a 
neurosurgical ICU (20% of whom had 
sustained a severe TBI). Feeding via 
percutaneous endoscopic gastrostomy 
in patients with moderate-to-severe 
TBI was well tolerated without 
complication in 97% of patients.

Prokinetic agents have shown no 
effect on feeding tolerance (Level 2) 
A prospective randomized double-
blind study of patients with severe TBI 
that compared metoclopramide with 
normal saline found no difference in 
feeding intolerance or complication 
rates between the groups. Prokinetic 
agents demonstrated no improvement 
in feeding tolerance in patients 
in barbiturate-induced comas for 
refractory intracranial hypertension. 
The amount of time it took to achieve 
nutritional goals was not reduced 
with the use of prokinetic agents in a 
neurosurgical ICU in which 20% of 
patients had severe TBI.

Administering intensive insulin 
therapy for serum glucose greater 
than 110 mg/dl improves outcomes 
(Level 2) 
Glucose levels exceeding 170 mg/
dl during the first 5 days post-severe 
TBI correlate with prolonged hospital 
length of stay and increased mortality. 
Administering intensive insulin 
therapy for elevated serum glucose 
can improve outcomes. A glucose 
level higher than 200 mg/dl that goes 
untreated during the first 24 hours 
post-severe TBI has been associated 
with worse outcomes and is related to 
increased ICP and impaired pupillary 
reaction.
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TABLE B-1 Continued

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

(See guideline D4 for recommendations on gastric 
residual volumes, identifying high-risk patients, and 
reducing chances for aspiration.) 

B1. If early EN is not feasible or available the first 
7 days following admission to the ICU, no nutrition 
support therapy (i.e., standard therapy) should be 
provided. (Grade: C) 

In the patient who was previously healthy prior to 
critical illness with no evidence of protein calorie 
malnutrition, use of PN should be reserved and 
initiated only after the first 7 days of hospitalization 
(when EN is not available). (Grade: E)

B2. If there is evidence of protein-calorie malnutrition 
on admission and EN is not feasible, it is appropriate 
to initiate PN as soon as possible following admission 
and adequate resuscitation. (Grade: C)

B3. If a patient is expected to undergo major upper 
GI surgery and EN is not feasible, PN should be 
provided under very specific conditions: If the patient 
is malnourished, PN should be initiated 5–7 days 
preoperatively and continued into the postoperative 
period. (Grade: B)

PN should not be initiated in the immediate 
postoperative period but should be delayed for 5–7 
days (should EN continue not to be feasible). (Grade: 
B)

PN therapy provided for a duration of < 5–7 days 
would be expected to have no outcome effect and 
may result in increased risk to the patient. Thus, PN 
should be initiated only if the duration of therapy is 
anticipated to be ≥ 7 days. (Grade: B)

C2. Efforts to provide > 50–65% of goal calories 
should be made in order to achieve the clinical benefit 
of EN over the first week of hospitalization. (Grade: 
C)

C3. If unable to meet energy requirements (100% of 
target goal calories) after 7–10 days by the enteral 
route alone, consider initiating supplemental PN. 
(Grade: E) Initiating supplemental PN prior to this 
10-day period in the patient already receiving EN does 
not improve outcome and may be detrimental to the 
patient. (Grade: C)

CI: Feeding tube placement
EN administered into the stomach is acceptable for most critically ill 
patients. Consider placing feeding tube in the small bowel when patient 
is in supine position or under heavy sedation. If your institution’s 
policy is to measure gastric residual volume (GRV), then consider small 
bowel tube feeding placement in patients who have more than 250 ml 
GRV or formula reflux in two consecutive measures. Small bowel tube 
placement is associated with reduced GRV. Adequately powered studies 
have not been conducted to evaluate the impact of GRV on aspiration 
pneumonia. There may be specific disease states or conditions that 
may warrant small bowel tube placement (e.g., fistulas, pancreatitis, 
gastroparesis); however, they were not evaluated at this phase of the 
analysis.

Rating: Fair
Conditional

Providing continuous intragastric 
feeding may improve tolerance  
(Level 3) 
Continuous feeding was better 
tolerated and achieved 75% of 
nutritional goals faster than bolus 
feeding in patients admitted to a 
neurosurgical ICU (20% of whom had 
sustained a severe TBI). Feeding via 
percutaneous endoscopic gastrostomy 
in patients with moderate-to-severe 
TBI was well tolerated without 
complication in 97% of patients.

Prokinetic agents have shown no 
effect on feeding tolerance (Level 2) 
A prospective randomized double-
blind study of patients with severe TBI 
that compared metoclopramide with 
normal saline found no difference in 
feeding intolerance or complication 
rates between the groups. Prokinetic 
agents demonstrated no improvement 
in feeding tolerance in patients 
in barbiturate-induced comas for 
refractory intracranial hypertension. 
The amount of time it took to achieve 
nutritional goals was not reduced 
with the use of prokinetic agents in a 
neurosurgical ICU in which 20% of 
patients had severe TBI.

Administering intensive insulin 
therapy for serum glucose greater 
than 110 mg/dl improves outcomes 
(Level 2) 
Glucose levels exceeding 170 mg/
dl during the first 5 days post-severe 
TBI correlate with prolonged hospital 
length of stay and increased mortality. 
Administering intensive insulin 
therapy for elevated serum glucose 
can improve outcomes. A glucose 
level higher than 200 mg/dl that goes 
untreated during the first 24 hours 
post-severe TBI has been associated 
with worse outcomes and is related to 
increased ICP and impaired pupillary 
reaction.
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TABLE B-1 Continued

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

C4. Ongoing assessment of adequacy of protein 
provision should be performed. The use of additional 
modular protein supplements is a common practice, 
as standard enteral formulations tend to have a high 
nonprotein calorie:nitrogen ratio. In patients with 
body mass index (BMI) < 30, protein requirements 
should be in the range of 1.2–2.0 g/kg actual body 
weight per day, and may likely be even higher in burn 
or multi-trauma patients. (Grade: E)

C5. In the critically ill obese patient, permissive 
underfeeding or hypocaloric feeding with EN is 
recommended. For all classes of obesity where BMI is 
> 30, the goal of the EN regimen should not exceed 
60–70% of target energy requirements or 11–14 kcal/
kg actual body weight per day (or 22–25 kcal/kg ideal 
body weight per day). Protein should be provided in a 
range ≥ 2.0 g/kg ideal body weight per day for Class 
I and II patients (BMI 30–40), ≥ 2.5 g/kg ideal body 
weight per day for Class III (BMI ≥ 40). Determining 
energy requirements is discussed in guideline C1. 
(Grade: D)

D1. In the ICU setting, evidence of bowel motility 
(resolution of clinical ileus) is not required in order to 
initiate EN in the ICU. (Grade: E)

D3. Use of enteral feeding protocols increases the 
overall percentage of goal calories provided and 
should be implemented. (Grade: C)

E1. Immune-modulating enteral formulations 
(supplemented with agents such as arginine, glutamine, 
nucleic acid, n-3 fatty acids, and antioxidants) should 
be used for the appropriate patient population (major 
elective surgery, trauma, burns, head and neck cancer, 
and critically ill patients on mechanical ventilation), 
with caution in patients with severe sepsis. (For 
surgical ICU patients, Grade: A) (For medical ICU 
patients, Grade: B) ICU patients not meeting criteria 
for immune-modulating formulations should receive 
standard enteral formulations. (Grade: B)

E2. Patients with Acute respiratory distress syndrome 
(ARDS) and severe acute lung injury (ALI) should 
be placed on an enteral formulation characterized by 
an anti-inflammatory lipid profile (i.e., n-3 fish oils, 
borage oil) and antioxidants. (Grade: A)

E3. To receive optimal therapeutic benefit from the 
immune-modulating formulations, at least 50–65%  
of goal energy requirements should be delivered. 
(Grade: C)
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TABLE B-1 Continued

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

C4. Ongoing assessment of adequacy of protein 
provision should be performed. The use of additional 
modular protein supplements is a common practice, 
as standard enteral formulations tend to have a high 
nonprotein calorie:nitrogen ratio. In patients with 
body mass index (BMI) < 30, protein requirements 
should be in the range of 1.2–2.0 g/kg actual body 
weight per day, and may likely be even higher in burn 
or multi-trauma patients. (Grade: E)

C5. In the critically ill obese patient, permissive 
underfeeding or hypocaloric feeding with EN is 
recommended. For all classes of obesity where BMI is 
> 30, the goal of the EN regimen should not exceed 
60–70% of target energy requirements or 11–14 kcal/
kg actual body weight per day (or 22–25 kcal/kg ideal 
body weight per day). Protein should be provided in a 
range ≥ 2.0 g/kg ideal body weight per day for Class 
I and II patients (BMI 30–40), ≥ 2.5 g/kg ideal body 
weight per day for Class III (BMI ≥ 40). Determining 
energy requirements is discussed in guideline C1. 
(Grade: D)

D1. In the ICU setting, evidence of bowel motility 
(resolution of clinical ileus) is not required in order to 
initiate EN in the ICU. (Grade: E)

D3. Use of enteral feeding protocols increases the 
overall percentage of goal calories provided and 
should be implemented. (Grade: C)

E1. Immune-modulating enteral formulations 
(supplemented with agents such as arginine, glutamine, 
nucleic acid, n-3 fatty acids, and antioxidants) should 
be used for the appropriate patient population (major 
elective surgery, trauma, burns, head and neck cancer, 
and critically ill patients on mechanical ventilation), 
with caution in patients with severe sepsis. (For 
surgical ICU patients, Grade: A) (For medical ICU 
patients, Grade: B) ICU patients not meeting criteria 
for immune-modulating formulations should receive 
standard enteral formulations. (Grade: B)

E2. Patients with Acute respiratory distress syndrome 
(ARDS) and severe acute lung injury (ALI) should 
be placed on an enteral formulation characterized by 
an anti-inflammatory lipid profile (i.e., n-3 fish oils, 
borage oil) and antioxidants. (Grade: A)

E3. To receive optimal therapeutic benefit from the 
immune-modulating formulations, at least 50–65%  
of goal energy requirements should be delivered. 
(Grade: C)
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TABLE B-1 Continued

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

E4. If there is evidence of diarrhea, soluble-fiber-
containing or small peptide formulations may be 
utilized. (Grade: E)

F1. Administration of probiotic agents has been shown 
to improve outcome (most consistently by decreasing 
infection) in specific critically ill patient populations 
involving transplantation, major abdominal surgery, 
and severe trauma. (Grade: C) 

No recommendation can currently be made for use 
of probiotics in the general ICU population because 
of a lack of consistent outcome effect. It appears that 
each species may have different effects and variable 
impact on patient outcome, making it difficult to 
make broad categorical recommendations. Similarly, 
no recommendation can currently be made for use of 
probiotics in patients with severe acute necrotizing 
pancreatitis, based on the disparity of evidence in the 
literature and the heterogeneity of the bacterial strains 
utilized.

Monitoring 
and 
evaluations 
of nutrition-
related 
indicators

D2. Patients should be monitored for tolerance of 
EN (determined by patient complaints of pain and/or 
distention, physical exam, passage of flatus and stool, 
abdominal radiographs). (Grade: E) 

Inappropriate cessation of EN should be avoided. 
(Grade: E) Holding EN for gastric residual volumes 
< 500 mL in the absence of other signs of intolerance 
should be avoided. (Grade: B) 

The time period that a patient is made nil per os 
(NPO; no food or drink thourhg the mouth) prior 
to, during, and immediately following the time of 
diagnostic tests or procedures should be minimized to 
prevent inadequate delivery of nutrients and prolonged 
periods of ileus. Ileus may be propagated by NPO 
status. (Grade: C)

D4. Patients placed on EN should be assessed for 
risk of aspiration. (Grade: E) Steps to reduce risk 
of aspiration should be employed. (Grade: E) The 
following measures have been shown to reduce risk of 
aspiration: In all intubated ICU patients receiving EN, 
the head of the bed should be elevated 30–45 degrees. 
(Grade: C) For high-risk patients or those shown to be 
intolerant to gastric feeding, delivery of EN should be 
switched to continuous infusion. (Grade: D)

CI: Blue dye use and critically ill patients
Blue dye should not be added to EN for detection of aspiration. The 
risk of using blue dye outweighs any perceived benefit. The presence of 
blue dye in tracheal secretions is not a sensitive indicator for aspiration.

Rating: Strong
Imperative

CI: Monitoring patient position
Evaluating patient position should be part of an EN monitoring plan. 
To decrease the incidence of aspiration pneumonia and reflux of gastric 
contents into the esophagus and pharynx, critically ill patients should 
be placed in a 45-degree head of bed elevation, if not contraindicated.

Rating: Strong
Imperative
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TABLE B-1 Continued

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

E4. If there is evidence of diarrhea, soluble-fiber-
containing or small peptide formulations may be 
utilized. (Grade: E)

F1. Administration of probiotic agents has been shown 
to improve outcome (most consistently by decreasing 
infection) in specific critically ill patient populations 
involving transplantation, major abdominal surgery, 
and severe trauma. (Grade: C) 

No recommendation can currently be made for use 
of probiotics in the general ICU population because 
of a lack of consistent outcome effect. It appears that 
each species may have different effects and variable 
impact on patient outcome, making it difficult to 
make broad categorical recommendations. Similarly, 
no recommendation can currently be made for use of 
probiotics in patients with severe acute necrotizing 
pancreatitis, based on the disparity of evidence in the 
literature and the heterogeneity of the bacterial strains 
utilized.

Monitoring 
and 
evaluations 
of nutrition-
related 
indicators

D2. Patients should be monitored for tolerance of 
EN (determined by patient complaints of pain and/or 
distention, physical exam, passage of flatus and stool, 
abdominal radiographs). (Grade: E) 

Inappropriate cessation of EN should be avoided. 
(Grade: E) Holding EN for gastric residual volumes 
< 500 mL in the absence of other signs of intolerance 
should be avoided. (Grade: B) 

The time period that a patient is made nil per os 
(NPO; no food or drink thourhg the mouth) prior 
to, during, and immediately following the time of 
diagnostic tests or procedures should be minimized to 
prevent inadequate delivery of nutrients and prolonged 
periods of ileus. Ileus may be propagated by NPO 
status. (Grade: C)

D4. Patients placed on EN should be assessed for 
risk of aspiration. (Grade: E) Steps to reduce risk 
of aspiration should be employed. (Grade: E) The 
following measures have been shown to reduce risk of 
aspiration: In all intubated ICU patients receiving EN, 
the head of the bed should be elevated 30–45 degrees. 
(Grade: C) For high-risk patients or those shown to be 
intolerant to gastric feeding, delivery of EN should be 
switched to continuous infusion. (Grade: D)

CI: Blue dye use and critically ill patients
Blue dye should not be added to EN for detection of aspiration. The 
risk of using blue dye outweighs any perceived benefit. The presence of 
blue dye in tracheal secretions is not a sensitive indicator for aspiration.

Rating: Strong
Imperative

CI: Monitoring patient position
Evaluating patient position should be part of an EN monitoring plan. 
To decrease the incidence of aspiration pneumonia and reflux of gastric 
contents into the esophagus and pharynx, critically ill patients should 
be placed in a 45-degree head of bed elevation, if not contraindicated.

Rating: Strong
Imperative
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Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

Agents to promote motility such as prokinetic drugs 
(metoclopramide and erythromycin) or narcotic 
antagonists (naloxone and alvimopan) should be 
initiated where clinically feasible. (Grade: C) Diverting 
the level of feeding by post-pyloric tube placement 
should be considered. (Grade: C) Use of chlorhexidine 
mouthwash twice a day should be considered to 
reduce risk of ventilator-associated pneumonia. 
(Grade: C)

D5. Blue food coloring and glucose oxidase strips, as 
surrogate markers for aspiration, should not be used 
in the critical care setting. (Grade: E)

D6. Development of diarrhea associated with enteral 
tube feedings warrants further evaluation for etiology. 
(Grade: E)

F2. A combination of antioxidant vitamins and trace 
minerals (specifically including selenium) should 
be provided to all critically ill patients receiving 
specialized nutrition therapy. (Grade: B)

F3. The addition of enteral glutamine to an EN 
regimen (not already containing supplemental 
glutamine) should be considered in burn, trauma, and 
mixed ICU patients. (Grade: B)

F4. Soluble fiber may be beneficial for the fully 
resuscitated, hemodynamically stable critically ill 
patient receiving EN who develops diarrhea. Insoluble 
fiber should be avoided in all critically ill patients. 
Both soluble and insoluble fiber should be avoided 
in patients at high risk for bowel ischemia or severe 
dysmotility. (Grade: C)

CI: Monitoring gastric residual volume
Evaluating GRV in critically ill patients is an optional part of a 
monitoring plan to assess tolerance of EN. Enteral nutrition should be 
held when a GRV greater than or equal to 250 ml is documented on 
two or more consecutive occasions. Holding EN when GRV is less than 
250 ml is associated with delivery of less EN. Gastric residual volume 
may not be a useful tool to assess the risk of aspiration pneumonia. 
Adequately powered studies have not been conducted to evaluate the 
impact of GRV on aspiration pneumonia.

Rating: Consensus
Imperative

CI: Monitoring and promotility agents
If the patient exhibits a history of gastroparesis or repeated high 
GRVs, then consider the use of a promotility agent in critically ill ICU 
patients, if there are no contraindications. The use of a promotility 
agent (e.g., metoclopramide) has been associated with increased GI 
transit, improved feeding tolerance, improved EN delivery, and possibly 
reduced risk of aspiration.

Rating: Strong
Conditional

CI: Monitoring delivery of energy
Monitoring plan of critically ill patients must include a determination 
of daily actual EN intake. Enteral nutrition should be initiated within 
48 hours of injury or admission and average intake actually delivered 
within the first week should be at least 60–70% of total estimated 
energy requirements as determined in the assessment. Provision of 
EN within this time frame and at this level may be associated with 
a decreased LOS, days on the mechanical ventilation, and infectious 
complications.

Rating: Fair 
Imperative

Glucose Monitoring Recommendation was removed and is under 
revision (Sep 2009)

CI: Thermic effect of continuous feeding on RMR
If a critically ill patient is continuously receiving any energy source 
(e.g., intravenous fluids, EN or PN), the rate and concentration should 
remain unchanged during the 24-hour period before and during 
RMR measure. After 24-hour equilibration, the impact of the thermal 
effect of food (TEF) on RMR is constant and indirect calorimetry 
measurements can proceed.

Rating: Fair
Conditional

CI: Thermic effect of intermittent feeding on RMR
If a critically ill patient receives intermittent EN above 400 kcal 
per feeding, then hold feedings for a minimum of five hours before 
measuring RMR. When a five-hour fast is not clinically feasible or 
when a small feeding (< 400 kcal) is given, a four-hour fast is allowed. 
Measuring RMR during the time of the TEF will produce inaccurately 
high values.

Rating: Weak
Conditional

TABLE B-1 Continued
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Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

Agents to promote motility such as prokinetic drugs 
(metoclopramide and erythromycin) or narcotic 
antagonists (naloxone and alvimopan) should be 
initiated where clinically feasible. (Grade: C) Diverting 
the level of feeding by post-pyloric tube placement 
should be considered. (Grade: C) Use of chlorhexidine 
mouthwash twice a day should be considered to 
reduce risk of ventilator-associated pneumonia. 
(Grade: C)

D5. Blue food coloring and glucose oxidase strips, as 
surrogate markers for aspiration, should not be used 
in the critical care setting. (Grade: E)

D6. Development of diarrhea associated with enteral 
tube feedings warrants further evaluation for etiology. 
(Grade: E)

F2. A combination of antioxidant vitamins and trace 
minerals (specifically including selenium) should 
be provided to all critically ill patients receiving 
specialized nutrition therapy. (Grade: B)

F3. The addition of enteral glutamine to an EN 
regimen (not already containing supplemental 
glutamine) should be considered in burn, trauma, and 
mixed ICU patients. (Grade: B)

F4. Soluble fiber may be beneficial for the fully 
resuscitated, hemodynamically stable critically ill 
patient receiving EN who develops diarrhea. Insoluble 
fiber should be avoided in all critically ill patients. 
Both soluble and insoluble fiber should be avoided 
in patients at high risk for bowel ischemia or severe 
dysmotility. (Grade: C)

CI: Monitoring gastric residual volume
Evaluating GRV in critically ill patients is an optional part of a 
monitoring plan to assess tolerance of EN. Enteral nutrition should be 
held when a GRV greater than or equal to 250 ml is documented on 
two or more consecutive occasions. Holding EN when GRV is less than 
250 ml is associated with delivery of less EN. Gastric residual volume 
may not be a useful tool to assess the risk of aspiration pneumonia. 
Adequately powered studies have not been conducted to evaluate the 
impact of GRV on aspiration pneumonia.

Rating: Consensus
Imperative

CI: Monitoring and promotility agents
If the patient exhibits a history of gastroparesis or repeated high 
GRVs, then consider the use of a promotility agent in critically ill ICU 
patients, if there are no contraindications. The use of a promotility 
agent (e.g., metoclopramide) has been associated with increased GI 
transit, improved feeding tolerance, improved EN delivery, and possibly 
reduced risk of aspiration.

Rating: Strong
Conditional

CI: Monitoring delivery of energy
Monitoring plan of critically ill patients must include a determination 
of daily actual EN intake. Enteral nutrition should be initiated within 
48 hours of injury or admission and average intake actually delivered 
within the first week should be at least 60–70% of total estimated 
energy requirements as determined in the assessment. Provision of 
EN within this time frame and at this level may be associated with 
a decreased LOS, days on the mechanical ventilation, and infectious 
complications.

Rating: Fair 
Imperative

Glucose Monitoring Recommendation was removed and is under 
revision (Sep 2009)

CI: Thermic effect of continuous feeding on RMR
If a critically ill patient is continuously receiving any energy source 
(e.g., intravenous fluids, EN or PN), the rate and concentration should 
remain unchanged during the 24-hour period before and during 
RMR measure. After 24-hour equilibration, the impact of the thermal 
effect of food (TEF) on RMR is constant and indirect calorimetry 
measurements can proceed.

Rating: Fair
Conditional

CI: Thermic effect of intermittent feeding on RMR
If a critically ill patient receives intermittent EN above 400 kcal 
per feeding, then hold feedings for a minimum of five hours before 
measuring RMR. When a five-hour fast is not clinically feasible or 
when a small feeding (< 400 kcal) is given, a four-hour fast is allowed. 
Measuring RMR during the time of the TEF will produce inaccurately 
high values.

Rating: Weak
Conditional

TABLE B-1 Continued
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Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

G1. If EN is not available or feasible, the need for 
PN therapy should be evaluated (see guidelines B1, 
B2, B3, C3). (Grade: C) If the patient is deemed to 
be a candidate for PN, steps to maximize efficacy 
(regarding dose, content, monitoring, and choice of 
supplemental additives) should be used. (Grade: C)

G2. In all ICU patients receiving PN, mild permissive 
underfeeding should be considered at least initially. 
Once energy requirements are determined, 80% of 
these requirements should serve as the ultimate goal 
or dose of parenteral feeding. (Grade: C) Eventually, 
as the patient stabilizes, PN may be increased to 
meet energy requirements. (Grade: E) For obese 
patients (BMI ≥ 30), the dose of PN with regard to 
protein and caloric provision should follow the same 
recommendations given for EN in guideline C5. 
(Grade: D)

G3. In the first week of hospitalization in the ICU, 
when PN is required and EN is not feasible, patients 
should be given a parenteral formulation without soy-
based lipids. (Grade: D)

G4. A protocol should be in place to promote 
moderately strict control of serum glucose when 
providing nutrition support therapy. (Grade: B) A 
range of 110–150 mg/dL may be most appropriate. 
(Grade: E)

G5. When PN is used in the critical care setting, 
consideration should be given to supplementation with 
parenteral glutamine. (Grade: C)

G6. In patients stabilized on PN, periodically repeated 
efforts should be made to initiate EN. As tolerance 
improves and the volume of EN calories delivered 
increases, the amount of PN calories supplied should 
be reduced. PN should not be terminated until ≥ 60% 
of target energy requirements are being delivered by 
the enteral route. (Grade: E)

H1. Specialty high-lipid low-carbohydrate 
formulations designed to manipulate the respiratory 
quotient and reduce CO2 production are not 
recommended for routine use in ICU patients with 
acute respiratory failure. (Grade: E) (This is not to be 
confused with guideline E2 for ARDS/ALI).

H2. Fluid-restricted calorically dense formulations 
should be considered for patients with acute 
respiratory failure. (Grade: E)

H3. Serum phosphate levels should be monitored 
closely and replaced appropriately when needed. 
(Grade: E)

TABLE B-1 Continued
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Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

G1. If EN is not available or feasible, the need for 
PN therapy should be evaluated (see guidelines B1, 
B2, B3, C3). (Grade: C) If the patient is deemed to 
be a candidate for PN, steps to maximize efficacy 
(regarding dose, content, monitoring, and choice of 
supplemental additives) should be used. (Grade: C)

G2. In all ICU patients receiving PN, mild permissive 
underfeeding should be considered at least initially. 
Once energy requirements are determined, 80% of 
these requirements should serve as the ultimate goal 
or dose of parenteral feeding. (Grade: C) Eventually, 
as the patient stabilizes, PN may be increased to 
meet energy requirements. (Grade: E) For obese 
patients (BMI ≥ 30), the dose of PN with regard to 
protein and caloric provision should follow the same 
recommendations given for EN in guideline C5. 
(Grade: D)

G3. In the first week of hospitalization in the ICU, 
when PN is required and EN is not feasible, patients 
should be given a parenteral formulation without soy-
based lipids. (Grade: D)

G4. A protocol should be in place to promote 
moderately strict control of serum glucose when 
providing nutrition support therapy. (Grade: B) A 
range of 110–150 mg/dL may be most appropriate. 
(Grade: E)

G5. When PN is used in the critical care setting, 
consideration should be given to supplementation with 
parenteral glutamine. (Grade: C)

G6. In patients stabilized on PN, periodically repeated 
efforts should be made to initiate EN. As tolerance 
improves and the volume of EN calories delivered 
increases, the amount of PN calories supplied should 
be reduced. PN should not be terminated until ≥ 60% 
of target energy requirements are being delivered by 
the enteral route. (Grade: E)

H1. Specialty high-lipid low-carbohydrate 
formulations designed to manipulate the respiratory 
quotient and reduce CO2 production are not 
recommended for routine use in ICU patients with 
acute respiratory failure. (Grade: E) (This is not to be 
confused with guideline E2 for ARDS/ALI).

H2. Fluid-restricted calorically dense formulations 
should be considered for patients with acute 
respiratory failure. (Grade: E)

H3. Serum phosphate levels should be monitored 
closely and replaced appropriately when needed. 
(Grade: E)

TABLE B-1 Continued

continued
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TABLE B-1 Continued

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

(NOT including renal pancreatitis and end of life)

 a Bratton et al., 2007.
 b McClave et al., 2009.
 c ADA, 2006.
 d Mcilvoy and Meyer, 2008.

TABLE B-2 Summary Table for Nutrition Content of Existing EBGs for Non-ICU Acute 
TBI

Guideline/Care 
Process

Guidelines for the Field Management of 
Combat-Related Head Traumaa

Mild TBI-Acute Nondeployed Care; Mild 
TBI Sub-Acute

Interdisciplinary team (referrals to PT, OT, 
Speech & Language pathology, pharmacy, 
audiology/vestibular and optometry)

VA Management of Concussion/Mild 
Traumatic Brain Injuryb

(Adults, nonacute, not management of 
moderate or severe TBI)

Nutrition-related 
assessment 
information

Neurobehavioral Symptom Inventory 
(includes nausea, change in appetite, taste 
or smell)

Patient Health Questionnaire (includes 
changes in appetite)

Sub-Acute Cognitions (normalize nutrition)
BMI > 30 (Refer for Sleep Study)

Nausea, vomiting
Change in appetite
Change in taste or smell

Specific nutrition 
interventions

Novel therapy (nutritional supplements) Limit caffeine and alcohol.
Minimize caffeine and avoid herbal 

diet supplements such as “energy” 
products as some contain agents that 
cross-react with psychiatric mediation 
and lead to a hypertensive crisis.

Novel therapy (hyperbaric oxygen, 
nutritional supplements) modalities 
in the management of concussion/
mTBI are being explored in the field 
as potential treatment approaches. It 
is the recommendation of the Working 
Group that interventions that lack 
sufficient empirical support should 
occur only under the auspices of an 
IRB-reviewed protocol.

Monitoring and 
evaluations of 
nutrition-related 
indicators

 a Knuth, 2005.
 b Department of Veterans Affairs and Department of Defense (VA/DoD), 2009.
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TABLE B-1 Continued

Guideline/
Step of Care 
Process with 
Nutrition 
Implications

Brain Trauma Foundation (BTF) 
Guidelines for the Management of 
Severe Traumatic Brain Injurya

American Society for Parenteral and Enteral Nutrition 
Critically Ill Patientb American Dietetic Association—Critical Illnessc

American Association of Neuroscience 
Nurses—Nursing Management of 
Adults with Severe TBId

(NOT including renal pancreatitis and end of life)

 a Bratton et al., 2007.
 b McClave et al., 2009.
 c ADA, 2006.
 d Mcilvoy and Meyer, 2008.
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TABLE B-3 Questions to Guide Future Research Searches to Support Future Evidence-
Based Guidelines for Nutrition in TBI Patientsa,b,c

Population
Intervention (Assessment 
factor of interest)

Comparator (Alternative 
assessment factor) Outcome

Assessment questions

Acute TBI patients Selected biomarkers 
or constellation of 
biomarkers (e.g., Ca2+, 
ROS, protein carbonyls, 
lipid peroxidase, S-100B, 
neuron specific enolase, 
glial fibrillary acidic 
protein, myelin basic 
protein, phosphorylated 
neurofilament H, 
ubiquitin C-Terminal 
hydrolase, a-II 
spectrin, microtubule-
binding protein Tau, 
F2-isoprostane, and 
4-hydroxynonenol)

Other biomarkers and 
neuroimaging studies

Sensitive and specific predictor 
of the level of brain damage 
and oxidative stress (vs. other 
types of injuries or conditions)

Or

Sensitive and specific predictor 
of mitochondrial function post 
injury

TBI patients Remeasurement of 
energy needs at specific 
intervals

Monitoring weight and 
nutrition intake

Maintaining optimal body 
composition

Acute TBI patients 
being considered for 
progesterone treatment 
for TBI

Serum 
25-hydroxyvitamin D

Vitamin D intake Vitamin D adequacy

Treatment/intervention questions

Acute TBI in ICU setting Parenteral nutrition Enteral nutrition Tight glucose control

Range of control 
with decreased risk of 
hypoglycemia and accounting 
for risks of hypoglycemia 
(limits to be defined)

Acute TBI in ICU setting Adjustment of nutrition 
and medication to 
maintain “tight” glucose 
control (e.g., 80–110 
mg/dl)

Adjustment of nutrition 
and medication to 
maintain “moderate” 
glucose control (less 
than 150 mg/dl)

Recovery parameters to 
severe TBI (e.g., intracranial 
pressure, increase the level 
of consciousness, duration 
of ICU stay or duration of 
intubation)

Acute TBI in ICU setting 
in first 24 hours to 7 
days

Permissive underfeeding 
(50–80% of estimated 
energy needs using 
specified method to 
estimate energy needs)

Higher percentage of 
estimated energy needs 
(e.g., greater than 80%) 

Recovery parameters (See 
above)
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Population
Intervention (Assessment 
factor of interest)

Comparator (Alternative 
assessment factor) Outcome

Acute TBI with 
severe reduction in 
mitochondrial function 
as shown by selected 
biomarker levels 
(NOTE: Only practical 
if assessment methods 
are able to identify 
patients with reduction 
in mitochondrial 
function—see related 
assessment question)

Alternative energy 
sources (e.g., ketones 
from a ketogenic diet)

Traditional sources of 
energy (carbohydrate, 
protein, fat)

Minimize depressed 
mitochondrial functioning 
using biomarkers from 
assessment (e.g., lactate 
production would indicate use 
of ketones)

Acute severe TBI injury IV n-3 fatty acid as 
additional or sole source 
of fat (dose TBD)

Normal IV fat emulsion 
(fatty acid dose TBD)

Recovery factors for severe 
TBI or research parameters of 
resolvins, protectins, tumor 
necrosis factor, fatty acid 
profile

Mild TBI injury or 
repeated mild TBI injury

Postoperative 
supplemental n-3 fatty 
acid (dose TBD)

Normal or 
nonsupplemented diet 
n-3 fatty acid (dose 
TBD)

Resolvins, protectins, tumor 
necrosis factor 

Mild TBI injury or 
repeated mild TBI injury 
(by time period, 14–30 
days or 45–50 days for 
repeated injuries)

Eucaloric ketogenic diet 
(dose TBD)

Normal diet (TBD) Reduce impact on 
mitochondrial function 
deficit with corresponding 
improvement in clinical 
symptoms (Note: Ideally 
have assessment methods to 
measure level of mitochondrial 
function versus relying on 
clinical symptoms)

Postacute phase severe 
TBI

Eucaloric ketogenic diet 
(dose TBD)

Normal diet (TBD) Reduce impact on 
mitochondrial function 
deficit with corresponding 
improvement in clinical 
symptoms (Note: Ideally 
have assessment methods to 
measure level of mitochondrial 
function versus relying on 
clinical symptoms)

Postacute phase of either 
mild or severe TBI

Choline supplementation 
(dose above Daily 
Recommended Intake)

Normal dietary choline 
content (dose TBD)

Cognitive functioning 
indicator e.g., National 
Institute of Child Health 
and Human Development 
combined TBI outcome 
statistic as well as identify 
potential negative side effects

Postacute phase severe 
TBI (by gender)

Creatine 
supplementation (dose 
TBD)

Nonsupplemented diet 
(Baseline dose TBD)

Signs and symptoms of TBI, 
e.g., reduction in headaches, 
fatigue, and depression and 
improved cognitive function 
as well as identifying potential 
negative side effects

TABLE B-3 Continued

continued
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Population
Intervention (Assessment 
factor of interest)

Comparator (Alternative 
assessment factor) Outcome

Postacute phase severe 
TBI

Preinjury creatine 
supplementation

Preinjury 
nonsupplemented diet

Signs and symptoms of TBI, 
e.g., reduction in headaches, 
fatigue, and depression and 
improved cognitive function 
as well as identifying potential 
negative side effects

Acute moderate to 
severe TBI 

Zinc administration 
above DRI level 
(timing—e.g., hours 
postinjury, dose and 
duration—TBD)

Zinc at optimal levels 
(DRI)

Enhanced memory, reduction 
in depression, and anxiety 
symptoms as well as 
identifying potential negative 
side effects

Chronic TBI patient Various counseling 
theories and strategies 
(e.g., memory 
books, motivational 
interviewing, problem-
solving, self-monitoring)

Comparator counseling 
theories and strategies

Optimal dietary intake 
matching nutrient needs

Severe TBI with 
multiple trauma injuries, 
postacute phase

Branched-chain amino 
acids as % of total 
amino acid intake (IV 
or diet with varying 
amounts of leucine, 
isoleucine, and valine—
doses TBD, duration < 
1 week)

Normal amino 
acid formula or 
nonsupplemented diet 
(baseline dose TBD)

Disability Rating Scale 
Score, memory or cognitive 
functioning

TBI, chronic Novel nutrition 
therapies sold as 
dietary supplements 
(e.g., combinations of 
resveratrol, curcumin, 
polyphenols, creatine 
and CDP-choline)

Nonsupplemented diet 
(baseline doses TBD)

Improved cognitive function 
(indicator TBD) as well as 
identifying potential negative 
side effects

Monitoring/evaluating questions

TBI patients (by mild, 
moderate, severe over 
specified time and event 
intervals)

Reassessment of energy 
needs (RMR)

Original RMR Significant differences between 
original RMR and reassessed 
RMR

TBI patients Brain-specific biomarkers 
for improvement in 
brain function

Other assessment 
biomarkers

Improved brain function

 a To aid those preparing future clinical practice guidelines for severe TBI, the questions have been formatted in 
the Population/Participant, Intervention, Comparator, Outcome (PICO) format. The questions are organized by 
the step in the care process to which the questions apply, i.e., assessment procedures, types of interventions to be 
selected, and the types of monitoring and evaluating parameters to be used.
 b Strauss, S. E., W. S. Richardson, P. Glasziou, and R. B. Haynes. 2005. Evidence-based medicine: How to practice 
and teach EBM. Edinburgh: Churchill Livingstone.
 c Guyatt, G., R. Drummond, M. O. Meade, and D. J. Cook, eds. 2008. Users’ guides to the medical literature: 
Amanual for evidence-based clinical practice, 2nd Edition. Chicago: American Medical Association.

TABLE B-3 Continued
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C

Workshop Speakers’ Papers

Overview of Traumatic Brain Injury Within 
the Department of Defense

Kimberly S. Meyer1 and Michael S. Jaffee2

INTRODUCTION

Traumatic brain injury (TBI) has been declared by the media as the signature injury of 
the current conflicts in Iraq and Afghanistan. The Department of Defense (DoD) defines TBI 
as a traumatic blow or jolt to the head resulting in an alteration or loss of consciousness 
(DoD, 2007).

TBI surveillance efforts within DoD began in 2000 and, through the fourth quarter 
of 2010, 202,281 service members have been diagnosed with TBI.3 The majority of these 
injuries (77 percent) are classified as mild TBI (mTBI) or concussion. The severity of injury 
for the remainder of cases is as follows: moderate (16.8 percent), severe (1 percent), and 
penetrating (1.7 percent). A small proportion (3.5 percent) is of undetermined severity, likely 
because of coding incongruencies. Since 2000, the frequency of diagnosis has increased each 
year (Table C-1), which is likely a result of the aggressive pursuit of increased screening ef-
forts instituted by DoD in 2006.

SCREENING

Screening of TBI occurs at various time points following combat activities. During the 
acute stages, screening takes place in theater. Early efforts regarding TBI screening required 

1 Defense & Veterans Brain Injury Center. 
2 San Antonio Uniformed Services Health Education Consortium.
3 Available online: http://www.dvbic.org/TBI-Numbers.aspx (accessed March 25, 2011).
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evaluation when an individual presented to medical care with symptoms concerning for TBI. 
An in-theater assessment of TBI care sponsored by the Joint Chiefs of Staff, however, found 
that individuals at risk for TBI failed to seek medical evaluation; consequently, mandatory 
event-based screening protocols were implemented in July 2010. These protocols include 
obligatory medical evaluations for all individuals within 50 meters of a blast, those who 
were located in a building or vehicle damaged by a blast, and those with certain other indi-
cations like blunt trauma to the head.

The Military Acute Concussion Evaluation (MACE) is the tool used in acute TBI 
screening (Figure C-1). The MACE tool was instituted in 2006 and assesses the following 
four domains: history of the traumatic event, including presence or absence of changes in 
consciousness; current symptoms; neurological exam; and, if indicated, a brief cognitive 
appraisal. The MACE tool is based on the Standardized Assessment of Concussion used 
for sports-related injuries where scores of 25 or less are indicative of cognitive impairment 
(McCrea et al., 2000). A validation study of MACE use in an austere environment is cur-
rently under way. Preliminary evidence suggests cognitive scores slightly less than 25 in a 
deployed setting may be normal because simple orientation may be affected by lack of dif-
ferentiation during daily routines. Further validation testing is ongoing to optimize the use 
of this cognitive evaluation in theater.

Initially, the only documentation required when utilizing MACE was the numeric 
score associated with the cognitive assessment, which led to incomplete capture of the TBI 
exposure and an immediate written record in a member’s medical history. Subsequently, 
documentation requirements were modified and the following were added: cognitive score, 
neurological assessment, and current symptoms (CNS). Using this additional documenta-
tion facilitates the identification of a temporal relationship between the traumatic event and 
symptom onset in addition to changes in symptom profiles over time. Although MACE is 
not a definitive diagnostic tool for TBI, positive screens trigger a detailed clinical exam to 
confirm the diagnosis or determine the differential diagnosis for ongoing symptoms.

Service members evacuated to Landstuhl Regional Medical Center (LRMC) for any 
injury or illness undergo additional screening using the MACE tool. From May 2006 to 
October 2008, approximately 18,000 patients (approximately 12,200 inpatients and 5,800 

TABLE C-1 The Number of DoD Service Members 
(All Armed Forces) Diagnosed with TBI, 2000–2010a

Year Number of Service Members

2000 10,963
2001 11,830
2002 12,470
2003 12,898
2004 13,312
2005 12,192
2006 16,946
2007 23,160
2008 28,555
2009 29,252
2010b 30,703
Total 202,281

 aAvailable online: http://www.dvbic.org/TBI-Numbers.aspx (ac-
cessed March 25, 2011).
 bAs of quarter 4 of 2010, as of February 17, 2011.
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FIGURE C-1 An example of a MACE form.
SOURCE: Available online: http://www.dvbic.org/Providers/TBI-Screening.aspx (accessed April 5, 
2011).

FIGURE C-1
bitmapoutpatients) completed the initial MACE screening at LRMC. Sixteen percent of outpatients 

screened positively as being at risk for TBI. Additional screening revealed that 78 percent 
of the positive screens described symptoms associated with TBI. Thirty-one percent of inpa-
tients screened positively as being at risk for TBI. Of those inpatients screening positive, 66 
percent reported associated symptoms (Dempsey et al., 2009). Those with significant find-
ings are triaged to a stateside military medical facility with appropriate resources to further 
evaluate and treat TBI. Increased funding has led to allocation of resources at most military 
installations, thereby allowing those with mTBI to be treated at their home base. The U.S. 
Army has credentialed its hospitals based on resources available (Figure C-2). Similarly, the 
U.S. Navy and U.S. Air Force have declared certain facilities as TBI centers. Those deter-
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FIGURE C-2
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mined to need specialized services (i.e., severe and penetrating TBI patients), however, are 
directed to Walter Reed Army Medical Center (WRAMC) or National Naval Medical Center 
(NNMC) for additional acute and subacute care.

Active-duty service members undergo a final screening during mandatory Post-
Deployment Health Assessment (PDHA, DD-Form 2796). This assessment is not limited 
to TBI and covers symptoms associated with a variety of other medical and psychological 
conditions. The TBI component consists of the following four questions, which are based 
on the Brief Traumatic Brain Injury Screen (Schwab et al., 2006):

1. During this deployment, did you experience any of the following events?
	 •	 Blast	or	explosion
	 •	 Vehicular	accident
	 •	 Fragment	wound	or	bullet	wound	above	the	shoulders
	 •	 Fall
	 •	 Other	event	causing	injury	to	the	head
2. Did any of the following happen to you, or were you told happened to you, IMME-

DIATELY after any of the event(s)?
	 •	 Lost	consciousness	or	got	“knocked	out”
	 •	 Felt	dazed,	confused,	or	“saw	stars”
	 •	 Didn’t	remember	the	event
	 •	 Had	a	concussion
	 •	 Had	a	head	injury
3. Did any of the following problems begin or get worse after the event(s)?
	 •	 Memory	problems	or	lapses
	 •	 Balance	problems	or	dizziness
	 •	 Ringing	in	the	ears
	 •	 Sensitivity	to	bright	light
	 •	 Irritability
	 •	 Headaches
	 •	 Sleep	problems
4. In the past week, have you had any of the symptoms you indicated?
	 •	 Memory	problems	or	lapses
	 •	 Balance	problems	or	dizziness
	 •	 Ringing	in	the	ears
	 •	 Sensitivity	to	bright	light
	 •	 Irritability
	 •	 Headaches
	 •	 Sleep	problems

One study of a returning U.S. Army Combat Brigade Team revealed that 22.8 percent of 
soldiers who reported injury during assessment with PDHA sustained a clinician-confirmed 
TBI (Terrio et al., 2009). The majority were mTBIs (i.e., concussions). Although 33.4 per-
cent of this sample reported multiple symptoms immediately following the injury, symptom 
reporting decreased to 7.5 percent in the postdeployment period. These results suggest that 
most individuals recover within weeks to months of concussion injury, which is consistent 
with findings among the civilian population.

Further screening occurs for those entering the Veterans Health Administration (VHA) 
for care. Affirmative responses on all questions are required to be a positive screen. This 
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serves to identify those still in need of medical care for TBI-related symptoms but does not 
enhance current TBI surveillance methods.

NEUROCOGNITIVE ASSESSMENT TESTING

In accordance with the congresional National Defense Authorization Act of 2007, 
predeployment neurocognitive testing was implemented in 2008. To date, 723,981 service 
members have completed this testing, which currently uses the Automated Neurocognitive 
Assessment Metrics (ANAM). This is a brief computerized battery that is designed to detect 
speed and accuracy of attention, memory, and thinking ability. By completing the ANAM 
within 12 months of deployment, each service member establishes an individual preinjury 
baseline; thus, if a TBI is sustained in theater, the ANAM can be repeated to allow for 
pre- and postinjury comparison and to better inform return-to-duty determinations. Pend-
ing inclusion in the electronic medical record, test results are stored in a central repository. 
Health-care providers can obtain these results from the helpdesk by emailing pertinent de-
mographic information to anam.baselines@amedd.army.mil. To date, there have been 5,820 
requests for baseline scores with 1,826 from Afghanistan, 202 from Iraq, and 3,792 from 
the Continental United States.

TREATMENT

Clinical practice guidelines have been developed to guide the evaluation and manage-
ment of TBI in both the acute and chronic settings. These guidelines incorporate available 
evidence and expert consensus. Acute care begins on the battlefield with theater-based guide-
lines, which incorporate the tactical requirements of the combat setting. Previous guidelines 
were only useful if the service member sought a medical evaluation. Recent revisions, sup-
ported by the Joint Chiefs of Staff, require all service members involved in a traumatic event 
to undergo screening and a mandatory 24-hour rest period. Those with serious neurologic 
injury are evacuated to facilities with imaging capabilities. Those with symptoms of con-
cussion, such as headache or dizziness, are managed aggressively with local medical assets. 
Once symptoms resolve, exertional testing is performed prior to return to duty to ensure that 
symptoms do not return with physiologic stress. Those with persistent symptoms undergo 
combat stress evaluations and more detailed medical examinations. Because of concerns 
that multiple concussions may result in slower recovery or, in more severe cases, chronic 
traumatic encephalopathy (Guskiewicz et al., 2003; McKee et al., 2009), service members 
sustaining three or more concussions in a 12-month period are required to undergo a com-
plete neurological and psychological evaluation. The result of this exam may lead to one of 
the three following dispositions: stateside evacuation, restricted duty, or return to full duty.

Subacute and chronic TBI care is guided by the Department of Veterans Affairs (VA) 
and DoD Evidence-Based Clinical Practice Guideline for the Management of Concussion/
Mild Traumatic Brain Injury (2009). This document was developed under the auspices of 
the VHA and DoD with the intent of providing evidence-based recommendations to patients 
and their providers, reduce practice variability, and provide structure for measurement of 
patient outcomes. The guidelines include three algorithms: initial presentation, symptom 
management, and follow-up of persistent symptoms. More detailed guidance is included 
for the use of pharmacotherapy and management of common physical symptoms associated 
with concussion.
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TELEMEDICINE

Various telemedicine modalities are currently used in the care of TBI patients within the 
Military Health System (MHS). For example, TBI.consult is an electronic consult service 
available to deployed providers, and it is staffed by neurologists, neurosurgeons, and nurse 
practitioners with expertise in TBI. A confidential history and physical record are transmit-
ted to the consult team via email. The team considers local resources and within two to 
three hours of consult receipt an initial response is provided. The team makes individualized 
recommendations based on the patient’s medical condition. Resources such as the theater 
clinical practice guidelines (Brain Trauma Foundation, 2005) and MACE are provided when 
needed as well as in-theater contacts for specialty care. In some cases, collaboration occurs 
with other specialty services (i.e., ear, nose, and throat services for hearing loss associated 
with TBI), with TBI staff in theater, or with LRMC staff to facilitate necessary evacuations.
Stateside TBI care in more remote locations is supported by the virtual TBI (vTBI) clinic. 
The vTBI clinic currently provides symptom management and neuropsychological screening 
via videoconferencing. Plans are in process to increase capabilities to include mass screening 
and some components of neurorehabilitation.

The Defense Centers of Excellence for Psychological Health and Traumatic Brain Injury 
(DCoE) has established a 24/7 Outreach Center. Service members can contact the center via 
email, live online chat, or telephone for immediate assistance. After immediate concerns are 
addressed by trained operators, callers are connected with appropriate TBI resources, most 
often through the Defense and Veterans Brain Injury Center (DVBIC).

CARE COORDINATION

In the acute care phase, service members sustaining severe or penetrating TBI are as-
signed a federal recovery coordinator to facilitate coordination of care across the health-care 
continuum. Those with mTBI may also require coordination of services during their recov-
ery. This is accomplished by the DVBIC Care Coordination Program. Once identified with 
TBI, service members are contacted by a regional care coordinator (RCC), who conducts 
assessments and identifies patient needs. The RCC works with the individual’s case manag-
ers to identify ongoing needs and local TBI resources for up to two years. Data from this 
program indicate that physical symptom reporting decreases with time while psychological 
symptom reporting increases. Further work is needed to determine the cause and implica-
tions of these findings.

EDUCATION

TBI-related educational efforts within DoD are aimed at two main consumers: provid-
ers and patients/families. Three websites have been developed to assist patients and their 
families with their understanding of TBI.

•	 www.traumaticbraininjuryatoz.org
 Sponsored by the U.S. Air Force Center of Excellence for Medical Multimedia, this 

award-winning site provides an overview of TBI by severity, expected courses of 
recovery, and personal stories of service members with TBI. In addition, there are 
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downloadable components to the congressionally mandated DoD/VA TBI Family 
Caregiver Curriculum.

•	 www.afterdeployment.org	(mTBI)
 Developed by the DCoE’s National Center for Telehealth and Technology, this web-

site provides an overview of mTBI. Self-assessments are available for many common 
symptoms or conditions associated with mTBI. A resource library is also included.

•	 www.brainline.org
 A service of WETA4 public communications with funding by DVBIC, this website 

provides information about TBI for patients, families, and providers. Various research 
topics, TBI experts, and other headlines are presented.

The National Defense Authorization Act of 2007 established a 15-member panel to 
develop a curriculum to train family caregivers of service members and veterans with TBI. 
Panel members were appointed by the DoD and the Department of Health and Human 
Services on March 6, 2008. The members of the panel include professionals from DoD and 
the VA specializing in TBI, family caregivers, and experts in the development of curricula. 
The curricula were approved for distribution in April 2010. The curricula are presently be-
ing disseminated by recovery coordinators at WRAMC and NNMC to family members of 
patients with significant TBI. They are also available to the public for download at www.
dvbic.org, in addition to other currently approved patient and provider materials.

Many modalities are used to ensure that DoD providers have an adequate understand-
ing of TBI. Since 2007, DVBIC has hosted the annual TBI military training conference. 
The 2010 event registered more than 850 participants from all branches of service for the 
two-day conference. Experts from across the country contributed to education through case 
studies, panel discussions, and podium presentations. The DCoE and DVBIC host regularly 
scheduled webinars to further facilitate provider education. TBI education is also provided 
at deployment platforms. The U.S. Army Proponency Office for Rehabilitation and Reinte-
gration convened a panel of subject-matter experts—both military and civilian—to develop 
a series of TBI materials ranging from a public service announcement (101) to treatment 
paradigms.

•	 TBI	101:	Introduction	and	Awareness—Army
•	 TBI	101:	Introduction	and	Awareness—Joint
•	 TBI	201:	TBI	Overview	for	Healthcare	Personnel
•	 TBI	401:	Primary	Care	Assessment	and	Management	for	Concussion

This program is available for use at deployment platforms and, most recently, has been 
included on the MHS Learning Portal (MHS Learn), accompanied by appropriate continu-
ing medical education credits. Thirteen other TBI-related lessons are also available on MHS 
Learn.

RESEARCH

In 2009, more than $40 million were allocated for TBI and psychological health re-
search through the Congressionally Directed Medical Research Program (CDMRP). Fund-
ing priorities included cellular regeneration and interconnection strategies for the central 

4 WETA is the flagship, not-for-profit public broadcasting station serving Washington, DC; Virginia; and 
Maryland.
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nervous system, evidence-based prevention and rehabilitation strategies, three-dimensional 
models of blast injury, and advanced diagnostic modalities (e.g., neuroimaging, biomarkers). 
Figure C-3 depicts an overview of current CDMRP-funded studies.

Key collaborations with academia and industry are likely to provide high-yield informa-
tion in the upcoming years. A partnership between DVBIC and the Armed Forces Institute 
of Pathology established a state-of-the-art research lab. This alliance also introduced an 
organizational structure for the development of a “brain bank” allowing for detailed neuro-
pathological examinations. In addition, the lab has a small animal imaging facility featuring 
a 7 Tesla horizontal bore imager used in various preclinical research protocols. In conjunc-
tion with Massachusetts Institute of Technology and the Institute of Soldier Nanotechnology, 
DoD scientists have developed the most comprehensive computerized simulation model of 
the interactions between blast and brain. It is anticipated that this initial effort will lead to 
further work on the utilization of nanotechnology to protect and improve survivability of 
wounded service members.

Findings from the U.S. Army Medical Research and Materiel Command Blast Sympo-
sium reveal pathological differences in blast and blunt trauma seen on diffusion tensor imag-
ing. Data presented at the symposium from functional Magnetic Resonance Imaging (fMRI) 
showed statistically significant differences between breacher instructors and students. During 
their training to be breachers, students are exposed to 50 to 70 blasts of weapons-grade 
explosives. Finally, animal models suggest axonal, neuronal, and glial damage following 
blast injury as well as physiologic, histologic, and behavioral differences between blunt and 
blast injury. Proceedings from this symposium are scheduled to be published in an upcoming 
special issue of the journal Neuroimage. Other studies still in progress include helmet sensor 
studies, a 15-year longitudinal study of TBI, and the Head to Head Study of computerized 
neurocognitive tools. All of these studies will greatly enhance the understanding of TBI and 
its consequences.

FIGURE C-3 CDMRP-funded studies and their locations.
SOURCE: Jaffee, 2010.
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TABLE C-2 Key Combat-Related TBI Scholarly Papers, 2003–2009

Category Reference Title

Screening Ivins et al., 2009 Performance on the Automated Neuropsychological Assessment Metrics in a 
nonclinical sample of soldiers screened for mTBI after return returning from 
Iraq and Afghanistan: A descriptive analysis

Terrio et al., 
2009

Traumatic brain injury screening: Preliminary findings in a U.S. Army 
Brigade Combat Team

Ivins et al., 2003 Traumatic brain injury in U.S. Army paratroopers: Prevalence and character

Clinical 
Findings

Bell et al., 2009 Military traumatic brain and spinal column injury: A 5-year study of the 
impact blast and other military grade weaponry on the central nervous 
system

Brahm et al., 
2009

Visual impairment and dysfunction in combat-injured service members with 
traumatic brain injury

Hoge et al., 
2008

Mild traumatic brain injury in U.S. soldiers returning from Iraq

Blast 
Neurotrauma

Ling et al., 2009 Explosive blast neurotrauma

Moore et al., 
2009

Computational biology—Modeling of primary blast effects on the central 
nervous system

Dewitt et al., 
2009

Blast-induced brain injury and posttraumatic hypotension and hypoxemia

TBI & Post-
Traumatic 
Stress 
Disorder

Stein and 
McAllister, 2009

Exploring the convergence of posttraumatic stress disorder and mild 
traumatic brain injury

Nelson et al., 
2009

Relationship between processing speed and executive functioning 
performance among OEF/OIF veterans: Implications for post deployment 
rehabilitation

Kennedy et al., 
2007

Posttraumatic stress disorder and posttraumatic stress disorder-like 
symptoms and mild traumatic brain injury

Imaging Moore et al., 
2009

Diffusion tensor imaging and mTBI—A case-control study of blast (+) in 
returning service members following OIF and OEF

Huang et al., 
2009

Integrated imaging approach with MEG and DTI to detect mild traumatic 
brain injury in military and civilian patients

Outcomes Bjork and 
Grant, 2009

Does traumatic brain injury increase risk for substance abuse?

Han et al., 2009 Clinical, cognitive, and genetic predictors of change in job status following 
traumatic brain injury in a military population

Gottshall et al., 
2003

Objective vestibular tests as outcome measures in head injury patients

Drake et al., 
2000

Factors predicting return to work following mild traumatic brain injury: A 
discriminant analysis

continued
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Clinicians continue to contribute to the understanding of combat-related TBI. Table C-2 
summarizes recent observations of providers involved in the day-to-day care of those with 
TBI. These efforts identify some of the consequences associated with TBI and lead to ad-
ditional scientific inquiry.

SUMMARY

Much work remains to be done in order to fully understand TBI and its long-term 
consequences. Efforts within DoD to rapidly transform bench science and observed best 
practice to clinical practice continue. This is most readily evident by the annual revisions of 
educational materials, clinical practice guidelines, and screening techniques.
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Pathophysiology and Mechanisms of Neurotrauma:  
Blast and Civilian

Mårten Risling5

Traumatic brain injury (TBI) is not only a leading cause of death and disability in young 
active people, but also a significant health problem in elderly people. It is a fundamental 
type of trauma in both civilian life and at the battlefield. However, the spectrum of the inju-
ries seems to be different in these two areas, and has also changed over time. For example, 
the signature TBI in recent military conflicts has evidently changed from penetrating TBI 
to blast-induced TBI. Below we will first describe a basic classification of TBI. All types of 
TBI may occur in both the civilian and military setting. However, there are some important 
considerations for TBI on the battlefield, mostly relating to the extreme energy transfer.

CLASSIFICATION

The term TBI includes a number of different injuries, ranging from mild to severe le-
sions. Several mechanisms contribute to the induction of the injury. The World Health 
Organization (WHO) publishes an International Classification of Diseases (ICD), where 
trauma and head injury are included in the chapter “Injury and poisoning.” The latest edi-
tion, ICD-10, lists the injuries as:

SO6 Intracranial injury
 SO6.0 Concussion
	 	•	Commotio	cerebri
 SO6.1 Traumatic cerebral edema
 SO6.2 Diffuse brain injury
 Cerebral:
	 	•	contusion	NOS
	 	•	laceration	NOS
	 	•	traumatic	compression	of	brain	NOS
 SO6.3 Focal brain injury
 Focal:
	 	•	cerebral:
    contusion
    aceration
	 	•	traumatic	intracerebral	haemorrhage

5 Department of Neuroscience, Karolinska Institutet, Sweden
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 SO6.4 Epidural hemorrhage
 SO6.5 Traumatic subdural hemorrhage (SDH)
 SO6.6 Traumatic subarachnoid hemorrhage (SAH)
 SO6.7 Intracranial injury with prolonged coma
 SO6.8 Other intracranial injuries
 SO6.9 Intracranial injury, unspecified

Adoption of ICD-10 seems to be slow in the United States. Since 1999, the ICD-10 
(without clinical extensions) was adopted for reporting mortality, but ICD-9-CM is appar-
ently still often used for morbidity, unlike the situation in many European countries. The 
causes of the injuries have been systematically listed in the International Classification of 
External Causes of Injury (ICECI). It contains seven modules for the mechanism of injury 
(objects/substances producing injury, place of occurrence, activity when injured, the role of 
human intent, use of alcohol, use of psycho-active drugs) and five additional modules refer-
ring to special topics (violence, transport, place, sports, occupational injury). The ICECI 
contains a module V7—TYPE OF CONFLICT, which includes war.

This type of classification is requisite for meaningful statistics and epidemiology. Ac-
cording to data from the U.S. Centers for Disease Control and Prevention (CDC), the annual 
incidence for TBI in the United States is approximately 1.5 million. Among these, around 
50,000 die and a larger number (around 85,000 people) survive with long-term disabilities. 
Because many of the victims are young at the time of the injury, the accumulated number 
of people with disabilities caused by TBI is assumed to be more than 5 million. Sport activi-
ties, firearms, and road traffic accidents represent common causes of TBI in young people, 
whereas fall injury is a common cause in the elderly.

MILD TBI

A TBI is often classified as mild (concussion or commotion) if loss of consciousness or 
confusion is shorter than 30 minutes. Magnetic resonance imaging (MRI) and computerized 
axial tomography (CAT) scans are usually normal but the patient may have headache and 
cognitive problems (memory problems, mood disturbance, attention deficits), and the effect 
on the patient can be devastating. The majority of blast-induced TBI fall into this category, 
although the pathophysiology is largely unknown. Cerebral concussion is often associated 
with other types of brain injury.

MODERATE AND SEVERE TBI

These injuries can be divided into closed head injuries and penetrating injuries. The 
penetrating TBI will always induce a focal injury and often diffuse secondary injuries. Closed 
head injuries may be both diffuse and focal (Reilly and Bullock, 2005).

DIFFUSE TBI

The most common diffuse injury is the diffuse axonal injury (DAI). With increasing 
sensitivity in imaging techniques, the proportion of DAIs will probably increase in statis-
tics. DAI is defined as the presence of diffuse damage to axons in the cerebral subcortical 
parasagittal white matter, corpus callosum, brain stem, and cerebellum (Reilly and Bullock, 
2005). Another type of diffuse injury is diffuse vascular injury (DVI) (Reilly and Bullock, 
2005). DAI is often, but not always, also associated with vascular injury. Different parts of 
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the brain move at different speeds because of their relative density. This can lead to shearing 
injury and DAI (Anderson and McLean, 2005). Beta-amyloid precursor protein (APP) is a 
membrane-spanning glycoprotein originating from a gene on chromosome 21. APP, which 
is transported by fast axoplasmic transport, has been proven to be an excellent marker for 
axonal injury in histology (Sherriff et al., 1994). Modern imaging techniques, such as MRI 
with diffusion tensor imaging (DTI), have provided improved possibilities to detect DAI.

FOCAL TBI

Vascular injury can result in intracerebral hemorrhage, subdural hemorrhage, epidural 
hemorrhage, or subarachnoid hemorrhage. Extradural hematomas (EDH) are the result 
of bleeding that occurs between the calvarium and the dura mater, most frequently in the 
temporo-parietal region near the middle meningeal arteries. There are two main types of 
traumatic acute subdural hematoma (ASDH). In traumatic ASDH related to contusions and 
lacerations, the hematoma is located adjacent to damaged brain. The second type of ASDH 
is the result of rupture of the bridging veins (Reilly and Bullock, 2005).

Cerebral contusions are focal injuries. Bleeding from damaged blood vessels is usu-
ally the most obvious feature upon macroscopic or microscopic examination. Contrecoup 
contusions occur opposite the impact site. Fracture contusions occur beneath the site of a 
fracture. Gliding contusions occur in the parasagittal regions and are often associated with 
DAI. In a simple contusion the pia–glial membrane is intact. Disruption of this membrane 
with tearing of the underlying tissue constitutes a laceration. Contusions and lacerations 
form a continuum of tissue injury.

Lacerations of the brain may be defined as primary disruptions of the brain tissue at the 
moment of injury. In direct lacerations the tissue disruption is caused by a penetrating injury 
from various types of missiles or an open depressed fracture of the skull with penetration of 
the brain by fragments of bone and foreign bodies.

SCREENING AND EXAMINATION AFTER TBI

In the acute phase physical examination, CAT scans and biomarkers are used to dif-
ferentiate from more severe injuries. The Glasgow Coma Scale (GCS) is a 15-point scale for 
estimating the acute effect of TBI. The test measures the motor response, verbal response, 
and eye-opening response. The score is determined by adding the values of these three pa-
rameters. Mild TBI should have a score between 13 and 15 (Servadei et al., 2001). Lower 
scores indicate a more severe injury, that is, a moderate or severe TBI. This test is useful for 
screening in the emergency room, and repeated tests can be useful for monitoring. However, 
GCS seems to be less reliable for penetrating injuries and maybe also blast injuries with late 
onset of symptoms. Therefore, there is an interest for additional tools for screening after 
TBI, especially in the military setting.

Biomarkers such as the calcium-binding protein S100B can be used as a screening tool. 
S100B can be detected in serum samples after TBI (Berger et al., 2002; Elting et al., 2000; 
Pelinka et al., 2003). It has a short half-life in serum, and it has been suggested that repeated 
samples can be used to monitor the progress of a TBI and make predictions on the outcome. 
Some guidelines for mild TBI in children advocate the use of S100B instead of CAT scans in 
order to reduce the exposure to radiation. Several research programs focus on the develop-
ment of more sensitive and more CNS-specific biomarkers, such as various axonal markers.

Imaging techniques such as CAT scans and MRIs have increased the precision and 
sensitivity for exact diagnosis after TBI. The resolution and protocols are improving. For 
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example, DTI can be used to visualize fiber tracts in the brain and enhance the diagnosis 
of diffuse TBI. Additional techniques such as PET (positron emission tomography) scan-
ning may, for example, add knowledge on metabolic parameters after the injury but are not 
employed as a screening tool.

In the neurointensive-care unit (NICU) additional techniques can be used to moni-
tor the TBI patients (Matz and Pitts, 1997). Microdialysis is a technique to monitor the 
chemistry of the extracellular space in the brain (Alessandri et al., 2000). The microdialysis 
probe consists of a semi-permeable catheter that is constantly perfused with a physiological 
solution. The perfusate can give information on the metabolic state in the injured brain. 
Digital electroencephalography (EEG) can provide information on the occurrence of post-
TBI seizures or to monitor sedative treatment after the injury. Microdialysis studies in the 
NICU have revealed that the level of glucose in the brain is difficult to predict from analysis 
of peripheral blood or samples from fat tissue (Rostami and Bellander, 2011). However, 
microdialysis is a difficult technique and probably very dependent on the position of the 
catheter. It is more useful for the monitoring of patients in the NICU than for prediction of 
secondary events in the injury.

SECONDARY INJURIES

Secondary traumatic brain damage occurs as a complication of the different types of 
TBI and includes ischemic and hypoxic damage, swelling, raised intracranial pressure, and 
infection (Figure C-4). Neurochemical alterations, such as excitatory stress, may mediate 
important components of brain physiology associated with TBI, and such alterations may 
be responsive to pharmacologic therapy (Miller et al., 1990; Palmer et al., 1993). The sec-
ondary TBI is potentially reversible with adequate treatment. A part of the treatment is to 
reduce the metabolic load by controlled sedation. It should be mentioned that there is some 
evidence that neurons reduce their metabolic load after injuries in the central nervous system 
by active removal of excitatory synapses.

Thus, the secondary injuries are extremely important because they represent the compo-
nents of the injury that could be treated or prevented if the mechanism and threshold have 
been identified. Becaquse TBI from high-energy incidents may be induced by more than one 
mechanism (e.g., primary blast + acceleration movements), we can assume to find more than 
one threshold for these secondary assaults.

The blood-brain barrier (BBB) can be assumed to have a key function in the aftermath 

Figure C-4.eps
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FIGURE C-4 A schematic representation of the relation between primary and secondary traumatic 
brain damage after TBI. The interval between the primary acute lesion and the secondary lesions can 
vary from hours to days.
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of TBI. The BBB is the result of a complex interaction of astrocyte endfeet and the endo-
thelium of the capillaries in the central nervous system. On the molecular level, the BBB is 
a complicated interaction of specialized contact proteins at junctions between the cells and 
active transporters for essential compounds, like the Glut-1 glucose transporter (Stark et al., 
2000). The BBB can be rapidly distorted after TBI, resulting in extracellular edema and 
infiltration with inflammatory cells. The threshold for BBB defects after TBI has not been 
established, but could possibly be different after different types of injury. The BBB function 
following TBI is usually restored within four weeks, although more permanent BBB defects 
have been observed after lesions in the spinal cord (Risling et al., 1989).

Axonal damage in both DAI and focal injuries interferes with axoplasmic transport. 
Severe traumatic injury results in primary axonal disruption, termed primary axotomy, 
which can initiate a series of poorly understood events culminating in secondary axonal 
degeneration or secondary axotomy (Maxwell et al., 1997). Thus, adequate treatment could 
probably limit the axonal damage.

Edema is an important and variable secondary response to TBI, the causes and con-
sequences of which are only partly understood. Effective treatment is lacking. Impairment 
of the BBB leads to accumulation of fluid in the extracellular space. The localized edema 
around contusions and penetrating TBI is mostly vasogenic. Cytotoxic edema occurs in 
association with hypoxic-ischemic damage where there is a disturbance of ionic gradients 
leading to an accumulation of intracellular fluid. Energy crisis and mitochondria malfunc-
tion can be important components of the cytotoxic edema (Castejon and Castejon, 2000; 
Castejon and de Castejon, 2004; Clausen et al., 2001; Klatzo, 1987). Severe blast-induced 
TBI is often complicated by acute edema. The mechanisms for this edema formation have 
still to be identified. Decompressive craniotomy is often needed (Ling et al., 2009).

COMPLICATIONS WITH LATE ONSET

Epilepsy occurs in many TBI patients. Recent studies indicate an association between 
TBI and the subsequent development of Alzheimer’s disease (Emmerling et al., 2000; Uryu 
et al., 2002). Genetic background, such as changes in the APO-E gene can increase the risk 
for trauma-related Alzheimer dementia, and it has been suggested that the APOE-epsilon4 
genotype may result in an earlier onset of the disease, rather than increased incidence 
(Hartman et al., 2002).

RISK ASSESSMENT

Several measures have been developed in an attempt to quantify the tolerance of the 
head to impact in terms of the magnitude of both the resulting acceleration of the head 
and the duration of the impact. The Head Injury Criterion (HIC) is the most widely used. 
Such values have a definite role for improved car crash safety and body armor. However, 
although HIC can provide an assessment of the risk for fractures of head it does not seem 
to give a reliable description of the risk for diffuse injuries, such as DAI (Margulies and 
Thibault, 1992).

BLAST-INDUCED BRAIN INJURIES—THE GRAND 
CHALLENGE IN TBI RESEARCH

The U.S. government has initiated the largest coordinated research programs ever in 
neurotrauma to get insight on mechanisms and to provide better treatment for blast-induced 
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traumatic brain injuries (Risling, 2010). TBI has been identified as a major health problem 
in military personnel returning from service. The injuries range from severe multitrauma to 
a number of mild TBIs that still has to be settled (Jaffee and Meyer, 2009; Ling et al., 2009).

The enormous energy transfer in blast TBI creates a number of specific problems:

•	 Propagation	of	blast	waves	is	very	complex.	It	could	involve	both	direct	propagation	
through the skull and indirect propagation via blood vessels (Cernak and Noble-
Haeusslein, 2010). If the latter mechanism is important, we could expect effects from 
vascular disturbance. Several lines of evidence seem to point in that direction.

•	 It	is	not	known	whether	blast	TBI	is	a	specific	type	of	injury	that	will	require	specific	
and new types of treatment, or if, for example, the mild TBI from blast exposure is 
more like a classical type of concussion injury (Hoge et al., 2009).

•	 A	reliable	borderline	between	mild	blast-induced	TBI	and	posttraumatic	stress	syn-
drome (PTSD) has yet to be identified. Many of the symptoms are similar, and many 
patients might suffer from both TBI and PTSD (Jaffee and Meyer, 2009).

•	 There	is	some	debate	about	whether	blast-induced	TBI	is	an	entirely	new	problem.	
The shellshock syndrome (Anderson, 2008) that was seen after the enormous artil-
lery battles during World War I had similarities to blast-induced TBI and post blast-
induced TBI symptoms, but for many years it has been regarded as PTSD rather 
than physical injuries. The new situation with improvised explosive devices (IEDs) is 
that the explosive often detonates at short distances, and improved body armor and 
helmets protect much better against penetration from fragments.

•	 Although	 the	 epidemiology	 of	 blast-induced	TBI	 has	 been	 established	 in	 terms	 of	
approximate numbers of people injured, it is very difficult to assess the injury mecha-
nisms in individual cases. The actual situation during exposure to an IED is usually 
very complicated because of complex propagation and reflection of the primary 
supersonic blast wave, effects from acceleration and rotation (Moss et al., 2009), 
effects from impact of fragments, effects from heating, and effects from emitted 
gases and electromagnetic waves (Figure C-5). Well-designed experimental models as 
well as data from acceleration probes and pressure sensors that have been mounted 
into helmets and body armor are required to increase the knowledge of the critical 
mechanisms.

EXAMPLE OF ONGOING EXPERIMENTAL RESEARCH

As indicated earlier, it may be assumed that several mechanisms contribute to the injury. 
This study was an attempt to characterize the presumed components of blast-induced TBI 
(Risling et al., 2011). Our experimental models included a blast tube in which an anesthe-
tized rat can be exposed to controlled detonations of explosives that result in a pressure 
wave with a magnitude between 130 and 260 kPa. In this model, the animal is fixed with 
a metal net to avoid head acceleration forces. The second model is a controlled penetration 
of a 2-mm thick needle. In the third model, the animal is subjected to a high-speed sagittal 
rotation angular acceleration.

Immunohistochemical labeling for amyloid precursor protein revealed signs of DAI in 
the penetration and rotation models. Signs of punctuate inflammation were observed after 
focal and rotation injury. Exposure in the blast tube did not induce DAI or detectable cell 
death but did not functional changes. Affymetrix gene arrays showed changes in the expres-
sion in a large number of gene families including cell death, inflammation, and neurotrans-
mitters in the hippocampus after both acceleration and penetration injuries. Exposure to the 
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FIGURE C-5 Primary blast wave, rotational acceleration, and focal impact can be assumed to rep-
resent key components in the injury mechanism of blast TBI.

primary blast wave induced limited shifts in gene expression in the hippocampus. The most 
interesting findings were a downregulation of genes involved in neurogenesis and synaptic 
transmission. These experiments indicate that rotational acceleration may be a critical factor 
for DAI and other acute changes after blast-TBI. The further exploration of the mechanisms 
of blast-induced TBI will have to include a search for long-term effects.

The microarray data indicated that the metabolic load and mitochondrial function 
were very different in the three models (Risling et al., 2011). For example, 47 different 
mitochondrial genes showed a changed expression in the cortex surrounding the penetrat-
ing TBI, whereas no mitochondrial gene showed any sign of significant expression changes 
in the primary blast model. A number of genes for the metabolic cytochrome p450 (CYP) 
enzymes also showed significant changes in the cortex subjected to penetrating TBI. It may 
be assumed that such expression changes could have implications for drug and hormone 
metabolism. The relatively modest changes in the employed primary blast model could be 
related to the simple pulse form and short duration of the primary peak that is achieved by 
a detonation at short distance (1 meter) in this type of blast tube (Clemedson and Criborn, 
1955). This may be relevant for some types of IED at short distance but in a protected 
vehicle, could be very different (Courtney and Courtney, 2011). Preliminary data from ex-
periments employing a rigid body protection for the torso and a higher load of explosive, 
indicate a rapid induction of GFAP and s-fos, indicators of TBI pathology, but without any 
signs of DAI. Thus, these data indicate that blast-induced TBI may be the result of a number 
of simultaneous mechanisms with different thresholds.
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Recurrent Sports-Related Traumatic Brain Injury and Tauopathy

Robert A. Stern,6 Brandon E. Gavett,7 Christine Baugh,8 Christopher J. Nowinski,9 
Robert C. Cantu,10 and Ann C. McKee11

Dementia pugilistica and related terms (e.g., punch drunk, slug nutty) have evolved over 
the previous century (Millspaugh, 1937; Parker, 1934). The origin of these terms can be 
traced to boxers that were perceived by the lay public to have developed serious cognitive 
and movement abnormalities as a result of being repeatedly punched in the head in their 
sport (Critchley, 1957). The first neuropathological examination of a “punch drunk” boxer 
was conducted by Harrison Martland in 1928 (Martland, 1928). One half-century later, a 
more comprehensive neuropathological study of the brains of boxers was carried out by 
Corsellis and colleagues, who examined 15 deceased retired boxers and found a characteris-
tic pattern of brain injury that was distinct from other known causes of neurodegeneration 
(Corsellis et al., 1973).

As research into the link between the long-term effects of repeated head injury grew, it 
became clear that this condition was not restricted to boxers, but rather, could result from 
other causes of head injury. Similar neuropathological findings were found in individuals 
with a common history of head trauma of various causes, including soccer (Geddes et al., 
1999), head-banging behavior (Geddes et al., 1999), and domestic abuse (Roberts et al., 
1990b). As such, the term chronic traumatic encephalopathy (CTE) became the most com-
monly used term to describe what had previously been referred to as dementia pugilistica 
(Miller, 1966). Chronic traumatic encephalopathy is a progressive neurodegenerative disease, 
similar to Alzheimer’s disease, but with unique features (McKee et al., 2009). It is believed 
to be caused by repeated trauma to the brain, including mild concussions and subconcussive 
blows. Its symptoms occur years or decades following head trauma and continue to worsen; 
these symptoms are distinct from the acute or post-acute (e.g., postconcussion syndrome) 
effects of a head injury. The early symptoms of CTE are believed to include memory and 
cognitive difficulties, depression, impulse control problems, and behavior changes. Later on, 

6 Alzheimer’s Disease Clinical and Research Program, Boston University School of Medicine.
7 Alzheimer’s Disease Clinical and Research Program, Boston University School of Medicine.
8 Center for the Study of Traumatic Encephalopathy, Boston University School of Medicine.
9 Center for the Study of Traumatic Encephalopathy, Boston University School of Medicine.
10 Center for the Study of Traumatic Encephalopathy, Boston University School of Medicine.
11 Departments of Neurology and Pathology, Boston University School of Medicine.
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movement abnormalities (including Parkinsonism) become more common, and, in many 
cases, full-blown dementia occurs. CTE is the only preventable cause of dementia.

Recently, our group combined a review of the existing CTE neuropathology literature 
with a neurological and clinical case series of three athletes (McKee et al., 2009). At the 
time of the McKee et al. publication, there were 52 cases of neuropathologically verified 
CTE in the world’s literature (including the three cases in that case series). Since that time, 
our group has examined more than 35 cases of CTE (well over half of the known cases) and 
helped to refine its neuropathological characterization.

The microscopic pathology of CTE includes neurofibrillary degeneration in the form 
of extensive tau-immunoreactive neurofibrillary tangles, glial tangles, and neuropil neu-
rites throughout the brain in a widespread distribution. Within the cerebral cortex, the 
frontal and temporal lobes are commonly affected, with very dense neuropathology in the 
medial temporal lobe structures—the amygdala, hippocampus, and entorhinal cortex. Tau-
immunoreactive inclusions are also found in the subcortical white matter, thalamus, hypo-
thalamus, mammillary bodies, and brainstem (Corsellis et al., 1973; McKee et al., 2009).

CTE may be similar to Alzheimer’s disease (AD), both in terms of clinical presentation 
and neuropathological changes. Both are progressive, incurable, neurodegenerative diseases, 
and both are currently only diagnosed through postmortem examination of brain tissue. 
However, there are a number of important distinctions between CTE and AD. Age of onset 
in AD is usually later than in CTE; while sporadic AD most often occurs after age 65, the 
onset of CTE has been found to range from ages 20 to 50. Neuropathologically, AD is asso-
ciated with an abundance of both tau-immunoreactive inclusions and significant deposition 
of neuritic beta-amyloid plaques (Braak and Braak, 1991). In contrast, fewer than half of 
the neuropathologically documented cases of CTE showed evidence of amyloid deposition, 
and when amyloid is present, the plaques tend to be very modest and diffuse, as opposed to 
neuritic (Clinton et al., 1991; Roberts et al., 1990a).

Athletic participation is ubiquitous amongst people of all ages, especially children. The 
link between sports-related head injuries and CTE is alarming considering that an estimated 
1.6 to 3.8 million people suffer sports-related concussions each year (Langlois et al., 2006). 
This highlights the importance of expanding the study of CTE beyond boxing. Within the 
past decade, CTE has been documented in a number of professional athletes who were not 
boxers. The first five of these cases included four professional football players and one pro-
fessional wrestler. Mike Webster was a retired National Football League (NFL) center who 
died at age 50 because of a myocardial infarction; in addition to suffering from depression 
and cognitive problems, he was also unemployed and homeless at the time of his death in 
2002. Terry Long was a retired NFL guard who committed suicide in 2005 at the age of 
45. Andre Waters was a retired NFL safety who committed suicide in 2007 at the age of 44. 
Justin Strzelczyk, a retired NFL offensive lineman, was 36 years old at death; his life had 
begun to slip into a “downward spiral” of depression and behavioral changes. His death in 
2004 was caused by erratic behavior leading to a high-speed police chase that ended when 
he drove his truck into a tractor trailer. Chris Benoit was a 40-year-old professional wres-
tler when he committed suicide in 2007 after murdering his wife and child (Cajigal, 2007; 
Omalu et al., 2005, 2006, 2010a, 2010b).

Following the report of these five cases, the Boston University (BU) Center for the Study 
of Traumatic Encephalopathy (CSTE) was established to further investigate the relationship 
between head trauma and later neurodegenerative disease. The CSTE (McKee et al., 2009) 
first reported on John Grimsley, a retired NFL linebacker who died at the age of 45 after a 
10-year career with the Houston Oilers and Miami Dolphins. There was no evidence that he 
used performance-enhancing drugs in his lifetime, and he reportedly suffered at least eight 
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concussions during his NFL career. He died of a gunshot wound to his chest while cleaning 
his gun, and his death was ruled an accident. For the five years prior to his death, he report-
edly experienced worsening memory and cognitive functioning, as well as an increasingly 
“short fuse.” Neuropathologically, Mr. Grimsley’s brain was characteristic of CTE and was 
noteworthy for the dense tau-immunoreactive inclusions in the medial temporal lobes. Tom 
McHale was a retired offensive lineman who spent 10 years in the NFL with the Tampa 
Bay Buccaneers. He was a graduate of Cornell University, former restaurateur, husband, 
and father of three boys. It was reported that, during his playing career, he suffered two 
to three concussions, but as lineman, he suffered routine subconcussive blows. He died 
from a drug overdose after a multi-year battle with drug addiction. Of note, Mr. McHale’s 
drug abuse problems began late in his life, after retiring from the NFL. Neuropathologi-
cally, Mr. McHale’s brain was consistent with CTE and contained numerous areas of dense 
tau-immunoreactivity in the cerebral cortex. The first member of the Professional Football 
Hall of Fame and the first participant in the NFL’s “88 Plan” to pass away and undergo 
neuropathological examination for CTE was Lou Creekmur. Mr. Creekmur died at the 
age of 82. He played 10 seasons as an offensive lineman for the Detroit Lions and was an 
eight-time Pro Bowler. He was famous for suffering at least 13 broken noses while playing 
without a facemask. He died from complications of dementia while in a nursing home after 
a 30-year decline that included cognitive and behavioral issues, memory loss, problems with 
attention and organization, and angry and aggressive outbursts. His wife referred to him 
as “punchy” for the last 30 years of his life. Neuropathological findings revealed extensive 
tau-immunoreactive inclusions throughout the cortex and medial temporal lobes consistent 
with CTE. Remarkably, there was no neuropathological evidence of AD in this 82-year-old.

In addition to finding evidence of CTE in professional athletes, recent evidence suggests 
that CTE can occur following shorter athletic careers. Mike Borich played football in col-
lege, but did not play football professionally. He died at age 42 after exhibiting a pattern 
of erratic behavior throughout much of his adult life. His college-playing career included 
stints with Snow College and Western Illinois University in the 1980s. He was known to 
have approximately 10 concussions during his college football career with no subsequent 
concussions or head injuries after college. He worked as a Division I college football coach, 
and was named Offensive Coordinator of the Year in 2001 while coaching at Brigham 
Young University. He also coached for the NFL’s Chicago Bears in 1999–2000. He left 
coaching in 2003 while struggling with overwhelming drug and alcohol addictions, and 
ultimately died from a drug overdose in February 2009 at the age of 42. Neuropathological 
examination of Mr. Borich’s brain revealed less pathology overall than many previous cases 
of confirmed CTE, but was consistent with CTE nonetheless. Of particular salience was the 
patchy, superficial distribution of tau protein throughout Mr. Borich’s frontal cortex and 
medial temporal lobes.

Although evidence of CTE has become increasingly common in retired football play-
ers, it has been found in other sports as well. The first professional ice hockey player to be 
examined for CTE was Reggie Fleming, who died at the age of 73 in 2009. Fleming was 
a defensemen and forward for six National Hockey League (NHL) teams from 1959 to 
1971. His 13 seasons and 749 NHL games were part of a storied professional career that 
lasted more than 20 years. He is remembered today for his hard-nosed play and combative 
style that led to 108 NHL goals, 1,468 penalty minutes, and a Stanley Cup with the 1961 
Chicago Blackhawks. He reportedly exhibited symptoms of CTE for decades; he was di-
agnosed with “manic depression” in his early 40s because of frequent extreme behavioral 
outbursts. He was described as “out of control” because of significant problems controlling 
his eating, drinking, gambling, and temper. He reportedly suffered from significant attention, 
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concentration, memory, and executive impairment that progressed to frank dementia in his 
final two years of life. Neuropathologically, examination of Mr. Fleming’s brain was also 
consistent with CTE, as evidenced by the extensive tau-immunoreactive inclusions distrib-
uted throughout the neocortex and medial temporal lobes, particularly at the depths of sulci.

Although much of the proceeding discussion has emphasized the ubiquity of tau protein 
abnormalities in the pathogenesis of CTE, more recent evidence also suggests the involve-
ment of a second abnormal protein in CTE: Tar-DNA Binding Protein-43 (TDP-43). This 
abnormal protein has been found in 85 percent of CTE-positive cases (King et al., 2010; 
McKee et al., 2010). It is also associated with other neurodegenerative diseases like fron-
totemporal lobar degeneration, and, in some cases, may be associated with motor neuron 
disease that mimics amyotrophic lateral sclerosis (King et al., 2010; McKee et al., 2010; 
Tatom et al., 2009).

The prevalence of CTE is currently unknown, but appears to be more common than 
was previously thought. All 13 of the 13 football players examined by the BU CSTE have 
had CTE. However, the athletes examined are not representative of the general population 
or even the population of retired athletes, thus calling into question the denominator used 
to estimate CTE prevalence. However, assuming that neuropathological findings observed in 
the next 87 football players to come to autopsy are negative, this would nonetheless suggest 
a prevalence rate of 13 percent in this population. Clearly, there is a need for longitudinal 
research with a large, representative sample to more precisely estimate prevalence and iden-
tify potential risk and protective factors of CTE.

Such a longitudinal study has recently been implemented through the CSTE’s Brain 
Donation Registry. Recruitment for this registry began approximately 12 months ago and 
currently, approximately 300 active or retired athletes have agreed to participate in annual 
telephone interviews and to donate their brains at death. The goal of the CSTE is to recruit 
a total of 750 athletes altogether. The annual evaluations consist of telephone interviews 
regarding cognitive and behavioral symptoms, athletic, concussion, and medical history, 
and include a brief cognitive assessment. The CSTE is also beginning a new registry for 
combat veterans, another population at risk for brain trauma due to blast injuries caused 
by improvised explosive devices.

Many combat veterans exposed to blast injuries, like athletes who may suffer inciden-
tal blows to the head, experience repetitive subconcussive trauma. In other words, trauma 
caused by forces that are not substantial enough to cause symptoms of concussion. It is 
believed that concussions are just the tip of the iceberg when it comes to repetitive head 
trauma; the chronic neurodegeneration seen in CTE also may be influenced by a large num-
ber of subconcussive blows to the head that in and of themselves are not acutely problem-
atic. It is believed that the long-term progressive tauopathy of CTE is caused by repetitive 
blows to the head, including mild, non-symptomatic, subconcussive trauma. However, this 
hypothesis has yet to be tested empirically.

In addition to the contribution of subconcussive blows to the pathogenesis of CTE, there 
are many other research questions that have yet to be answered. How common is CTE in 
athletes at all levels? Is CTE found in combat veterans? What are the risk factors of CTE? 
Is risk influenced by genetics? How does the type of trauma (loss of consciousness, sever-
ity of concussion, subconcussive blows) influence CTE? Can the impact of blast injuries 
(single, repetitive) lead to CTE? Can the frequency and time interval between successive head 
traumas affect CTE? For athletes, how can the positions and sports played (i.e., “load” of 
trauma) influence CTE? Does the age of the individual at time of injury(ies) and the dura-
tion of exposure affect CTE? How can we detect and diagnose CTE prior to death? What 
treatments and prevention strategies will be effective? Is CTE triggered by repetitive blast 
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injury in a similar fashion to repetitive (sub)concussive trauma? What roles do diffuse axonal 
injury and microhemorrhages play in CTE’s pathogenesis?

Returning to the discussion of blast injuries in a military combat setting, the long-term 
consequences of repetitive blast injuries are currently unknown. In athletes, the clinical 
symptoms of CTE begin years or decades following trauma. If the physical mechanics of 
athletic trauma and blast injuries are both capable of initiating the same metabolic cascade 
that may initiate CTE pathogenesis (Giza and Hovda, 2001), it is possible that, in several 
decades, we may see a growing epidemic of progressive dementia in veterans. One con-
founding factor that must be better understood is the fact that the symptoms of CTE and of 
posttraumatic stress disorder can manifest similarly. A second confound pertains to the fact 
that many members of the military also may have had previous and/or concurrent contact 
sport involvement.

Given that the risk factors for CTE are currently not well characterized, how can the 
risk of CTE be reduced, especially in young people? Under ideal circumstances, the best 
method to reduce CTE risk is to avoid head trauma. However, short of banning sports and 
preventing all accidents, head trauma cannot be completely avoided. Proper management 
of head trauma then becomes paramount. In sports, the following strategies are often rec-
ommended to reduce the overall trauma load suffered by an athlete: limit repetition (e.g., 
“return to play” guidelines); make changes to helmet technology to better absorb the force 
of the impact; identify the players who may be at increased risk (e.g., based on position, 
stature, style of play, etc.); and change rules to reduce head injuries without affecting the 
overall “feel” of the sport.

CTE research is in its infancy. However, a number of important changes have already 
been made, including changes to rules, increased public awareness, and increased research 
participation. It is hoped that these efforts can contribute to the prevention of this fully 
preventable neurodegenerative disease.
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Standardized Clinical Management of Traumatic 
Brain Injury by the U.S. Military

Geoffrey S. F. Ling12

INTRODUCTION

Traumatic brain injury (TBI) is a common disorder associated with military service. For 
Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (Afghanistan) (OEF), TBI 
has been referred to as the “signature injury of the war” (Warden, 2006).

The exact incidence and prevalence of this disease among OIF and OEF troops is uncer-
tain. There are estimates that as many as 19.5–40.0 percent of those deployed are affected. 
For civilians, the TBI rates also are uncertain with estimates suggesting that as many as 8 
million head injuries occur each year in the United States alone. The reasons for the uncer-
tainty are that many patients receive care by non-medical professionals, do not seek medical 
attention at all, or are improperly diagnosed. This is particularly true for mild TBI (mTBI), 
where signs and symptoms may be subtle. For moderate to severe TBI, where diagnosis is 
more certain, among U.S. civilians there are an estimated 1.7 million new cases per year.

Recently, the U.S. military, in response to this rising TBI problem, has instituted a 
system-wide standardized approach to diagnosis and clinical management of TBI. Critical 
elements of this approach are criteria for TBI screening; return to duty; neuroimaging; and, 
especially important, clinical practice guidelines for prehospital, in-hospital, and chronic 
treatment. As this is a collaborative effort between the Department of Defense (DoD) and 

12 Department of Neurology, Uniformed Services University of the Health Sciences, Bethesda, MD.
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the Veterans Administration (VA), it is national in scope. This may be the first such large 
system-wide effort to apply clinical practice guidelines (CPGs) for TBI patients. Importantly, 
this has been endorsed and mandated at the highest level of command, which ensures its 
adoption and execution by medical care providers.

SEVERITY OF TRAUMATIC BRAIN INJURY

There are three major TBI categories: mild, moderate, and severe. These are differenti-
ated by the patient’s presenting Glasgow Coma Scale (GCS). A traumatic injury to the brain 
leading to a GCS of 13–15 is defined as mild. If the GCS is 9–12, it is moderate TBI, and if 
8 or less, then it is severe.

Mild TBI is further clarified by the Mild Traumatic Brain Injury Section of the American 
Congress of Rehabilitation Medicine (1993) as the loss of consciousness, loss of memory 
preceding or following injury (amnesia), alteration in mental status at time of injury, and/
or focal neurological deficit. The American Academy of Neurology’s (AAN’s) Quality Stan-
dards Subcommittee (1997) reports that mTBI and concussion is often associated with brief 
(< 5 min) loss of consciousness or situational awareness where the person suffers a perfor-
mance decrement within his/her required environmental context.

In clinical practice, mTBI and concussion are used interchangeably. However, they are 
distinct. Concussion is altered function following injury. Mild TBI is a pathological state of 
brain resulting from injury.

Concussion has three grades of severity (ANN, 1997). The grades are differentiated by 
duration of altered mental status and any loss of conscious. Although not part of the original 
AAN criteria, amnesia is an independent diagnostic indicator of TBI severity, with the loss of 
memory preceding (retrograde) or following (posttraumatic or anterograde) injury. Grade 1 
concussion is defined as injury leading to altered mental status lasting less than 15 minutes 
without loss of consciousness. Grade 2 concussion is altered mental status lasting more than 
15 minutes without loss of consciousness. Grade 3 concussion is any loss of consciousness.

Moderate TBI is usually associated with prolonged loss of consciousness and/or neu-
rological deficit (Geocadin, 2004). These patients require advanced medical care including 
neurosurgical and neurointensive care. Later, as they recover, they may develop postconcus-
sion syndrome (Jarell et al., 2003).

Severe TBI is when injury causes the patient to be significantly neurologically compro-
mised such as obtundation or coma. Typically, this is associated with significant neurologi-
cal injury, often with structural brain or skull lesions revealed by neuroimaging, e.g., head 
computerized tomography (CT) scan revealing skull fracture, intracranial hemorrhage, and 
early diffuse cerebral edema. Severe TBI patients require advanced medical care even in 
the pre-hospital setting. After initial resuscitation and stabilization in the field, severe TBI 
patients should be quickly evacuated directly to the nearest combat support hospital (CSH) 
with neurosurgical capability. These patients need airway protection, mechanical ventilation, 
neurosurgical evaluation, neurocritical care, intracranial pressure (ICP) monitoring, and 
highly skilled nursing in a trauma or neurointensive care unit. For these patients, recovery 
will be prolonged and often incomplete with many not surviving to 1 year (Ashwal et al., 
1994; BTF, 2007; Bullock et al., 2006).

Mild TBI

Diagnosis and therapy begins at the site of injury, whether the battlefield or the playing 
field. It is now required that all troops at risk of TBI be evaluated as soon as possible after 
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exposure. During combat operations, at risk is defined as being within a certain distance 
of an explosive blast. That distance is different depending on circumstances, such as being 
mounted or dismounted when exposed. Evaluation is done using the military’s standardized 
MACE13 or military acute concussion evaluation. This is a paper-based tool developed by 
the Defense and Veterans Brain Injury Center (DVBIC). It begins with obtaining relevant 
patient information including history, especially exposure details, e.g., blast versus impact, 
etc. Embedded within the MACE is the standardized assessment of concussion (SAC). The 
SAC is a neuropsychological clinical test of orientation, concentration, memory, processing, 
etc. It is based on a similar test used by the National Football League. At present, there are 
six versions of the SAC so as to minimize the effect of learning the test.

Without a history of altered mental status, if the SAC is normal and the patient does 
not have any symptoms, he/she does not have TBI and is returned to duty. However, some 
patients may have symptoms, such as dizziness, for which other non-TBI etiologies are 
considered such as dehydration. This and other mild symptoms are treated conservatively 
with simple therapies such as rehydration or sleep hygiene. The patient may need to be re-
ferred to an advanced medical care provider such as the battalion surgeon, who is typically 
a physician.

With a history of change in mental status after injury and abnormal SAC (score < 25) 
then the patient has suffered mTBI with impairment and is referred to an advanced medical 
care provider. A more detailed history and neurological exam is performed. If there are any 
neurological deficits, the patient is evacuated to the nearest CT for neuroimaging. If CT is 
normal, patients are returned to their unit to be managed. These patients are automatically 
taken off of combat operation duty (“take a knee”) for a prescribed period of time, on the 
order of a few days. During this time, patients are treated symptomatically based on the 
VA/DoD Clinical Practice Guidelines for Management of Concussion/mTBI (2009). These 
guidelines have both pharmacological and nonpharmacological (such as sleep, physical 
therapy, etc.) treatment recommendations. Patients are given crossword puzzles, Sudoku 
and similar cognitive games. Finally, there are daily education sessions to teach each patient 
about his/her disease, including possible symptoms (headache, dizziness, insomnia, etc.) and 
expectations of recovery. An important aspect of this care is that each patient is purposely 
kept with his/her unit. By doing so, the service member has an important support group and 
is able to maintain a sense of normality and purpose (Bell et al., 2009).

If the SAC remains abnormal or symptoms persist beyond seven days, patients are re-
ferred to an in-theater restoration center, which is clinically staffed with a neurologist and/
or occupational therapist and is located near a CSH so that more advanced medical care 
can be rendered. The neurologist is able to perform more detailed neurological and medical 
assessments, treat with a wider selection of medications, and test with more sophisticated 
methods. The occupational therapist can provide a more focused nonpharmacologic treat-
ment plan. Typically, patients stay up to 14 days. If they still have not recovered, then they 
are evacuated out of theater (Linquist et al., 2010).

This approach has been very successful. Most service members are able to stay with their 
unit throughout treatment. The majority of those that have been referred to the restoration 
centers have been able to return to their units. The recovery rate exceeds 90 percent (Bell 
et al., 2009).

If a service member incurs three concussions over the course of his/her deployment, he/
she is removed from further combat operations. The service members call this the “three 
strikes and you are out” rule (Hancock, 2008).

13 Available online: www.pdhealth.mil/downloads/MACE.pdf (access March 30, 2011).
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Moderate to Severe TBI

It is especially important for medical care for moderate to severe TBI to begin at the site 
of injury. In 2000, the Brain Trauma Foundation published the first edition of Guidelines 
for the Prehospital Management of Severe TBI, which is now in its second edition. Recog-
nizing the need for similar CPGs for the battlefield, the Brain Trauma Foundation and the 
U.S. military developed the Guidelines for the Field Management of Combat-Related Head 
Trauma. These CPGs are specific treatment recommendations and goals to be used by med-
ics, corpsmen, and other prehospital medical care providers for use on the battlefield. The 
emphasis is on maintaining optimal physiology to support the injured brain and prevent 
exacerbation of injury while under the constraints of military operations (Badjatia et al., 
2008; Knuth et al., 2005).

Key guidelines are preventing hypoxia, maintaining perfusion (systolic blood pressure 
> 90 mmH), and avoiding potentially deleterious interventions (prophylactic hyperventila-
tion). This is accomplished by placing an artificial airway if the patient’s GCS ≤ 8, supporting 
breathing and oxygenation if oxygen saturation < 90 percent, and maintaining systolic blood 
pressure > 90 mmHg. Unless a patient is actively herniating, hyperventilation and mannitol 
are to be avoided. They are not effective for prophylaxis. Mannitol also should not be used 
when maintenance of intravascular volume can be assured. Other guidelines are analgesic 
and sedation use, which are important to optimize patient safety, particularly during evacu-
ation. Of note, no particular resuscitation fluid is endorsed because none have sufficient 
evidence to show clear superiority. However, hypertonic fluids are preferred because they 
may have benefit in maintaining serum osmolality, which could be beneficial for intracranial 
pressure (ICP) management (Knuth et al., 2005).

The GPG salso include triage and evacuation. As early as reasonably possible, a GCS 
for each patient should be determined as well as evaluation of pupillary function. Patients 
with GCS < 13 should be evacuated as early as possible to a CSH with a neurosurgeon.

Military in-hospital care of moderate to severe TBI treatment has benefited from ad-
vances previously developed for civilian TBI. The same civilian-developed CPGs are used in 
OEF and OIF CSHs. These in-hospital CPGs are directed at optimizing the general physiol-
ogy; avoiding exacerbation of injury; careful clinical monitoring; and preventing conditions 
that could worsen outcome, such as deep vein thrombosis (DVT). The key guidelines are 
placing an artificial airway if the GCS ≤ 8, placing an ICP monitor for GCS ≤ 8, developing 
criteria to obtain neuroimaging, maintaining ICP < 25 mmHg, systolic blood pressure > 90 
mmHg, pO2 > 60 mmHg or O2 saturation > 90 percent, normothermia, and hematocrit 
≥ 28. Cerebral perfusion pressure (CPP) is kept between 50 to 70 mmHg if fluids or vasoac-
tive agents are needed to achieve this range. If assistive therapy is not required to keep CPP 
above 50, then it is permitted to be at any level above that. To optimize cerebral venous 
drainage, the patient’s head is to be keep midline and the head of the bed at 30°. Antiepi-
leptic medications are given for only the first seven days to minimize the occurrence of early 
posttraumatic seizures. To prevent DVT, anticoagulation begins as soon as hemorrhages are 
stable. The approach is using sequential compression devices (SCDs) and anticoagulation 
with low molecular weight heparin (LMWH) or low dose unfractionated heparin (LDUH), 
with or without mechanical compression devices such as graduated compression stockings 
and SCDs. If intracerebral hemorrhage is present, then it is recommended that only SCDs 
are used until the risk of further bleeding decreases, at which time anticoagulation may be 
started. Also important is early institution of nutritional support and gastrointestinal pro-
phylaxis to prevent stress ulcers (BTF, 2007; Geerts et al., 2008).

In the event of cerebral herniation, mannitol and hyperventilation can be considered. 
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Again, mannitol can be used so long as the patient’s intravascular volume can be maintained. 
Hyperventilation should be to pCO2 34–36 mmHg. Neither should be used as prophylaxis 
against herniation. Because many combat wounded suffer from hemorrhagic shock and/
or dehydration, hypertonic saline solutions are often considered, including 3 percent saline 
infusion or 23 percent saline bolus. Hemicraniectomy is also a therapeutic option frequently 
used, especially with long evacuation times from theater back to the United States during 
which managing ICP can be challenging (Ling et al., 2009).

Nutrition is now recognized to be an important component of proper TBI care. The 
patient should be fed as soon as practical. In moderate to severe TBI, patients usually need 
nasogastric or orogastric tubes. This is preferred over using parenteral nutrition as enteric 
feeding more easily allows meeting metabolic needs. Another benefit is that by minimizing 
free water, enteral feeds can help maintain the intravascular osmolar gradient used in treat-
ing intracranial hypertension. Because most TBI patients have some cerebral edema, hyper-
osmotic feeds are typically used. Because the injured brain is hypermetabolic, TBI patients 
typically require 140 percent of their basal metabolic caloric needs (BTF, 2007).

A concern is the risk of cerebral vasospasm. Armonda et al. (2006) reported that close 
to 50 percent of a series of patients with blast-related severe TBI developed cerebral vaso-
spasm that led to symptomatic neurological deterioration. This is diagnosed with neuro-
logical examination, transcranial Doppler, and cerebral angiogram. It is often responsible 
for delayed or late neurological deterioration. Treatment with intra-arterial nicardipine at 
the site of spasm is effective in reversing this and restoring neurological function (Armonda 
et al., 2006).

Close neurological monitoring is essential for optimal outcome. While in the acute 
period, all TBI patients need to be examined neurologically on a regular basis—at least 
every hour for the first 24 hours and then less often as clinically indicated. Patients with 
intracranial lesions require continuous ICP and CPP measurements. Typically, the most criti-
cal period is during the 48 to 96 hours following injury when cerebral edema is greatest. 
Thereafter, edema gradually resolves and the patient should improve clinically.

CONCLUSION

Sadly, TBI is a common consequence of armed conflict. Clinical estimates of prevalence 
are high. In light of this, the military has enacted a comprehensive system-wide program to 
identify, treat, and rehabilitate TBI wounded service members. It uses evidence-based CPGs. 
Even though there is not yet a specific “brain rescue” or neuroprotective drug, evidenced-
based CPG for treatment and return to duty provide a rational approach to proper man-
agement of the TBI patient. It must be emphasized that this is merely a beginning. To be 
truly effective, the CPGs must be regularly updated. More research and quality assurance 
follow-up are essential. The system in place is imperfect so there is ample opportunity for 
improvement. The ultimate goal is that every TBI service member will receive the highest 
level of medical care—no matter where they are.

DISCLAIMER

The opinions expressed herein belong solely to the author. They do not nor should they 
be interpreted as representative of or endorsed by the Uniformed Services University of the 
Health Sciences, Defense Advanced Research Projects Agency, U.S. Army, or Department 
of Defense.
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The Perspective of an R.D. Working with 
Civilian Traumatic Brain Injury

Natalia Bailey14

INTRODUCTION

Traumatic brain injury (TBI) causes a very serious assault to the body, not only because 
of the primary or secondary injuries, but also because of the effects it has on all of the body’s 
systems. Brain injury results in a significant increase in metabolism and catabolism that, if 
left unchecked, can lead to malnutrition. It has been shown that adequate nutrition support 
can attenuate these metabolic changes that result in muscle loss and therefore positively af-
fect outcomes. This paper will review the current nutrition support standards of care in the 
moderately to severely brain-injured population, potential routes of nutrient administration, 
benefit of specific nutrients, and drug-nutrient interactions of concern.

14 Harborview Medical Center, University of Washington, Seattle, WA.
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RATIONALE FOR NUTRITION SUPPORT IN TBI

In the initial acute phase following TBI, the patient is in a hypermetabolic and catabolic 
state. The literature indicates energy expenditure ranges between 100–200 percent of resting 
metabolic rate, and this increased energy expenditure can last anywhere from one week to 
one year following the injury (Deutschman et al., 1986; Loan, 1999; Moore et al., 1989). 
During the initial acute stage of injury, glycogen stores are quickly depleted. This results in 
a need to use muscle proteins as a source of required glucose energy, leading to significant 
lean body mass catabolism (Berg et al., 2006). Non-stressed individuals lose approximately 
200–300 grams of muscle per day, whereas TBI patients lose up to 1,000 grams of lean body 
mass per day (Loan, 1999). The major cause of this highly catabolic state is a postinjury in-
crease in chemical messengers. These messengers include cortisol, glucagon, catecholamines, 
and cytokines, all of which contribute to breakdown of muscle rather than fat for energy 
(Table C-3) (Darbar, 2001; Loan, 1999; Moore et al., 1989; Young et al., 1988). In addition 
to an increase in catabolic chemical messengers postinjury, there is a decrease in anabolic 
hormones, such as human growth hormone (Demling, 2009). The increase in metabolic rate 
and resulting muscle catabolism can lead to malnutrition if not attenuated by provision of 
adequate nutrition support.

Inadequate nutrition support postinjury can lead to significant malnutrition. This can 
include significant weight loss resulting in poor outcomes including increased mortality and, 
increased length of hospitalization and rehabilitation. If the TBI patient is fed inadequately 
for one week, then this may lead to a 10 percent loss of lean body mass. If nutrition needs 
are not met for two weeks, then this may lead to a 30 percent loss of lean body mass, 
and increased mortality (Darbar, 2001). Malnourished TBI patients (BMI < 15) entering 
rehabilitation have a length of stay approximately 28 days longer than those who are not 
malnourished (Dénes, 2004).

STANDARDS OF CARE

The major principles driving the nutrition care of TBI patients include early nutrition 
support, provision of adequate calories (kcal) and protein, preference for enteral nutrition, 
use of nutrition protocols, and ongoing assessment of efficacy of nutrition support.

Evidence for early nutrition support (within the first 24–72 hours post-injury) is limited 

TABLE C-3 Chemical Messengers Effects on Inflammatory Response

Messenger Function Result

Cortisol ↑ 
gluconeogenisis
↑ proteolysis

↑ rate of muscle catabolism

Glucagon ↑ 
gluconeogenisis

↑ rate of muscle catabolism

Catecholamines
(epinephrine, 
norepinephrine)

↑ insulin 
resistance

↑ rate of muscle catabolism

Cytokines (IL-1, IL-6, 
TNF)

Activates 
immune 
response
↑ RMR

↑ rate of muscle catabolism
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in the TBI population; however, there is growing evidence that this practice is beneficial. In 
one study, early nutrition support (within five days after trauma) was shown to be one of the 
few therapies that could positively affect two-week mortality in TBI patients (Hartl et al., 
2008). Benefits of early nutrition support in other critically ill populations include lower risk 
of infection, decreased activation and release of inflammatory cytokines, decreased hospital 
and intensive care unit (ICU) length of stay, and attenuation of catabolism of skeletal muscle 
(McClave et al., 2009).

Determining calorie requirements is difficult in this population because many factors 
influence the rate of metabolism. Calorie needs may be decreased with barbiturate coma, 
propofol infusions, and other sedatives (Frankenfield, 2006; McCall et al., 2003; Moore 
et al., 1989; Rajpal and Johnston, 2009). Infection, fever, posturing, storming, and presence 
of other injuries may increase caloric needs (Clifton et al., 1986; Frankenfield, 2006; Moore 
et al., 1989; Rajpal and Johnston, 2009). Typically the energy needs are calculated by pre-
diction formulas, which predict basal energy expenditure (BEE), such as the Harris-Benedict 
formula, which also includes an injury factor (Cook et al., 2008). The Brain Trauma Foun-
dation (BTF) recommends a calorie provision of 140 percent of BEE (Bratton et al., 2007). 
It has been shown that prediction formulas often under- or over-predict calories, and if able, 
it is desirable to measure energy expenditure via indirect calorimetry. This measurement is 
considered the “gold standard” in determining calorie needs (Felípez and Sentongo, 2009; 
McClave et al., 2009; Pepe and Barba, 1999).

Protein needs are elevated in the TBI population, and the BTF guidelines suggest needs 
that range from 1.5–2.0 g per kg (Bratton et al., 2007). Several studies have shown variable 
beneficial results in delivering greater than 2 grams per kg. One study showed that when 
given 2.2 g of protein per kg, TBI patients corrected their negative nitrogen balance at a 
faster rate than those who were given less protein; however, they had increased urinary 
nitrogen excretion (Twyman et al., 1985).

Enterally delivered nutrition support is the preferred route of nutrient delivery if the 
patient’s gastrointestinal (GI) tract is functioning and accessible. Benefits of enteral nutrition 
(EN) include the following (Artinian et al., 2006; McClave et al., 2009; Taylor et al., 1999):

•	 gut	barrier	maintenance,
•	 modulation	of	stress	and	immune	response,
•	 lower	risk	of	infection	when	compared	to	parenteral	nutrition	(PN)	administration,
•	 reduction	in	hospital	length	of	stay,
•	 lower	cost	of	nutrition	support,	and
•	 quicker	return	of	cognitive	function	and	in	neurosurgery	patients.

Although EN support is less risky than PN support, there are still some risks associated 
with it. If enteral feeds are started prior to adequate resuscitation, or if GI perfusion is poor, 
there is an increased risk of GI tract ischemia. High infusion rates of pressors and/or seda-
tives, anesthetics, as well as abdominal injuries influence blood perfusion to the GI tract. 
Additionally, enteral feeding intolerance, such as abdominal pain, nausea, and vomiting 
have been described in critically ill patients, negatively affecting the rate at which patients 
achieve their nutritional goals.

PN is another potential route of nutrition support delivery; however, its use can result in 
more complications than enteral nutrition, and therefore, is not the preferred option. Risks 
of PN include increased risk of infection, increased cost, and increased risk of mortality 
(McClave et al., 2009). In the TBI population, however, it has been shown that patients on 
PN have fewer interruptions in feeding and their nutrition goals are reached more quickly 
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(Bratton et al., 2007; Young et al., 1987). One study showed that for those with head 
trauma, EN and PN were equally effective in meeting nutrition goals with similar infection 
rates and similar cost (Borzotta et al., 1994).

An assessment by a registered dietitian (RD) early in the TBI patient’s admission is es-
sential in determining nutrition goals and the nutrition plan of the TBI patient. It has been 
shown that implementing the RD’s recommendations is correlated with decreased length of 
stay, higher serum albumin, and increased weight gains (Braga et al., 2006). In addition to 
the RD assessment, use of nutrition protocols is useful in enhancing nutrition delivery. In 
one study, use of the nutrition protocol increased the percentage of calories provided, and 
was identified as the factor having the greatest impact on successful delivery of EN in the 
first week of neurocritical illness (Zarbock et al., 2008).

Assessing efficacy of nutrition support is a difficult task in the ICU setting because of the 
confounding effects of critical illness and treatment on typical nutrition assessment param-
eters. Patient weights are strongly influenced by clinically induced fluid gains and losses, and 
are not immediately useful, although they may be more helpful in the later stages of heal-
ing. Nutrition laboratory tests are highly inaccurate in the setting of critical illness because 
the acute-phase response results in re-direction of the synthesis of visceral proteins toward 
wound healing and the immune response (McClave et al., 2009; Moore et al., 1989; Young 
et al., 1985, 1988). It is recommended that if albumin or transthyretin (pre-albumin) is used 
to assess nutrition status, C-reactive protein (CRP) must be checked as well, to determine 
the patient’s level of inflammatory response. When CRP is elevated, this is an indication that 
albumin and pre-albumin will be decreased, and their use as a tool for assessment of nutri-
tion status will not be useful. If using visceral proteins to monitor nutrition status, trends in 
laboratory values are more helpful compared to isolated measurements of these laboratory 
tests. Other indicators of adequacy of nutrition include wound healing, ability to wean from 
mechanical ventilation, as well as ability to participate in rehabilitative therapies.

Standards of care regarding nutrition therapy in the TBI patient are based on guidelines 
from various organizations including the American Dietetic Association, American Society of 
Parenteral and Enteral Nutrition (ASPEN), Society of Critical Care Medicine (SCCM), and 
Brain Trauma Foundation (BTF). The most comprehensive nutrition guidelines come from 
the combined efforts of ASPEN and SCCM; however, these guidelines are not specific to the 
TBI population. The BTF has published nutrition guidelines as well, though, because of the 
lack of nutrition studies in the TBI population, these guidelines are not specific. Table C-4 is 
a comparison of the nutrition guidelines from ASPEN/SCCM and the brain trauma founda-
tion for moderate to severe brain injury, and may be helpful in identifying areas where more 
research is needed in the TBI patient population.

TABLE C-4 Comparison of ASPEN/SCCM Guidelines and BTF Guidelines

Guidelines Pertaining to ASPEN/SCCM BTF

Calories No specific guidelines in TBI; Met cart 
gold standard

100–140 percent replacement of resting 
metabolism

Protein 1.2–2.0 g/kg in critical illness 15–20 percent of kcals

Timing of initiating feeds 24–48 hours following admission No recommendation

Dosing of EN 50–65 percent of goal by day 7 100 percent of goal by day 7

EN vs. PN EN preferred, PN only when necessary No recommendation

Nutrition protocols Should be implemented No recommendation
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It should be noted that currently there are no published nutrition guidelines for those 
with mild TBI and/or concussion.

SPECIFIC DIETS OR NUTRIENTS OF CONCERN

Specific diets or nutrients to be avoided in the TBI population are unknown, although 
there is some question regarding the safety of the use of the amino acid glutamine during the 
acute phases of TBI. During critical illness, glutamine becomes conditionally essential, and 
administration of exogenous glutamine in this patient population has shown some promise 
(McClave et al., 2009). Benefits include glutamine’s anabolic/anticatabolic properties, use 
as an antioxidant, and use as a fuel for dividing cells. However, in the TBI population, it 
has been hypothesized that increased glutamine in the diet leads to increased glutamate in 
the interstitial fluid. Increased glutamate has been linked to high intracranial pressures and 
increased cerebral swelling (Cook et al., 2008; Enriquez and Bullock, 2004). Several studies 
have shown that feeding patients additional glutamine does increase glutamate levels in the 
interstitial fluid; however, more studies are needed to determine the benefit of this practice 
in the brain-injured population (Berg et al., 2006).

IMPORTANCE OF NUTRITIONAL FORMULATIONS

The use of immune-enhancing formulas in the critically ill population is of growing 
interest, and studies have shown better outcomes with the use of these formulas. Immune-
modulating formulas may include higher ratio of n-3 vs. n-6 fatty acids, and/or increased 
provision of antioxidants including vitamins E and C, zinc, and selenium. ASPEN and 
SCCM recommend the use of immune-enhancing formulas in surgical and medical ICU 
patients, but suggest using standard formulas in populations in which there is little evidence 
that use of enhanced formulas improve outcomes (McClave et al., 2009). In the TBI popula-
tion, evidence is lacking that these formulas provide additional benefits compared to those 
receiving standard formulas (Martindale et al., 2009). One study looked at early nutrition 
along with using an immune-enhancing formula in head injury patients, and no additional 
benefit was found (Minard et al., 2000). Another small study (n = 13) looked at feeding an 
immune-enhancing enteral formula to trauma patients, and this did not affect outcomes or 
levels of pro-inflammatory cytokines (Jeevanandam et al., 1999). Because of the positive 
results seen in other populations, larger, randomized control trials are warranted in the TBI 
population.

DRUG AND NUTRIENT INTERACTIONS

When devising a nutrition plan, drug-nutrient interactions should be taken into account. 
It is possible that calorie needs will be lower with certain medications, such as propofol, 
which provides 1.1 kcals of fat with each milliliter infused in addition to decreasing meta-
bolic rate. Other medications may cause increased need for nutrients, such as vitamin D and 
folic acid for those on seizure prophylaxis (Felípez and Sentongo, 2009). The effect that any 
drug has on the GI tract should also be considered. For instance, vasopressors decrease gut 
perfusion; therefore, one should be cautious about aggressive nutrition regimens. Table C-5 
shows a list of common drug-nutrient interactions in the TBI population. This is not a 
comprehensive list of all interactions; however, these are most common in the neurocritical 
care unit.
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CONCLUSION

Traumatic brain injury can cause a very dramatic increase in metabolism and catabo-
lism, resulting in extensive loss of lean body mass if adequate nutrition support is not pro-
vided. It has been shown that adequate and timely nutrition therapy can lead to positive 
outcomes for those with brain injury. Standards of care for nutrition support of TBI patients 
include early enteral nutrition if possible, measurement using indirect calorimetry rather 
than prediction of calories to be provided, and the use of nutrition protocols to deliver sup-
port. Because of the need for nutrition research in this population, the benefit of specific 
nutrients is unknown.
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Nutritional Considerations in Clinical Treatment: 
The Perspective of a Neurosurgeon

Jamshid Ghajar,15 Roger Härtl,16 Linda M. Gerber,17 and Jane E. McCormack18

INTRODUCTION

Traumatic brain injury (TBI) remains a highly lethal injury with mortality ranging from 
20–50 percent (Bulger et al., 2002; Demetriades et al., 2004; Jiang et al., 2002). Approxi-
mately 52,000 patients die from TBI each year (Sosin et al., 1995; Thurman et al., 1999) 
with approximately 85 percent of the deaths occurring within the first two weeks (Roberts 
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et al., 2004). Pharmaceutical trials of TBI have failed to demonstrate any efficacy in reducing 
deaths (Narayan et al., 2002). Proper trauma transport systems and maintenance of cerebral 
perfusion and oxygenation by avoidance of hypoxemia, arterial hypotension, and intracra-
nial hypertension reduce mortality and improves outcome (Brain Trauma Foundation, 2000; 
Chesnut et al., 1993; Härtl et al., 2006; Sampalis et al., 1999; Smith et al., 1990).

Currently, the metabolic status and nutritional needs of TBI patients are less of a pri-
ority than maintaining cerebral perfusion. However, TBI results in a hypermetabolic and 
catabolic state that increases systemic and cerebral energy requirements (Clifton et al., 1986; 
Deutschman et al., 1986; Hovda et al., 1995; Weekes and Elia, 1996). A recent review from 
the Cochrane Collaboration states that early feeding may be associated with a trend towards 
better outcomes after TBI (Perel et al., 2006). The Guidelines for the Management of Severe 
Traumatic Brain Injury recommend that the patient’s feeding requirements should be met by 
the end of the first week after TBI (Brain Trauma Foundation, 2000). These recommenda-
tions were based on two small, randomized trials (Rapp et al., 1983; Taylor et al., 1999). 
There are no studies on the relationship of mortality to the amount and frequency of feed-
ing in TBI patients. In the few studies done, none controlled for factors known to affect 
mortality from TBI, such as hypotension, age, pupillary status, and computed tomography 
(CT) scan findings.

The Brain Trauma Foundation (BTF) prospectively collects data on pre- and in-hospital 
TBI management in 20 Level I and 2 Level II trauma centers in New York state as part of 
a TBI quality improvement program. An analysis was conducted examining the effect of 
timing and quantity of nutritional support on early mortality. Early onset of nutritional sup-
port and amount of nutritional support was hypothesized to be associated with a reduced 
mortality at two weeks. In addition, a feeding compliance implementation program was 
undertaken at one of the participating hospitals to increase the net caloric intake of patients.

METHODS

The BTF designed and implemented a quality improvement initiative in New York state 
to improve severe TBI acute care and outcome. The program is funded by the New York 
State Department of Health, Division of Healthcare Financing and Acute and Primary Care 
Reimbursement. This program tracks pre- and in-hospital severe TBI data through an on-
line Internet database called TBI-trac®. The database consists of clinical information from 
the prehospital environment, emergency department, the first 10 days of intensive care unit 
(ICU) care, and two-week mortality. When the study began in 2000, enrollment was limited 
to five Level I trauma centers, and this number increased to a total of 24 trauma centers 
in 2005, 22 of which were Level I trauma centers and 2 of which were Level II centers. 
This report is based on patients treated at these trauma centers between June 6, 2000 and 
December 31, 2005.

RESULTS

Data for 1,818 patients were entered in the database from June 6, 2000, through De-
cember 31, 2005. Patients were excluded if they had a Glasgow Coma Scale (GCS) greater 
than or equal to 9 on day 1 (92 patients), or a GCS motor score of 6 on day 1 (16 patients). 
Patients also were excluded if they had a GCS score of 3 with pupils bilaterally fixed and 
dilated and were not pharmacologically paralyzed (152 patients). In addition, patients were 
excluded for a GCS greater than or equal to 4 with pupils bilaterally fixed and dilated or 
missing pupillary information (93 patients), or with missing outcome assessment (51 pa-
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tients). Because nutritional requirements for pediatric and adult patients are different, 153 
pediatric patients less than 16 years of age were excluded. After these exclusion criteria were 
applied, a total of 1,261 patients were eligible for analysis.

In order to examine the effect of nutritional support within the first week after admis-
sion, only patients who had at least seven days of inpatient data (were alive for at least seven 
days) were analyzed. A total of 464 patients had less than seven days of data resulting in a 
final sample of 797 patients. Patients who had less than seven days of data were older (41.9 
vs. 39.0 years, p < 0.01) and were more likely to be hypotensive on day 1 (17.6 percent vs. 
13.3 percent p < 0.04) than patients with greater than seven days of data. A greater propor-
tion of their CT scans were abnormal (84.3 percent) compared to those with greater than 
seven days of follow-up (74.4 percent, p < 0.001). Two-week mortality was also significantly 
higher when compared to those with seven or more days of records (42.0 percent vs. 9.9 
percent, p < 0.0001).

Administration of feeding began in 61 percent of patients during days 1 through 3; 
however, 5 percent of patients were not fed during the seven-day period, and the majority 
(62 percent) of patients never reached 25 kcal/kg/day within seven days. No differences 
were found in patient characteristics or severity of illness by nutrition level achieved within 
the first five days of treatment. Two-week mortality by nutrition status was significantly 
higher among patients never fed within 5 (p = 0.0008) or seven (p < 0.0001) days. Mortality 
significantly decreased with increasing nutritional level such that the rate was 6.3 percent 
and 7.6 percent among patients fed more than 25 kcal/kg/day within five and seven days, 
respectively. Older age and having a high intracranial pressure (ICP) were also significantly 
associated with two-week mortality, while CT scan status was marginally related. The lack 
of correlation between hypotension and pupillary status and mortality may be explained by 
the specific exclusion criteria in this study; patients with bilaterally fixed and dilated pupils 
and GCS scores of 3 were excluded, as were patients who were not alive by day seven.

Nutrition level continued to predict two-week mortality after controlling for age, hypo-
tension, pupillary status, initial GCS, and CT scan status. Patients not fed within five days 
had 2.1 times the risk of two-week mortality, while those not fed within seven days had 4.1 
times the risk of two-week mortality. The amount of nutritional support given within five 
and seven days also contributed significantly to mortality risk. Every 10 kcal/kg decrease 
in nutritional support administered within five and seven days resulted in 30–40 percent 
increased risk of mortality (Figure C-6).

Further analysis of the relationship between ICP monitoring and early nutrition reveals 
that nutrition had a significant impact in patients with elevated ICP. In the first five days, 
patients with high ICP and without nutritional support, had a significantly increased mortal-
ity when compared to patients with intracranial hypertension who were fed (25.7 percent vs. 
12.9 percent, respectively, p = 0.04). In patients who did not undergo ICP monitoring the 
lack of early nutritional support had an even more pronounced impact on mortality (25.8 
percent vs. 6.3 percent mortality, p = 0.0004).

DISCUSSION

Current Findings

The present study adds several significant findings to the existing literature. It is the larg-
est database that has used prospectively collected data to address the relationship between 
nutrition and early mortality after TBI. The main findings follow. First, any nutrition within 
the first five days after TBI is associated with reduced mortality. Second, there is a significant 
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relationship between the maximum level of nutrition reached and mortality; every 10 kcal/
kg decrease in caloric intake is associated with a 30–40 percent increase in mortality. Third, 
early nutrition within five days after TBI emerges as an independent factor affecting mortal-
ity even after controlling for known predictors of mortality such as arterial hypotension, 
age, CT diagnosis, GCS, and pupillary status. Patients who were not fed within five or seven 
days after TBI had a two- and four-fold increased likelihood of mortality, respectively. In 
addition, patients with elevated ICPs or patients who did not undergo ICP monitoring had 
a significantly increased mortality if they were not fed within five days after trauma when 
compared to patients who received nutrition. These findings demonstrate that feeding is as 
significant an intervention as avoidance of early arterial hypotension and hypoxia in reduc-
ing mortality from severe TBI.

How Does Feeding Affect Mortality?

Generally, nutritional support has emerged as a significant factor in improving the out-
come of critically ill patients. Early initiation of enteral nutrition is associated with a lower 
incidence of infections, reduced length of hospital stay and possibly improved outcome in 
critically ill patients in surgical and medical ICUs (Marik and Zaloga, 2001). However, the 
mechanism by which nutrition affects outcome is unclear. One possibility is that it may 
provide important nutrients during a critical time period when demand exceeds available 
resources.

Studies have shown a rise in energy expenditure after TBI, even in paralyzed patients 
(Clifton et al., 1986). This hypermetabolic state after TBI may be due to systemic factors 

FIGURE C-6 Line graph shows the predicted mortality as a function of maximum nutrition level. 
Regression models were adjusted for age, hypotension status on day 1, pupil status (normal or abnor-
mal) on day 1, initial GCS score, and CT scan findings. Solid lines represent the maximum amount of 
nutritional support, and dashed lines indicate the 95 percent confidence interval.
SOURCE: Härtl et al., 2008.
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such as infection and a posttraumatic stress response, but there appears to be a cerebral 
component as well. There is an increase in cerebral metabolic rate for glucose in TBI pos-
sibly as a result of mitochondrial dysfunction (Merenda and Bullock, 2006). Studies in 
humans indicate that this increase in glucose utilization may last up to five to seven days 
after TBI (Bergsneider et al., 1997; Hovda et al., 1995). The significance of this cerebral 
hypermetabolic state is illustrated by the therapeutic effect of interventions that suppress 
cerebral metabolism such as barbiturate coma, hypothermia and interventions that improve 
blood flow and supply of nutrients such as cerebral perfusion pressure management. One 
of the beneficial effects of early aggressive nutritional support may be the steady supply of 
glucose when the brain depends on increased glucose metabolism to maintain metabolic 
energy balance.

Another effect of early nutrition may be its attenuation of the posttraumatic stress 
response and improvement of early immunological function (Bastian et al., 1998; Rovlias 
and Kotsou, 2000). This could result in an indirect effect on outcome mediated by a lower 
infection rate. A meta-analysis that compared early (within 36 hours) to delayed initiation 
of enteral nutrition in critically ill patients (not only TBI) demonstrated a 55 percent reduc-
tion in infection rate in patients who received early nutritional support (Marik and Zaloga, 
2001). As infection rate was not collected as part of the TBI-trac® database, this relation-
ship could not be examined. It is unlikely, however, that infection rate would have such a 
significant impact on two-week mortality.

Nutrition also could have an impact on the posttraumatic stress response that is associ-
ated with adverse outcome from TBI (Rovlias and Kotsou, 2000). The posttraumatic stress 
response is characterized by increased blood levels of glucose, lactate, catecholamines, and 
cortisol. In the blunt trauma population, however, early feeding within 24 hours after injury 
had no effect on the metabolic stress response (Eyer et al., 1993).

Arterial hypotension doubles mortality from TBI (Chesnut et al., 1993). The relation-
ship between nutritional support and hypotension was examined based on the hypothesis 
that the fluid volume given with nutrition improves the patient’s hemodynamic status and 
prevents arterial hypotension. There was, however, no relationship between arterial hypoten-
sion and nutritional support within the first five days after TBI.

Another finding in this study was that early nutritional support may have a protective 
effect in patients with intracranial hypertension. Results indicate that patients with high 
ICPs who are fed have a significantly lower mortality when compared to patients who do 
not receive nutritional support (12.9 percent vs. 25.7 percent, respectively). Nutritional sup-
port may protect the brain by providing large amounts of energy substrates, during a critical 
time period when hyperglycolysis and hyperemia are present, in an effort to maintain energy 
balance and cerebral ionic hemostasis (Bergsneider et al., 1997).

Why Were Patients Not Fed?

Our analysis showed that the lack of nutritional support was not related to the severity 
of the injury or other factors associated with outcome from TBI. Beyond this, it is difficult to 
determine what affected the decision not to feed patients early on. Possibilities include that 
patients did not tolerate enteral nutrition early after TBI and that early nutritional support 
may not have been given a priority by the treating physicians. Other factors that interfere 
with feeding and that were not registered in this database include patient transport within 
the hospital and enteral administration of phenytoin.
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Program in Participating Trauma Center to Improve Compliance

Achieving adequate nutritional intake in this patient population is difficult, and nu-
tritional therapy in many ICUs is suboptimal (Cahill et al., 2010). Despite best intentions 
many trauma centers fail to achieve adequate caloric intake. One Level 1 trauma center was 
consistently well below the goal of 25 kcal/kg/day, and a Quality Improvement (QI) initiative 
was undertaken.Its process and results are described below.

Methods

Nurse registars collect kcal/kg per patient per day into an online data base (TBI-trac®) 
as part of a quality initiative through the BTF. Quarterly data review demonstrated that the 
mean kcal/kg/day was well below goal. The QI team reviewed patient records, developed 
protocols, obtained attending physician consensus, monitored compliance, and revised the 
nutrition protocol as needed. The Nutrition Protocol was revised several times as results 
were analyzed. The current protocol calls for enteral feeding over 20 hours of the day, with 
a 4-hour time period built in for “catch up.”

Results

The percentage of patients receiving nutrition by day 2 increased from 29 percent in 
2007 to 50 percent in 2010. Average kcal/kg on hospital day 5 increased from a mean of 
14.4 in 2007 to 28.8 in 2010 (p = 0.006, Figure C-7). The percentage of patients who 
received at least 25 kcal/kg on day 5 increased from 19.4 percent in 2007 to 75 percent 
in 2010 (p = 0.018). The percentage of patients who achieved 25 kcal/kg/day on any day 
within the first 5 days postinjury increased from 25.8 percent in 2007 to 91.7 percent in 
2010 (p = 0.001).

Findings

A successful feeding protocol must address the unique needs of the TBI patient. Our ICU 
found success by building into the protocol time each day to make up or catch up if feeds 
were held for any reason. With this protocol we have been successful in achieving adequate 
nutritional intake in the severe TBI patient.

Figure C-7.eps
bitmap

FIGURE C-7 Average kcal/kg received by patients in a Level I trauma center on hospital day 5 sig-
nificantly increases from 2007 to 2010.
SOURCE: Ghajar, 2010.
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CONCLUSIONS

In this severe TBI prospective database, nutritional support initiated within five days 
after trauma is associated with a significant reduction in two-week mortality. Furthermore, 
the amount of nutrition is related to mortality. These results held after controlling for other 
parameters known to affect mortality such as arterial hypotension, age, pupillary status, 
initial GCS, and CT scan findings. Thus, nutrition may be an independent predictor of mor-
tality. A prospective, randomized trial would be necessary to confirm this finding to generate 
class I evidence. It is doubtful, however, that such a trial comparing nutrition vs. no nutrition 
will be done given the ethical implications. Together with arterial hypotension, hypoxia and 
intracranial hypertension, early nutritional support is one of the few therapeutic interven-
tions that can directly affect outcome.
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Nutrition Therapy for Patients with  
Traumatic Brain Injury in the Military

Kelli M. Metzger19

NUTRITION STATUS PRIOR TO TRAUMATIC BRAIN INJURY

Nutrition status of military service members prior to injury may vary greatly depending 
on the location to which they are deployed. During my deployment from December 2008 

19 Nutrition Marketing and Integration Services, Walter Reed Army Medical Center.
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through November 2009, I was primarily in central Iraq. The Central Operating Bases 
(COBs) and Forward Operating Bases (FOBs) where I lived and those I visited in central 
and southern Iraq contained at least one, and sometimes several, contract-operated dining 
facilities. Most of these dining facilities provided four meals in a 24-hour period to serve 
both day- and night-shift workers. Meals at the dining facilities typically included two to 
four protein sources, two to four starch choices, two to three hot vegetables, salad bar, 
sandwich bar, specialty bar, fresh fruit, and desserts. Beverages available included water, 
juices, coffee, tea, sodas, ultra-high temperature (UHT) milk, and soy milk. In addition to 
the dining facilities, most COBs and FOBs contained at least one Army/Air Force Exchange 
where service members could purchase snack foods and beverages; some COBs and FOBs 
also housed local and American chain restaurants, which provide even more dining variety 
to those stationed there. Of course, many service members also received food items sent from 
friends and family members. Although service members at these locations have opportunities 
to make more healthful food choices, not all do on a regular basis. Many may be calori-
cally nourished but lack important nutrients, particularly those associated with improved 
cognitive function, in their diets. In addition, some service members may be assigned to or 
routinely travel to more remote locations where the food choices are more limited and thus 
have less opportunity to obtain adequate nutrients.

MEDICAL TREATMENT OF INJURED MILITARY SERVICE 
MEMBERS IN THEATER AND THE UNITED STATES

Medical treatment for injured U.S. service members occurs at four echelons of care. 
Level 1 occurs at the unit level and includes the Battalion Aid Station and Combat Medic 
(Borden Institute, 2008). The combat medic provides initial treatment on the battlefield 
with the goal of casualty evacuation in less than an hour to at least the Level II echelon 
of care. Treatment in the field may consist of airway stabilization, fluid resuscitation, pain 
management, and brain-specific therapies. Airway management is critical in the TBI patient 
because of the risk of loss of consciousness impacting the ability to protect one’s airway 
(Girard, 2007). Level II care often includes a Forward Surgical Team (FST) comprised of one 
orthopedic surgeon, three general surgeons, two nurse anesthetists, one critical care nurse, 
and technicians (Nessen, 2008). Based on location, service members evacuated from Level 
I care may go to either the Level II or Level III echelon of care. Level III care is provided 
at Army Combat Support Hospitals (CSHs), Air Force theater hospitals, and Navy ships. 
Level III care involves triage; resuscitation; transfusion; initial, definitive, and reconstructive 
surgery; postoperative care; intensive care; and patient holding capacity (Borden Institute, 
2008). Depending on the length of time to stabilize a patient and flying conditions, service 
members may be evacuated from theater the same day they are wounded or at the latest 
within 72 hours. Level IV echelon of care is provided at Landstuhl Regional Medical Center 
(LRMC) in Landstuhl, Germany. Almost 100 percent of U.S. service members evacuated 
from Afghanistan and Iraq pass through LRMC for general and specialized medical and 
surgical care (Borden Institute, 2008). The average length of stay at LRMC is less than four 
days. Research conducted by the RAND Corporation (Tanielian and Jaycox, 2008) found 
approximately 19.5 percent of the casualties admitted to military health-care facilities in the 
first five years of the war in Iraq suffered from TBI. Dr. Louis French, a neuropsychiatrist at 
Walter Reed Army Medical Center (WRAMC), estimates that approximately 35 percent of 
wounded warriors entering WRAMC in the past two years suffered from some type of TBI.
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INITIAL NUTRITION GOALS

A dietitian’s first goal is ensuring patients receive adequate nutrition to prevent malnutri-
tion and promote healing. A study (Härtl et al., 2008) based on information collected by the 
Brain Trauma Foundation in 20 Level 1 and 2 Level 2 trauma centers in New York state, 
found TBI patients who were not fed within five days of their injury had 2.1 times the risk 
of two-week mortality, while those not fed within seven days suffered 4.1 times the risk. 
Medical staff at LRMC typically place a nasogastric (NG) tube and initiate early enteral 
feeding within 24–48 hours of admission. In certain cases, such as hemodynamic instability 
or abdominal injury, this procedure may not be followed. The dietitians at Brooke Army 
Medical Center (BAMC) feed TBI patients with 2 Cal HN supplemented with glutamine, 
vitamin C, and selenium. According to a description by Abbott Nutrition, 2 Cal HN is a 
nutritionally complete, high-calorie liquid food designed to meet the increased protein and 
calorie needs of stressed patients and patients requiring low-volume feedings. This formula 
provides two calories per milliliter with 43 percent of calories from carbohydrate, 40 per-
cent from fat, and 17 percent from protein. Dietitians at National Naval Medical Center 
(NNMC) also use 2 Cal HN with additional protein, glutamine, multivitamin, and Vitamin 
C, providing patients with 30–35 calories/kg body weight and close to 2 g/kg of protein. 
At WRAMC, dietitians aim for a similar calorie and protein level as NNMC, but feed with 
Impact Glutamine, specialized medical nutrition for surgical and trauma patients by Nestle 
Nutrition. Impact Glutamine contains a blend of glutamine, arginine, n-3 fatty acids, and 
nucleic acids providing 1.3 calories per milliliter; 46 percent of the calories are from carbo-
hydrate, 30 percent are from fat, and 24 percent are from protein.

NUTRITION CONSIDERATIONS

In selecting the best feeding method and formulation, dietitians must consider other 
injuries and conditions as well as medications the patient is taking. The TBI or concurrent 
injuries may cause damage to the gut structure, interfering with the digestion process. If the 
gastrointestinal tract cannot be used to achieve nutritional goals within three days, total 
parenteral nutrition (TPN) should be started within 24–48 hours with a goal of reaching 
nutritional needs by the third or fourth day (Escott-Stump, 2008). Although parenteral 
nutrition may be easier than obtaining adequate enteral access, enteral nutrition has fewer 
incidence of complication and lower cost than parenteral with no significant differences in 
measured nutritional parameters (Kirby et al., 2007). Enteral feedings are preferred because 
they stimulate blood flow to the gastric lining mucosa and provide a comprehensive mix of 
macro and micronutrients. A greater number of patients tolerate jejunal feedings better than 
gastric feeding within 72 hours after injury (Bratton et al., 2007). A jejunal feeding also can 
be used to reduce gastric intolerance and residuals found in gastric feeding as well as the 
use of intravenous catheters required in TPN (Bratton et al., 2007). Enteral feedings should 
begin as soon as the patient is hemodynamically stable.

DETERMINING AND MAINTAINING ADEQUATE CALORIE LEVELS

According to research by Wilson et al. published in 2001, the nutrition goals should 
include attempting to reach 35–45 kcal/kg and a protein intake of 2–2.5 g/kg on day 1 or as 
soon as possible (Escott-Stump, 2008). Adequate calories are important to prevent malnutri-
tion and to promote healing and recovery. The brain’s function as the regulator for metabolic 
activity leads to a complex milieu of metabolic alterations in TBI consisting of hormonal 
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changes, aberrant cellular metabolism, and a vigorous cerebral and systemic inflammatory 
response in an effort to liberate substrate for injured cell metabolism. The degree of this 
hypermetabolic state is proportional to the severity of injury and motor dysfunction (Fruin 
et al., 1986). Indirect calorimetry is the gold standard for determining the calorie needs of 
the patient.

NUTRIENT-DRUG INTERACTIONS

Dietitians need to keep in mind, however, that medications may affect calorie needs 
and/or digestion by either their effect on metabolism or the way they are packaged. For 
example, pentobarbital, used to induce a pharmacologic coma, reduces calorie needs to as 
low as 76–86 percent of predicted energy needs. Protein requirements also may be less, as 
reflected by a 40 percent decrease in urinary nitrogen excretion (Cook et al., 2008). Propo-
fol, a short-acting sedative, is delivered in a lipid emulsion, and 1 mL of propofol contains 
approximately 0.1 g of fat (1.1 kcal). Because energy contributed from propofol may provide 
as much as 50 to 80 percent of resting energy expenditure (REE), nutritional requirements of 
patients receiving propofol over an extended period should be adjusted accordingly (Rajpal 
and Johnston, 2009). In addition, narcotics and neuromuscular blocking agents may slow 
peristalsis resulting in nausea, vomiting, gastroparesis, and ileus. Metoclopramide, erythro-
mycin, or raglan may be used to promote gastric emptying. Until normal peristalsis resumes, 
however, high fiber enteral formulas should be avoided.

NUTRIENTS FOR CONSIDERATION

Once an adequate calorie level is determined and a formula is selected, the dietitian 
may consider adding nutrients to improve outcomes. Glutamine is an immune-enhancing 
nutrient that has been tested and found beneficial. Glutamine is used as a source of energy 
for cells of the intestinal epithelium and immune system (Falcão De Arruda and De Aguilar-
Nascimento, 2004). Glutamine also supplies nitrogen for purine and pyrimidine synthesis, 
which are essential for cells in mitosis. The use of glutamine seems to be able to decrease the 
occurrence of bacterial translocation and inflammatory response, reducing the possibility of 
events such as systemic inflammatory response syndrome and sepsis. In a study in a hospital 
in Brazil (Falcão De Arruda and De Aguilar-Nascimento, 2004), enhancing enteral nutrition 
with glutamine and probiotics significantly reduced the incidence of infection in head trauma 
patients. Another potential benefit of early enteral nutrition enriched with probiotics and 
glutamine reduction is the period of time in the intensive care unit and the number of days 
requiring mechanical ventilation (Falcão De Arruda and De Aguilar-Nascimento, 2004).

Zinc is another nutrient of interest for the TBI patient. Zinc is an important co-factor 
for substrate metabolism, immune function, and N-methyl-D-aspartate (NMDA) receptor 
function (Cook et al., 2008). Because of zinc losses through the gastrointestinal tract and 
its role in wound healing, it may be prudent to supplement zinc in acutely injured patients 
(Winker and Malone, 2010). Supplementation of zinc appears to improve protein metabo-
lism and neurologic outcome at one month after TBI (Young et al., 1996). Magnesium may 
also be neuroprotective because of activity at the NMDA receptor and modulation of cel-
lular energy production and calcium influx, but supplementation of magnesium in humans 
has yet to yield definitive benefits (McKee et al., 2005).

Choline also may be an important nutrient for patients with TBI. Choline, a B-complex 
vitamin found in eggs, meat, fish, nuts, legumes, and soy, is a component of the neurotrans-
mitter acetylcholine (Hecht, 2007). Doses of choline as high as 2,500 mg twice per day may 
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improve memory in adults. Every cell membrane requires phosphatidylcholine; nerve and 
brain cells especially need large quantities for repair and maintenance (Hecht, 2007). Ad-
ditional studies have found doses of choline at 100 mg and 400 mg/kg significantly reduce 
brain edema and breakdown of the blood-brain barrier following TBI (Hecht, 2007).

Arginine is a conditionally essential amino acid. Under usual conditions, arginine is 
synthesized endogenously; in stressful periods, however, endogenous synthesis is insufficient 
(Kirby et al., 2007). Arginine is used for protein synthesis; as part of the urea cycle; as a 
precursor to glutamate, proline, and polyamines; and as a substrate for creatine and nitric 
oxide production (Sy et al., 2006). When pharmacologic doses are given, arginine stimulates 
the pituitary growth hormone, insulin-like growth factor, prolactin, insulin, and other hor-
mones, resulting in a net positive effect on wound healing and immune functions (Alexander, 
1993). Arginine also is a precursor for nitrates, nitrites, and nitric oxide. Nitric oxide is 
important as a vasodilator, but also participates in immunologic reactions which include 
the ability of macrophages to kill tumor cells and bacteria. Studies have demonstrated T-
cell function suppressed following major surgery or trauma. Daly and colleagues found that 
patients receiving 30 g/day of arginine demonstrated a quicker return to normal T-cell level 
compared to post-surgical patients receiving placebo (Daly et al., 1988).

NUTRITION CONCERNS IN OUTPATIENT REHABILITATION

Although initial nutrition concerns include adequate calories and supplementation of 
nutrients, nutrition concerns continue into rehabilitation. Patients with mild TBI may expe-
rience memory problems and difficulty concentrating, which affect their ability to perform 
daily activities and return to work (Miele and Bailes, 2009). Patients who sustained a mod-
erate TBI have highly variable outcomes. Moderate brain injury survivors may suffer from 
cognitive or behavioral impairments that disrupt relationships, employment, or psychologi-
cal well-being (Timmons and Winestone, 2009). Ninety percent of TBI patients who had 
good outcomes experienced memory difficulties, and 87 percent had problems performing 
activities of daily living (Timmons and Winestone, 2009). Despite intensive intervention, 
long-term disability occurs in a large portion of the survivors of severe head injury (Remig, 
2010). A significant percentage of TBI patients admitted to long-term rehabilitation centers 
or sent home with skilled nursing support are markedly disabled and physically dependent 
on others for care. Many of these patients have cognitive and motor dysfunction; less than 
33 percent are able to eat independently, and about 37 percent require either enteral or 
parenteral nutrition support (Cook et al., 2008).

Although some TBI patients require assistance with eating, most TBI patients regain 
their independence in oral feeding within six months after injury (Cook et al., 2008). Those 
with dental or facial fractures or a need for prolonged cervical immobilization with a hard 
cervical collar may experience a delay in initiation of an oral diet. Dysphagia can affect 
25 to 60 percent of TBI patients and as many as 42 percent suffer from frank aspiration 
(McNamee et al., 2009). Speech pathologists can assess a patient’s endoscopic instrumental 
swallowing evaluations. Based on these results, patients may require modified food and 
liquid consistencies for their safety (Cook et al., 2008). The overall goal is to find the least 
restrictive diet that promotes safe swallowing and maintains nutritional status (Kirby et al., 
2007). In addition to swallowing evaluation, patients should be assessed for readiness to 
feed. Barriers to self-feeding include cognitive and motor planning behaviors, including im-
pulsivity, distractibility, inability to stay on task, poor sequencing skills, lack of initiation, 
and inability to motor plan self-feeding (Kirby et al., 2007). Patients with other injuries 
also may experience difficulty eating. If limb weakness, paralysis, or amputation occur on 
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the dominant side of the body, poor coordination resulting from a new reliance on the non-
dominant side may make eating difficult and unpleasant. Small frequent feedings can help 
if fatigue or early satiety is a problem (Remig, 2010).

The role of the dietitian is important in the care of patients with TBI. Dietitians are 
needed to ensure the patient receives adequate nutrition immediately following the injury 
to prevent malnutrition and promote recovery. They also have a role to play as patients 
transition to rehabilitation centers and outpatient status. Dietitians can work with other 
team members to ensure the patient understands the foods they can best tolerate and help 
patients determine an appropriate calorie and nutrient level as they recover.

REFERENCES

Alexander, J. W. 1993. Immunoenhancement via enteral nutrition. Archives of Surgery 128(11):1242–1245.
Borden Institute. 2008. Trauma system development and medical evacuation in the combat theater. In War surgery 

in Afghanistan and Iraq: A series of cases, 2003–2007, edited by S. C. Nessen, D. E. Lounsbury and S. P. 
Hetz. Washington, DC: Office of the Surgeon General, U.S. Army.

Bratton, S., D. Chestnut, J. Ghajar, F. Hammond, O. Harris, R. Hartl, J. Schouten, L. Shutter, S. Timmons, 
J. Ullman, W. Videtta, J. Wilberger, and D. Wright. 2007. Nutrition. Journal of Neurotrauma 24(Suppl. 
1):S77–S82.

Cook, A. M., A. Peppard, and B. Magnuson. 2008. Nutrition considerations in traumatic brain injury. Nutrition 
in Clinical Practice 23(6):608–620.

Daly, J. M., J. Reynolds, A. Thom, L. Kinsley, M. Dietrick-Gallagher, J. Shou, and B. Ruggieri. 1988. Immune and 
metabolic effects of arginine in the surgical patient. Annals of Surgery 208(4):512–523.

Escott-Stump, S. 2008. Nutrition and diagnosis-related care. 6th ed. Baltimore, MD: Wolters Kluwer Health/
Lippincott Williams & Wilkins.

Falcão De Arruda, I. S., and J. E. De Aguilar-Nascimento. 2004. Benefits of early enteral nutrition with glutamine 
and probiotics in brain injury patients. Clinical Science 106(3):287–292.

Fruin, A. H., C. Taylon, and M. S. Pettis. 1986. Caloric requirements in patients with severe head injuries. Surgical 
Neurology 25(1):25–28.

Girard, P. 2007. Military and VA telemedicine systems for patients with traumatic brain injury. Journal of Reha-
bilitation Research and Development 44(7):1017–1026.

Härtl, R., L. M. Gerber, Q. Ni, and J. Ghajar. 2008. Effect of early nutrition on deaths due to severe traumatic 
brain injury. Journal of Neurosurgery 109(1):50–56.

Hecht, J. 2007. Nutraceuticals. In Brain injury medicine: Principles and practice, edited by N. Zasler, D. Katz, and 
R. Zafonte. New York: Demos Medical Publishing. Pp. 1037–1047.

Kirby, D., L. Creasy, and S. Abou-Assi. 2007. Gastrointestinal and nutritional issues. In Brain injury medicine: 
Principles and practice, edited by N. Zasler, D. Katz and R. Zafonte. New York, NY: Demos Medical Pub-
lishing. Pp. 657–671.

McKee, J. A., R. P. Brewer, G. E. Macy, B. Phillips-Bute, K. A. Campbell, C. O. Borel, J. D. Reynolds, and D. S. 
Warner. 2005. Analysis of the brain bioavailability of peripherally administered magnesium sulfate: A study 
in humans with acute brain injury undergoing prolonged induced hypermagnesemia. Critical Care Medicine 
33(3):661–666.

McNamee, S., T. Pickett, S. Benedict, and D. Cifu. 2009. Rehabilitation. In Neurotrauma and critical care of the 
brain, edited by J. Jallo and C. Loftus. New York: Thieme. Pp. 385–403.

Miele, V., and J. Bailes. 2009. Mild brain injury. In Neurotrauma and critical care of the brain, edited by J. Jallo 
and C. Loftus. New York: Thieme. Pp. 175–207.

Nessen, S. C., D. R. Cronk, J. Edens, B. J. Eastridge, T. R. Little, J. Windsor, L. H. Blackbourne, and J. B. Holcomb. 
2008. U.S. Army two-surgeon teams operating in remote Afghanistan—An evaluation of split-based forward 
surgical team operations. The Journal of Trauma 66(4 Suppl.):S37-47.

Rajpal, V., and J. Johnston. 2009. Nutrition management of traumatic brain injury patients. Support Line 
31(1):10–19.

Remig, V. 2010. Medical nutrition therapy for neurologic disorders. In Krause’s food and nutrition therapy. 12th 
ed., edited by L. Mahan and S. Escott-Stump. St. Louis, MO: Saunders, Elsevier. Pp. 1067–1101.

Sy, B., E. Dweik, and R. Sweik. 2006. Arginine and nitric oxide. In Modern nutrition in health and disease. 10th 
ed., edited by M. Shils, M. Shike, A. Ross, B. Coballero, and R. Cousins. Baltimore, MD: Lippincott, Wil-
liams, and Wilkins. Pp. 571–581.

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

334 NUTRITION AND TRAUMATIC BRAIN INJURY

Tanielian, T., and L. Jaycox. 2008. Invisible wounds of war: Psychological and cognitive injuries, their conse-
quences, and services to assist recovery. Santa Monica, CA: RAND Corporation.

Timmons, S., and J. Winestone. 2009. Moderate brain injury. In Neurotrauma and critical care of the brain, edited 
by J. Jallo and C. Loftus. New York: Thieme. Pp. 208–219.

Winker, M., and A. Malone. 2010. Medical nutrition therapy for metabolic stress: Sepsis, trauma, burns, and 
surgery. In Krause’s food and nutrition therapy. 12th ed., edited by L. Mahan and S. Escott-Stump. St. Louis, 
MO: Saunders, Elsevier. Pp. 1021–1041.

Young, B., L. Ott, E. Kasarskis, R. Rapp, K. Moles, R. J. Dempsey, P. A. Tibbs, R. Kryscio, and C. McClain. 
1996. Zinc supplementation is associated with improved neurologic recovery rate and visceral protein levels 
of patients with severe closed head injury. Journal of Neurotrauma 13(1):25–34.

The Therapeutic Potential of Diet and Exercise to Counteract 
Brain Dysfunction Following Traumatic Brain Injury

Fernando Gomez-Pinilla20

INTRODUCTION

Traumatic brain injury (TBI) induces a state of vulnerability within neurons that survive 
the initial insult, and this may result in long-term deficits in higher order cognitive and intel-
lectual functions. Advances in understanding how nutritional factors affect brain function 
and repair have put forward the interesting possibility that dietary therapy is a realistic 
strategy to reduce the type of weaknesses encountered in TBI pathology. In particular, recent 
studies show that the efficacy of nutritional factors after TBI is displayed at the level of pro-
cesses involved in re-establishing energy homeostasis and providing structural substrates that 
can foster neuronal signaling. An increasing number of studies indicate that certain types 
of dietary factors, such as n-3 fatty acids, can positively influence molecular systems that 
serve synaptic function, while diets rich in saturated fats or high in calories do the opposite.

Dietary interventions have the advantage of being non-invasive, highly efficacious, and 
borne with a broad spectrum of action. These features provide the confidence that findings 
in animal models of TBI can be easily translated to human applications directed to reduce 
TBI pathology. This capacity contrasts with the large amount of unsuccessful clinical trials to 
assess the therapeutic action of many pharmacological compounds in TBI patients. This im-
plies that the type of broad protection elicited by dietary factors can be particularly suitable 
to treat brain disorders characterized by multiple components (Figure C-8). For example, it 
is likely that the diffuse nature of TBI, can compromise fundamental and broad aspects of 
neuronal signaling events that are required for mental operation. Although cognitive and 
psychiatric disorders are a common feature in TBI patients, such as posttraumatic stress 
disorders, their cellular/molecular basis and treatment are poorly understood. The fact that 
select dietary factors support a large range of molecular mechanisms important for cogni-
tive function and neural repair, strongly suggests that dietary therapy is a suitable strategy 
to promote mental health and brain plasticity after TBI.

THE METABOLIC DEPRESSION AFTER TBI

Brain metabolic depression is a common stage in the sequence of events occurring after 
TBI as observed in humans (Vagnozzi et al., 2008) and in animal models (Dietrich et al., 
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Figure C-8.eps
bitmap with vector type beneath

Desirable objectives to reduce cognitive and 
emotional distress after TBI:
• To reduce energy crisis and promote 

membrane repair
• To elevate the potential for synaptic plasticity
• To support neuronal signaling
• To stimulate mechanisms that can provide broad 

protection
Dietary management may help accomplish 
these goals.

FIGURE C-8 Synaptic transmission where most signaling events take place requires proper energy 
and a functional plasma membrane (disrupted by TBI).
SOURCE: Gomez-Pinilla, 2008.

1994; Hovda et al., 1991; Moore et al., 2000). The period of energy depression seems to 
impose a toll on the ability of the brain to maintain normal function and support repair 
events. It has been known that during this period, the brain is more vulnerable to a second 
injury. For example, it has recently been reported in the results of a pilot study performed 
in a cohort of athletes exposed to a single and a double concussion (Vagnozzi et al., 2008). 
Brain imaging based on 1H-MR spectroscopy was performed to assess the neuronal meta-
bolic marker N-acetylaspartate (NAA) in the cerebral cortex of athletes, at different time 
points after concussion. Results showed that the concussion opens a temporal window of 
brain metabolic imbalance, the ending of which does not necessarily coincide with the im-
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provement of clinical symptoms. Remarkably, a second concussive event occurring within 
the period of brain vulnerability prolonged the time required for NAA normalization by 
15 days.

Experiments performed in animal models of concussion have shown similar results to 
those observed in humans and have revealed some of the mechanisms involved in the period 
of brain vulnerability. Following experimental concussion or lateral fluid percussion injury 
in the rat, the brain exhibits a decrease in glucose utilization lasting for up to 10 days after 
the injury (Ginsberg et al., 1997; Yoshino et al., 1991). During this postinjury period of 
metabolic depression, cells are unable to respond to physiological levels of stimulation, 
resulting in subsequent neurobehavioral deficits (Colle et al., 1986; Hovda et al., 1987). 
The energy depression seems to impose a toll on the molecular machinery that supports 
activity-dependent plasticity. This means that the reduced capacity for synaptic plasticity can 
have critical implications for the ability of the brain to start a recovery phase. Therefore, 
it is critical to develop strategies directed to normalize the period of metabolic depression 
following TBI and counteract the events that arrest proper neuronal function.

THE FUNCTION OF BRAIN-DERIVED NEUROTROPHIC FACTOR SEEMS 
CRUCIAL TO UNDERSTAND THE EFFECTS OF FOOD ON THE BRAIN

Brain-derived neurotrophic factor (BDNF) is an important regulator of neuronal growth 
and survival at different developmental stages, and it can function to enhance synaptic 
plasticity underlying cognitive function. As discussed in subsequent sections, experimental 
TBI has been shown to reduce BDNF-mediated synaptic plasticity while the action of sev-
eral dietary factors on the brain has been associated with restoring the function of BDNF. 
Clinical studies support the importance of proper BDNF function for maintaining learning 
and memory capacities in humans (Egan et al., 2003; Hariri et al., 2003), i.e., individuals 
expressing a specific polymorphism in the BDNF gene exhibit learning impairments (Egan 
et al., 2003). A new line of investigations shows that the action of BDNF on synaptic 
plasticity is intimately related to the regulation of energy metabolism. The results of these 
investigations have opened new avenues to understand the mechanism of action of dietary 
factors on the brain. For example, it is now known that BDNF influences synaptic plasticity 
by acting on molecular systems important for the regulation of energy homeostasis in the 
hippocampus (Gomez-Pinilla et al., 2008; Vaynman et al., 2006). These actions of BDNF 
seem to have profound consequences for the neural control of body metabolism as animals 
with genetic deletion of the BDNF gene are hyperphagic and develop obesity (Lyons et al., 
1999), while infusion of BDNF has been found to reduce body weight, normalize glucose 
levels, ameliorate lipid metabolism in diabetic rodents, and increase insulin sensitivity 
(Tsuchida et al., 2002). It is also notable that BDNF protein is most abundant in brain areas 
foremost associated with cognitive and neuroendocrine regulation, such as the hippocampus 
and hypothalamus.

NUTRITIONAL FACTORS WITH THE POTENTIAL TO REDUCE TBI PATHOLOGY

The potential of nutrient and/or dietary interventions to reduce TBI pathology has been 
demonstrated to affect at least four primary objectives to moderate cognitive and emotional 
distress following TBI:

•	 to	reduce	energy	crisis	and	promote	membrane	repair,
•	 to	elevate	the	potential	for	synaptic	plasticity,
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•	 to	support	neuronal	signaling,	and
•	 to	stimulate	mechanisms	that	can	provide	broad	protection.

Several dietary components that can provide some modification to these processes have 
been identified in the following sections (Table C-6). Some of the effective dosage for the 
use of select nutrients in the brain have been identified in animal models of neurological 
disorders. Although dosage is an important issue, it is less of a factor for the use of nutrients 
based on their safety profile.

n-3 Fatty Acids

The study of n-3 fatty acids have provided some of the strongest evidence for the pro-
found effects that dietary factors can have on the brain. The n-3 is a large family of fatty 
acids in which the docosahexaenoic acid (DHA) is one of the most relevant forms for brain 
function. It is important to consider, however, that DHA may act together with other n-3 
fatty acids such as eicosapentaenoic acid (EPA), which also has demonstrated neuropro-
tective abilities. DHA acid is a key component of neuronal membranes at sites of signal 
transduction at the synapse, such that its action is vital for the maintenance of neuronal 
structure and function (Gomez-Pinilla, 2008). Because of the inefficiency of mammals to 
produce DHA from precursors, supplementation of DHA in the diet is important for insur-
ing proper function of neurons during homeostatic conditions and after injury. Evidence 
suggests that DHA serves to improve neuronal function by supporting synaptic membrane 
fluidity (Suzuki et al., 1998) and regulating gene expression and cell signaling (Salem et al., 
2001). This implies that insufficient DHA can result in neuronal dysfunction affecting a 
broad array of functional modalities.

The literature shows positive results for the effects of DHA in the injured central ner-
vous system. It has been found that dietary DHA when provided for a few weeks before the 
onset of the injury can promote resistance against the effects of brain trauma (Wu et al., 
2004a, 2007). In particular, animals exposed to experimental brain trauma that had been 
supplemented with DHA showed nearby normal performance in the Morris water maze and 
nearby normal levels of BDNF-related synaptic markers in the hippocampus. DHA also has 

TABLE C-6 Main Nutrients Examined in Animal Models of TBI

Nutrient Type of Model

Omega-3 fatty acids (DHA) Concussion model of TBI (Mills, 2010; Wu et al., 2006, 2007)

Models of spinal cord injury (Huang, 2007)

Curcumin (turmeric) Concussion models of TBI (Sharma, 2010; Wu et al., 2006)

Flavonoids Reduction of stroke in humans (Keli, 1996)
Plaque formation in Alzehimer’s Disease animal models (Joseph, 
2003)

Vitamin E Models of concussion (Wu et al., 2006, 2010)

Ketogenic diet Models of head injury (Hu, 2009; Prins, 2005)

Dietary restriction or fasting Models of head injury (Davis, 2008)

Caffeine Models of head injury (Li et al., 2008)

SOURCE: Gomez-Pinilla and Ying, 2010 (workshop presentation).
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shown to overcome the effects of the injury when supplemented in the diet of animals after 
the injury onset, acting on the brain (Wu et al., 2004a, 2007) and spinal cord (Huang et al., 
2007; Mills et al., 2010). These studies have shown that DHA can influence the injured brain 
by maintaining normal levels of BDNF-associated synaptic plasticity and reducing injury-
related oxidative stress (Wu et al., 2007, 2008), and these DHA effects were accompanied 
by nearby normal cognitive abilities. As discussed in a later section, the concurrent applica-
tion of exercise to animals fed on DHA dietary supplementation has been shown to have 
additional beneficial effects on synaptic plasticity and cognition (Wu et al., 2008).

Dietary Polyphenols

Polyphenols are found in plants and are characterized by the presence of one or more 
phenol groups. Curcuminoids and flavonoids are the main polyphenol subtypes with recog-
nized actions on the brain. An inverse correlation between dietary flavonoids consumption 
and the incidence of stroke was found in a cohort of 552 men aged 50–69 years who were 
followed for 15 years (Keli et al., 1996). It has been shown that dietary supplementation of 
blueberry extracts for eight weeks can reverse cognitive deficits in spatial learning ability in 
aged rats (Andres-Lacueva et al., 2005). Blueberry extracts in the diet also have shown to 
reduce plaques in an Alzheimer’s disease (AD) animal model (Joseph et al., 2003), appar-
ently acting on signaling pathways important for memory formation. Although polyphenols 
are known for their powerful antioxidant capacity, their antioxidant effects on the brain 
seem to follow multiple mechanisms related to the chemistry of each flavonoid. The flava-
nol epicatechin found in cocoa has been shown to cross the blood-brain barrier (BBB) after 
ingestion in food or drink, and its consumption improved retention of spatial memory and 
angiogenesis in the water maze (van Praag, 2009). The property to penetrate the BBB seems 
to extend to other polyphenols as the flavonoid epigallocatechin gallate (Suganuma et al., 
1998), and the citrus flavonoids naringenin and hesperitin (Youdim et al., 2003) have been 
reported to enter the brain after a gastric administration.

Curcumin

Curcumin is a major chemical component of the turmeric plant (Curcuma longa) and 
has been widely used as a spice and food preservative in India. Curcumin has shown excel-
lent efficacy in counteracting neuronal dysfunction in several models of neurodegenerative 
diseases such as AD and focal cerebral ischemia (see Gomez-Pinilla, 2008 for review). Re-
cent findings show that curcumin stimulates proliferation of embryonic progenitor cells and 
neurogenesis in the adult hippocampus (Kim et al., 2008). Curcumin also has been shown 
to protect the hippocampus and to counteract learning impairment resulting from experi-
mental TBI, in a process involving the action of the BDNF system (Wu et al., 2006). There 
is substantial evidence from in vitro studies indicating that curcumin has strong antioxidant 
capacity exerted by increasing free radical scavengers and reducing lipid peroxidation (Wei 
et al., 2006). As discussed earlier, a disruption in energy metabolism is a major sequela in 
the acute pathology of TBI, thereby compromising synaptic function and the capacity of 
the brain to respond to challenges. Interestingly, recent studies have shown the potential 
of curcumin to restore molecular events important for energy homeostasis following TBI 
(Figure C-9). Study results (Sharma et al., 2010) showed that four weeks of curcumin dietary 
supplementation before a fluid percussion injury counteracted a decrease in the levels of 
AMP-activated protein kinase (AMPK), ubiquitous mitochondrial creatine kinase (uMtCK), 
and cytochrome c oxidase II (COX-II). These molecular systems play a crucial role in main-
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taining energy homeostasis; therefore, results seem to portray the capacity of curcumin to 
attenuate the period of metabolic dysfunction and to foster functional recovery.

Cerebral edema is a major sequela in the TBI pathology that largely contributes to 
reducing neuronal function and neural repair events. It has been known for a few years 
already that aquaporins water membrane channels play a role in edema formation after TBI 
(Neal et al., 2007). In agreement with its strong anti-inflammatory capacity (Menon and 
Sudheer, 2007), it has recently been shown that a single injection of curcumin 15 minutes 
prior to or 30 minutes after a cortical impact injury can reduce brain water contents and 
improve neurological outcome. These effects of curcumin seem associated with the blocking 
of aquaporin-4 expression (Laird et al., 2010). In addition, the protective effect of curcumin 
was associated with a significant attenuation in the acute pericontusional expression of 
interleukin-1b, a pro-inflammatory cytokine.

Figure C-9.eps
bitmap

FIGURE C-9 Possible events by which TBI can affect brain function by disrupting plasma membrane 
homeostasis. TBI increases free radical formation in the mitochondria, thereby promoting oxidation of 
membrane lipids, as detected by the lipid peroxidation marker 4-HNE. These events may lead to mem-
brane dysfunction as evidenced by reduced levels of iPLA2 with subsequent effects on membrane DHA. 
These events may lower membrane function as evidenced by reduced levels of STX-3 and GAP-43. The 
loss of membrane flexibility may compromise function of membrane embedded receptors such as the 
subunit NR2B of the NMDA receptor. These alterations can result in abnormal neuronal signaling, 
which can reduce cognitive capacity. Interventions such as exercise and curcumin with demonstrated 
antioxidant abilities may be able to restore membrane homeostasis and brain function after TBI.
SOURCE: Modified from Sharma et al., 2010.
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Green Tea

Green tea is rich in flavonoids (Graham, 1992) out of which the catechins epigallocatechin-
gallate (EGCG), epigallocatechin (EGC), epicatechin (EC), and epicatechin-3-gallate (ECG) 
are the most abundant. The intake of the compound catechin has been associated with a 
variety of positive effects in rodents inflicted with ischemia-induced degeneration, including 
antioxidative, anti-inflammatory, and anti-apoptotic (Sutherland et al., 2006). In particular, 
a four-year follow-up study that included 5,910 individuals showed that the incidence of 
stroke was two-fold higher in those individuals who consumed less than 5 cups per day 
(Sato et al., 1989). Green tea consumption also has been related to the prevention of various 
structural and biochemical and behavioral characteristics of aging. For example, long-term 
exposure of rodents to green tea has been shown to reverse some of the degenerative effects 
of aging in the hippocampus (Assuncao et al., 2009; Li et al., 2009) and has shown to pre-
vent memory regression and DNA oxidative damage in aged mice.

Resveratrol

Resveratrol is a non-flavonoid polyphenolic found in grapes, red wine, and ber-
ries. There are two isomeric forms of resveratrol, and the transresveratrol (trans-3,4,5-
trihydroxystilbene) is the biologically inactive form. A number of studies have demonstrated 
the antioxidant, anti-inflammatory, antimutagenic, and anticarcinogenic effects of resvera-
trol (de la Lastra and Villegas, 2005; Jang et al., 1997; Soleas et al., 1997). Interestingly, 
several epidemiological studies indicate an inverse correlation of wine consumption and the 
incidence of AD (Lindsay et al., 2002; Orgogozo et al., 1997; Truelsen et al., 2002). It is 
well-known that reducing food intake or caloric restriction extends lifespan in a wide range 
of species. Recently, it has been found that resveratrol can mimic certain aspects of calorie 
restriction such as increasing production of sirtuin proteins (Baur et al., 2006). The sirtuin 
is a phylogenetically conserved family of enzymes that catalyze NAD-dependent protein 
deacetylation, and is essential for lifespan extension elicited by caloric restriction and other 
stressors (Anderson et al., 2003). Interestingly, resveratrol’s neuroprotective aptitude ap-
pears to be the result of its effective capability to promote caloric homeostasis acting on the 
mitochondria resulting in low oxidative stress and more efficient neuronal function.

Ketogenic Diet

The ketogenic diet, which is high in fat (mainly medium-chain triglycerides), moderate 
in protein, and low in carbohydrates, has been used for the treatment of seizure disorders 
for more than 50 years and has lately been regarded as protective for other types of neu-
rological disorders. The ketogenic diet has been shown to reduce the extent of neuronal 
degeneration in developmental animals affected by TBI (Hu et al., 2009; Prins et al., 2005). 
It has recently been shown in vitro (Samoilova et al., 2010) that treatment with the ketone 
body D-b-hydroxybutyrate counteracts the consequences of chronic hypoglycemia, oxygen-
glucose deprivation, and excitotoxicity, and that these effects are independent of seizure 
control. The hypothesis behind these results is that ketosis may serve as an alternative energy 
source during the TBI metabolic depression phase, or may help reduce metabolic stress. 
These ideas seem indirectly supported by the results of studies showing that reduction of 
calories by fasting, which is neuroprotective in animal models of TBI, elicits a stage of brain 
ketosis (Davis et al., 2008).

As discussed earlier, restoration of energy balance is a major goal for overcoming the 
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pathobiology of TBI. In these terms, dietary agents that promote metabolic homeostasis 
or the calorie content of the diet can play crucial roles in restoring neuronal plasticity and 
brain function. Accordingly, strategies such as reducing the caloric content of the diet or the 
frequency of feeding seem to play a protective role on the brain. For example, fasting every 
other day has been shown to protect neurons in the hippocampus against excitotoxicity-
induced death in rodent studies (Bruce-Keller et al., 1999). It can be noted that restriction 
of calories can increase levels of BDNF, which may contribute to support neuronal func-
tion. The effects of caloric restriction are also extended to the spinal cord. For example, it 
has been shown that reducing the frequency of food consumption can improve functional 
recovery after a partial injury to the spinal cord (Graham, 1992; Plunet et al., 2008).

Vitamin E

Vitamin E, which is naturally found in certain oils, nuts, and spinach, has shown 
promise in protecting the brain against the effects of TBI (Wu et al., 2010) by reducing free 
radical contents in the brain, which would otherwise impede optimal function of neurons. 
Vitamin E also has shown positive effects on reducing memory decay in aging individuals 
(Perkins et al., 1999). A different study in aging mice revealed the benefits of vitamin E by 
showing a correlation between the amount of ingested vitamin E and improved neurological 
performance, survival, and brain mitochondrial function (Navarro et al., 2005).

What Diets to Avoid

Although certain foods seem to contribute positively to enhance neuronal health, diets 
that are rich in saturated fats and sugar can do the opposite. Molteni and colleagues have 
shown that rats fed a diet high in saturated fats and refined sugars (similar in content to 
“junk food”) for a period of one to two months, performed significantly worse on the 
spatial learning Water maze test (Molteni et al., 2002). The increased levels of oxidative 
stress induced by this diet result in decreased levels of hippocampal BDNF, thereby reducing 
cognitive abilities; however, all of these effects were counteracted by antioxidant treatment 
with vitamin E (Wu et al., 2004b). Even more alarming is the fact that consumption of this 
high-fat diet for a period of three weeks made the effects of experimental TBI worse, in terms 
of reducing levels of BDNF-related synaptic plasticity and protracted learning and memory 
ability (Wu et al., 2003). Interestingly, the application of voluntary exercise concurrent to the 
consumption of the diet reduced its deleterious effects on cognition and synaptic plasticity 
(Molteni et al., 2004).

DIET AND EXERCISE COLLABORATE TO PRESERVE MEMBRANE 
STRUCTURE, BRAIN METABOLISM, AND SYNAPTIC PLASTICITY

Much like a healthful diet, physical activity is thought to benefit neuronal function. Ac-
cording to recent studies, the combination of diet and exercise can deliver more beneficial 
effects than either intervention alone. Studies show that exercise applied after experimental 
traumatic brain injury have beneficial effects, but these effects seem to depend on the length 
of the postinjury resting period and the severity of the injury (Griesbach et al., 2007). Be-
cause of the potential of certain diets to restore energy homeostasis, dietary management can 
be regarded as an intervention that can increase the efficacy of exercise after TBI.

The complementary influence of diet and exercise on the brain can be exerted at various 
levels of interactions, which circumvent around mechanisms implicated with the control of 
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energy homeostasis and synaptic plasticity (Gomez-Pinilla et al., 2008). Probably the best 
demonstrated interaction between exercise and diet involves the consumption of the n-3 
polyunsaturated fatty acid DHA. Dietary supplementation with DHA and exercise influences 
hippocampal plasticity and cognitive function activating similar molecular systems, and the 
DHA effects are enhanced by the concurrent application of exercise (Chytrova et al., 2010; 
Wu et al., 2008). According to these studies, exercise seems to act on mechanisms that pre-
serve DHA on the plasma membrane with important implications for neuronal signaling. 
In addition, the concurrent effects of the DHA diet and exercise involve BDNF-mediated 
synaptic plasticity such as the Akt signaling system (Wu et al., 2008). The results of these 
studies are significant and suggest the inherent capacity of the brain to benefit from the ef-
fects of DHA dietary supplementation and exercise. More in-depth studies (Gomez-Pinilla 
and Ying, 2010) have shown that the DHA diet and exercise exerted differential effects on 
molecular systems controlling important aspects of brain homeostasis, associated with food 
intake (obesity receptor for leptin, growth hormone receptor), energy metabolism (AMPK, 
SIRT1), and stress (glucocorticoid receptor, 11b-Hydroxysteroid dehydrogenase type 1), 
and all of them with the capacity to influence cognition. In agreement with the involvement 
of the hypothalamus and the hippocampus on energy homeostasis and behavior, these two 
regions showed distinct susceptibilities to the actions of diet and exercise. On another front, 
the combination of a flavonoid-enriched diet and exercise has been shown to increase the 
expression of genes that have a positive effect on neuronal plasticity while decreasing genes 
involved with deleterious processes, such as inflammation and cell death (van Praag, 2009). 
Exercise also has proven to be effective in reducing the deleterious effects of unhealthful 
diets, i.e., a diet high in saturated fat and sucrose. The concurrent exposure to exercise com-
pensated for the effects of this diet on reducing the levels of BDNF-related synaptic plasticity 
and cognitive function (Molteni et al., 2004).

Control of cell energy metabolism seems to be a common denominator for the effects 
of foods and exercise on the brain, as several of the processes outlined above subside on 
the management of cellular energy. Now we know that there is a direct association between 
pathways associated with metabolism and synaptic plasticity, and this association can de-
termine important aspects of behavioral plasticity such as learning and memory (Vaynman 
et al., 2006). Proteomic studies have revealed that voluntary exercise affects the expression 
pattern and post-translational modification of protein classes in the hippocampus associ-
ated with energy metabolism and synaptic plasticity (Ding et al., 2006). In particular, ex-
ercise modulates molecular systems in the brain associated with energy balance and energy 
transduction, which have the capacity to affect learning and memory, i.e., AMPK, ghrelin, 
ubiquitous mitochondrial creatine kinase (uMtCK), uncoupling protein 2 (UCP2), and insu-
lin-like growth factor-I (IGF-I) (Gomez-Pinilla et al., 2008). The overall evidence supports 
the idea that select diets and exercise can influence synaptic plasticity, neuronal signaling, 
and cognitive function by acting on critical mediators of energy metabolism. The results of 
these investigations have direct implications for the therapeutic use of diet and exercise for 
the treatment of TBI as the pathobiology of TBI involves a period of metabolic dysfunction. 
Therefore, an important aspect of dietary therapy is to restore energy homeostasis, thereby 
increasing the capacity of the brain for plasticity.

CONCLUSIONS

The diffuse nature of TBI can compromise fundamental and broad aspects of neuronal 
signaling that are required for mental operation. In turn, the broad mode of action of dietary 
factors makes of them a unique tool that can be implemented to counteract various aspects 
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involved in the TBI pathobiology (Box C-1). Specific diets and exercise routines have been 
shown in animal studies to influence select molecular systems that can make the brain more 
resistant to damage, facilitate synaptic transmission, and improve cognitive abilities. New 
evidence shows that dietary supplementations of DHA and curcumin have important actions 
on the mechanisms that maintain membrane physiology and neuronal signaling, and have 
a great potential to circumvent TBI pathobiology. Emerging studies indicate that exercise is 
capable of boosting the healthful effects of certain diets such as n-3 fatty acids. It also has 
been observed that exercise can counteract some of the deleterious effects of a saturated-fat 
diet on synaptic plasticity and cognitive function of rats. Therapy based on DHA, curcumin, 
and exercise can benefit TBI and have long-term consequences on molecular systems respon-
sible for maintaining synaptic function, underlying higher order operations such as learning 
and memory, and emotions. The overall evidence indicates that the broad neuroprotection 
provided by diet and exercise could be implemented to counteract the diffuse nature of TBI 
and other neurological disorders. Although there is still much to be understood in the scien-
tific front, there is sufficient information that can be applied to solve practical problems in 
the military and the community. A practical and feasible strategy in the short-term would be 
to use current information to implement dietary policies in the military or other institutions, 
and the community as a whole.
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Resolvins and Protectins: Specialized Pro-Resolving Mediators in 
Inflammation and Organ Protection: Metabolomics of Catabasis

Charles N. Serhan21

INTRODUCTION

A highly regulated inflammatory response and its timely resolution is the ideal outcome 
of an acute inflammatory response essential for ongoing health. Hence the cellular and mo-
lecular mechanisms that govern natural resolution are vital. Using an unbiased metabolomic-
based systems approach to profile self-limited inflammatory exudates, namely, by studying 
acute inflammatory responses that resolve on their own the author and colleagues identi-
fied novel potent chemical mediators. These new chemical mediators constitute a genus of 
specialized pro-resolving lipid mediators (SPMs) comprised of three new families coined 
the resolvins, protectins, and most recently the maresins biosynthesized from n-3 fatty 
acids. These novel local chemical signals join the lipoxin and aspirin-triggered lipoxins as 
potent anti-inflammatory and pro-resolving lipid mediators formed from the n-6 essential 
fatty acid arachidonic acid (Serhan, 2007). SPMs are each stereoselective in their actions 
and as a defining bioaction for this genus; each family member controls both the duration 
and magnitude of the inflammatory response as well as reduces leukocyte, mediated injury 
from within and pain signals. Mapping these endogenous resolution circuits had already 
provided new avenues to appreciate the molecular basis of many widely occurring diseases 
that are associated with uncontrolled inflammation. The focus of this review is to overview 
our current understanding and recent advances on the biosynthesis and actions of these 
novel anti-inflammatory, pro-resolving and protective lipid mediators biosynthesized from 
dietary essential fatty acids including eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA). Also, emphasis herein is on the neuroprotective actions of these local mediators that 
may be relevant in trauma and brain injury and means to enhance their local biosynthesis 
from the recent literature.

Currently the most widely used anti-inflammatory therapies are directed at inhibiting 
specific enzymes and/or antagonizing specific receptors for pro-inflammatory mediators 
(Brennan and McInnes, 2008). Both selective cyclooxygenase inhibitors and anti-tumor 
necrosis factor α (TNF-α) are examples of this clinical approach. The goal of this approach 
is to block the production of pro-inflammatory chemical mediators that reduce both the 
signs and symptoms of inflammation and local tissue damage (Brennan and McInnes, 2008; 
Flower, 2003). Research efforts within the author’s laboratory focus on profiling self-limited 
inflammation and uncovering novel mechanisms that terminate the local acute inflammatory 
response and stimulate resolution with the return of the tissue to homeostasis in murine 
systems in vivo—a process known as catabasis or the return from disease or the battlefront. 
Identification of these biochemical and cellular processes demonstrated for the first time 
that the process of resolution, once considered a passive process, is actually an active, pro-
grammed process at the level of the tissue (for recent reviews see Serhan, 2007; Serhan et 
al., 2008). The resolution as a passive event was thought to simply burn out with the dilu-
tion of chemotactic gradients that recruit leukocytes to an infection or invading organism.

Natural resolution of self-limited challenges as well as limited second organ injury 
proved to be an active process in that we found evidence for temporal activation of bio-

21 Center for Experimental Therapeutics and Reperfusion Injury, Harvard Institutes of Medicine, Brigham and 
Women’s Hospital and Harvard Medical School, Boston, MA.
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chemical pathways and mediators that instruct the tissue and inflammatory white cells to 
resolve. Research in the author’s laboratory focused on the potential use of these endogenous 
agonists to stimulate natural resolution of inflammation rather than targeting inhibition or 
antagonism of inflammation. This approach also has opened a new understanding of the 
mechanisms underlying chronic inflammatory diseases as well as a new area in molecular 
pharmacology, namely resolution pharmacology. The essential n-3 fatty acids, in particular 
EPA and DHA, are precursors to a several families of mediators in this new genus of potent 
lipid mediators (LM) that are both pro-resolving and anti-inflammatory (SPM).

AN IDEAL OUTCOME

An acute inflammatory response initiated by microbial invasion or tissue damage is 
characterized by the cardinal signs of inflammation, i.e., heat, redness, swelling and pain 
(Majno, 1975). These signs and symptoms are accompanied by a well-known set of cel-
lular microscopic events, including edema and the accumulation of leukocytes, specifically 
polymorphonuclear leukocytes (PMNs), followed by monocytes that differentiate locally to 
macrophages (Cotran et al., 1999) (Figure C-10). The local acute inflammatory response 

FIGURE C-10 Decision paths in acute inflammation. Several outcomes of acute inflammation caused 
by infection or injury are possible, including progression to chronic inflammation, tissue fibrosis and 
wound healing/scarring or, in the ideal scenario, complete resolution (Majno, 1975). The cardinal 
signs of inflammation—calor (heat), rubor (redness), tumor (swelling), dolor (pain), and loss of func-
tion—have been known as the visual signs of inflammation apparent to ancient civilizations. Chronic 
inflammation was viewed as the persistence of an acute inflammatory response. The chronic inflam-
matory diseases widely observed in the West are rheumatoid arthritis and periodontal disease. There is 
now considerable interest in inflammation because it is considered to be the pathophysiologic basis of 
many diseases that were traditionally not considered to be inflammatory in their pathobiology. These 
include diabetes, cardiovascular diseases, and asthma, to name a few.

Figure C-10.eps
bitmap
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is protective for the host and serves to maintain tissue homeostasis. If uncontrolled, this 
vital response can become deleterious for the host and the process can progress to chronic 
inflammation, scarring and fibrosis rather than terminate or resolve. In many cases, the 
fundamental cause of tissue damage is excessive leukocyte accumulation (Cassatella, 2003). 
In traumatic brain injury (TBI), for example excessive neutrophil infiltration amplifies local 
tissue damage (Cotran et al., 1999; Majno and Joris, 2004).

The Resolution Program

In self-limited resolving inflammatory reactions, leukocyte recruitment is coupled with 
release of local factors that prevent further or excessive trafficking of leukocytes, allowing 
for resolution (Serhan et al., 2000, 2002). We found that, early in the initiation phase of an 
inflammatory response, pro-inflammatory mediators such as prostaglandins and leukotrienes 
play an important role (Samuelsson et al., 1987). Monkeys fed a diet lacking essential fatty 
acids were found to be defective at mounting an efficient inflammatory response (Palmblad 
et al., 1988). This highlights the importance of arachidonate-derived eicosanoids or the 
n-6 essential fatty acid contribution to controlled acute inflammation. In this report from 
Palmblad et al. (1988), both neutrophil (PMN) chemotaxis and superoxide generation in 
response to the chemotactic peptide formyl-methiony-leucylphenylalanine (fMLF) were 
markedly abrogated when the cells were isolated from monkeys fed n-3 essential fatty acids. 
This is important to our appreciation of the action of dietary n-3 in non-human primates 
because the PMNs that normally defends the body can release reactive oxygen species ide-
ally intended to kill invading organisms phagocytized by white cells. Instead, when they are 
summoned into surrounding tissues that are already damaged these cells can inadvertently 
spill noxious reactive oxygen species that can further destroy tissue. The finding that dietary 
n-3 reduces this potentially deleterious response of white cells ex vivo provides evidence 
from primates that leukocyte-mediated tissue damage can be reduced with dietary essential 
fatty acid. The molecular mechanism for this reduction in leukocyte mediated events was 
not known at the time of the Palmblad et al. (1988) report but appears to be related to the 
now known actions of the SPM (see below).

Progression from acute to chronic inflammation as in many widely occurring human 
diseases of concern in public health such as periodontal disease, arthritis (Koopman and 
Moreland, 2005), and cardiovascular disease (Libby, 2008), is widely viewed as an excess 
of pro-inflammatory mediators (Van Dyke and Serhan, 2006). Complete termination of 
an acute inflammatory insult also is pertinent for restoration of tissue homeostasis and is 
necessary for ongoing health. Key to this process is the complete removal of leukocytes 
from inflammatory sites without leaving remnants of the host’s combat between leukocytes, 
invading microbes, and/or other initiators of inflammation that can seed or amplify the local 
inflammatory response. Evidence from the author’s laboratory and many others (e.g., Morris 
et al., 2009) now indicates that the resolving phase of inflammation is not merely a passive 
process as once believed, but actively takes place as a programmed response at the tissue 
level (reviewed in Serhan, 2007; Serhan et al., 2008), which can be viewed as analogous to 
the cellular level or programmed cell death (Cohen et al., 1992). Although mononuclear 
cells can sometimes contribute to pro-inflammatory responses (Cotran et al., 1999), they 
also are critical in wound healing, tissue repair and remodeling in a non-inflammatory, non-
phlogistic (not fever-causing) manner (Serhan and Savill, 2005). This important homeostatic 
role of monocytes and macrophages is termed efferocytosis (Tabas, 2010).
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SPECIALIZED PRO-RESOLVING LIPID MEDIATORS AND NUTRITION:  
NOT JUST N-6 VS. N-3 IN THE CONTROL OF INFLAMMATION— 

A TEMPORAL PROGRESSION TO CATABASIS

The new genus of essential fatty acid-derived autacoids were coined specialized pro-
resolving mediators (SPMs) because they possess families of potent anti-inflammatory, pro-
resolving, and protective mediators in experimental animal models of disease (reviewed in 
Serhan, 2007). These include the lipoxins from n-6 arachidonic acid (Levy et al., 2001) as 
well as the n-3-derived resolvins, protectins, and the newly identified maresins, which are not 
reviewed herein (see Serhan et al., 2009). These novel families of endogenous lipid-derived 
mediators were originally isolated from self-limited inflammatory murine exudates captured 
during the natural resolution phase (Figures C-11 and C-12). Each of these local chemical 
mediators is actively biosynthesized via distinct cellular and in some cases transcellular, 
enzymatic pathways that are stereocontrolled to produce molecules that are stereoselective 
in their actions. Hence SPMs are potent agonists that control the duration and magnitude 
of inflammation by acting on specific receptors (e.g., G protein-coupled receptor [GPCR]) 
on separate cell populations to stimulate the overall resolution of inflammation (Serhan and 
Chiang, 2008).

Figure C-11.eps
bitmap

FIGURE C-11 Systems approach to metabolomics of resolution. Illustration of the systems approach 
taken for the differential analysis of inflammatory exudates. For these initial studies, the murine air 
pouch was used because it provided a convenient means to assess tissue-level responses by studying 
the histology as well as the temporal and spatial relationships between infiltrating leukocytes and 
inflammatory mediators that are initiated by pro-inflammatory stimuli such as bacteria, microbial 
products, or cytokines such as TNF-α. This differential temporal analysis of inflammatory exudates 
comparing cellular composition, lipid mediator lipidomics, and proteomics also has been carried out 
in oral inflammation, peritonitis, airway and lung inflammation, renal ischemia-reperfusion injury, and 
stroke (see text for further details).
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Figure C-12.eps
bitmap

FIGURE C-12 Specialized pro-resolving mediators are generated during inflammatory resolution: 
ideal outcome of inflammation. Using a rigorous definition of acute inflammation and its resolution, 
(Cotran et al., 1999) illustrated lower left, we found that acute inflammation initiates a lipid mediator 
class switch from prostaglandins and leukotrienes in the initial phases to lipoxins and pro-resolving 
mediators to resolution and the return to homeostasis. Alternatively, an unresolved acute inflamma-
tory response can persist and become chronic inflammation, and in this case lipid mediators such as 
prostaglandins and leukotrienes are elevated and lead from chronic inflammation to tissue fibrosis. 
Resolution is an active process switched on by specialized pro-resolving mediators (SPMs), including 
E-series resolvins derived from n-3 polyunsaturaed fatty acid (PUFA) eicosapentaenoic acid (Serhan 
et al., 2000), D-series resolvins biosynthesized from dDHA (Serhan et al., 2002; Sun et al., 2007), as 
well as the protectins (Serhan et al., 2002, 2006). From these results we can now consider the tissue- 
level events of acute inflammation as programmed resolution (see text for further details).

A systems metabolomics approach was taken using mass spectrometry to analyze the 
endogenous mediators and mechanisms temporally biosynthesized in vivo by exudates to 
actively resolve inflammation (Figure C-11). For this, the murine dorsal air pouch system 
proved to be very useful because self-limited inflammatory exudates could easily be ob-
tained (Serhan et al., 2000, 2002). This system permitted direct exudate analysis in terms 
of lipidomics and lipid mediator metabolomic profiling (e.g., bioactive autacoids, as well 
as their inactive precursors and further metabolites), proteomics, and cellular composition 
by monitoring leukocyte trafficking. Utilizing this approach made it possible to determine 
when and where different families of local mediators were biosynthesized during resolution 
(Bannenberg et al., 2005; Serhan, 2007).

Lipoxins were the first anti-inflammatory and pro-resolving lipid mediators recognized, 
signaling the resolution of acute contained inflammation (Serhan, 2005). Lipoxins are 
lipoxygenase-derived eicosanoids derived enzymatically from arachidonic acid, an n-6 es-
sential fatty acid that is released from phospholipid stores during inflammation (Samuelsson 
et al., 1987). In humans they are biosynthesized via transcellular metabolic processes en-
gaged during leukocyte interactions with mucosal cells, i.e., epithelia of the gastrointestinal 
tract or bronchial tissue, and within the vasculature during platelet–leukocyte interactions 
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(Serhan, 2007). The murine dorsal air pouch was used to determine the formation and roles 
of endogenous lipoxin A4 (LXA4) in the resolution of acute inflammation (Levy et al., 2001). 
Upon initiation of inflammation with TNF-α, there was a typical acute-phase response 
denoted by rapid PMN infiltration preceded by generation of local prostaglandins and 
leukotrienes. Unexpectedly, the eicosanoids then underwent a temporal progression in local 
mediators we termed a “class switch”. As exudates evolve, the eicosanoid profiles switch and 
the lipid mediators produced within the milieu of the exudate changes (Levy et al., 2001). 
Within the inflammatory exudate, arachidonate-derived eicosanoids changed from initial 
production of prostaglandins and leukotrienes to lipoxins, which halted further recruitment 
of neutrophils. This class switch was driven in part by COX-derived prostaglandins E2 and 
D2 that regulate the transcription of enzymes involved in lipoxin biosynthesis (Levy et al., 
2001). Hence, the concept that “alpha signals omega,” the beginning signals the end in 
inflammation was introduced (Serhan and Savill, 2005). This became evident because the 
appearance of lipoxins within inflammatory exudates was concomitant with the loss of PMN 
and resolution of inflammation (Levy et al., 2001).

In the inflammatory milieu, neutrophils undergo either apoptosis or necrotic cell death 
at the site of battle and must be removed. As part of the resolution circuit, lipoxins (LX) are 
biosynthesized (Levy et al., 2001) and signal macrophages to engulf/take up the apoptotic 
PMN (Godson et al., 2000). LX also proved to be potent chemoattractants for mononuclear 
cells, but in a non-phlogistic manner. LX activates monocyte infiltration without stimulating 
release of pro-inflammatory chemokines or activation of pro-inflammatory gene pathways 
in these cells. Thus, LX actively reduced the entry of PMN to the site of inflammation while 
accelerating uptake of apoptotic PMN (Serhan, 2007). LX are potent anti-inflammatory 
mediators that are formed and act in picogram to nanogram amounts within human tissues 
and in animal disease models (Serhan, 2005). They have the specific pro-resolution actions 
of limiting PMN recruitment, chemotaxis, and adhesion to the site of inflammation, acting 
essentially as a braking signal for PMN-mediated tissue injury (Morris et al., 2009; Serhan, 
2005). Additionally, LX stable analogs activate endogenous anti-microbial defense mecha-
nisms (Canny et al., 2002), and thus, unlike many other anti-inflammatory treatments, LX 
are not immunosuppressive.

SPMS ARE BIOSYNTHESIZED FROM THE OMEGA-3 
ESSENTIAL FATTY ACIDS, EPA AND DHA

Dietary n-3 PUFA are known to carry protective effects in the cardiovascular system, 
many inflammatory disorders, and neural function (Leon et al., 2008; Salem et al., 2001; 
Simopoulos, 2008). Importantly, Hibbeln and colleagues have shown that reduced serum 
levels of DHA can lead to severe physiological outcomes including depression and increased 
suicide (1998). This reduction in circulating levels of n-3 correlated with low consumption 
in humans. Hence Hibbeln introduced the concept of nutritional armor to help emphasize 
the important role of dietary DHA and to underscore the need to balance this potential for 
DHA and other essential fatty acid deficits in the diet, in particular those of the military diet 
given the stress and potential for tissue trauma. The molecular mechanisms by which n-3 
PUFAs exert their biological effects in general were incomplete and needed to be elucidated 
at the cellular and molecular levels. The prevailing theory on the actions of n-3 fatty acids 
(DHA, EPA) is that they compete for arachidonic acid in phospholipid stores, blocking the 
biosynthesis of eicosanoids that are pro-inflammatory such as leukotrienes and prostaglan-
dins as well as vasoactive thromboxane (Lands, 2005). This competition between n-3 and 
n-6 pathways is evident with results from many studies and is demonstrable in vitro with 
isolated cells and enzymes with high concentrations of essential fatty acids (e.g., micro- to 

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

APPENDIX C 353

millimolar range) particularly DHA and EPA. New results indicate that many of the n-6 
eicosanoids play important protective roles in resolution and host defense. Thus, these new 
findings raise critical questions regarding reducing n-6 essential fatty acid levels as relevant 
in human physiology. To this end, the author has addressed the question “Are the essential 
n-3 PUFAs such as EPA and DHA enzymatically converted locally in vivo to novel bioactive 
mediators? Do these local mediators serve as effectors or agonists in vivo?” Accordingly, 
using an unbiased metabolomic approach, mice given n-3 PUFA biosynthesized novel lipid 
mediators during the resolution phase of acute inflammation. These mediators are potent 
agonists of many responses relevant in the immune system and organ protection, particularly 
neuroprotection. Given the pathophysiology that accompanies TBI it is highly likely that 
the SPMs will have a beneficial role in TBI by limiting further tissue damage and protecting 
neurons from uncontrolled inflammatory cells summoned to the TBI-damaged tissue site 
(vide infra) (Serhan et al., 2000; 2002).

RESOLVINS: RESOLUTION-PHASE INTERACTION 
PRODUCTS FROM N-3 ESSENTIAL FATTY ACID

Resolvins are a family of new local mediators enzymatically produced within resolving 
inflammatory exudates. They were initially identified using a systems approach with LC-MS-
MS-based lipidomics and informatics, and subsequently complete structural elucidation of 
these bioactive mediators and related compounds was achieved (Arita et al., 2005a; Hong 
et al., 2003; Serhan et al., 2000, 2002, 2006). The term resolvins or resolution-phase interac-
tion products refers to endogenous compounds biosynthesized from the major n-3 fatty acids 
EPA and DHA, denoted E series (RvE) and D series (RvD) resolvins, respectively (Serhan 
et al., 2002) (Figures C-13 and C-14). Similar to lipoxins, resolvins also can be produced 

Figure C-13.eps
bitmap w/ 2 masks & labels
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FIGURE C-13 Resolvin E1: Structure and actions. Addition of TNF to murine air pouch leads to 
rapid infiltration of PMN into the inflammatory exudate. As the PMN levels declined, increased 
production of resolvin E1 derived from EPA was first identified (Serhan et al., 2000). The complete 
stereochemistry and the mechanism of action for RvE1 has been established (Arita et al., 2005a, 2007). 
Resolvins are defined as resolution phase interaction products and proved to be, on a molar basis, log 
orders more potent than traditional nonsteroidal anti-inflammatory drugs including aspirin.
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by a COX-2-initiated pathway in the presence of aspirin to give “aspirin-triggered” (AT) 
forms. Accruing evidence indicates that resolvins possess potent anti-inflammatory and im-
munoregulatory actions that include blocking the production of pro-inflammatory mediators 
and regulating leukocyte trafficking to inflammatory sites (reviewed in Serhan et al., 2008) as 
well as clearance of neutrophils from mucosal surfaces (Campbell et al., 2007). Specifically, 
resolvins limit PMN transendothelial migration in vitro and infiltration in vivo (Serhan et al., 
2002; Sun et al., 2007). The potency of these compounds is notable, with concentrations 
as low as 10 nM producing approximately 50 percent reduction in PMN transmigration. 
A more detailed description of the specific mechanistic actions of resolvins is discussed in 
Serhan (2007 and references cited within). Recent results established the stereochemistry 
and the stereoselective bioactions of RvD1, AT-RvD1, RvE1, and PD1/NPD1 (vide infra) as 
well as their further enzymatic inactivation because at the end of resolution these signal are 
“turned off” (Arita et al., 2005a; Serhan et al., 2006; Sun et al., 2007).

It is important to note that the actions of these endogenous SPM are mediated through 
specific receptors. RvE1 acts as an agonist on at least two GPCRs, namely ChemR23 and as 
a partial agonist on the LTB4 receptor (BLT1), thus competing with LTB4 for binding (Arita 
et al., 2005a, 2006). Recent research has revealed that RvE1 stimulates phosphorylation of 
Akt in a time- and dose-dependent manner via direct activation of ChemR23 (Ohira et al., 
2009). This agonist of resolution therefore displays a distinct mechanism of action compared 
to LXA4 that inhibits downstream tyrosine phosphorylation in eosinophils (Starosta et al., 
2008). Additionally, a recent study identified two separate GPCRs that RvD1 specifically 
binds on human leukocytes, namely the LXA4 receptor (ALX) and GPR32, an orphan recep-
tor, which were validated using a GPCR b-arrestin coupled system (Krishnamoorthy et al., 
2010). Identification of receptors for other n-3-derived SPM is in progress and is likely to be 

Figure C-14.eps
bitmap

FIGURE C-14 Biosynthetic scheme of resolvins. The complete stereochemistry of RvD1 and RvD2 
has been established.
SOURCE: Spite et al., 2009a; Sun et al., 2007.
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high-affinity GPCRs based on the potency of these newly discovered agonists of resolution. 
Thus at least two GPCRs for each SPM, RvE1, RvD1, and LXA4, are shared by AT-LXA4. 
Hence the concept that one ligand can act on a repertoire of receptors is not surprising in 
view of recent results on neuronal responses with the formyl peptide receptors including 
FPR2, peptides, and LXA4, which unexpectedly evokes chemosensory actions (Riviere et al., 
2009).

PROTECTINS AND NEUROPROTECTIN D1: ORGAN-PROTECTIVE MEDIATORS

In addition to D-series resolvins, DHA is also a precursor for the family of protectins. 
These mediators are biosynthesized via a separate pathway (Figure C-15). Protectins are 
distinguished by their conjugated triene-containing structure (Serhan et al., 2006). The 
name “protectins” was coined from the observed anti-inflammatory and protective actions 
in neural tissues and systems (Hong et al., 2003). The prefix neuroprotectin gives the tissue 
location of its generation and local actions, such as neuroprotectin D1 (NPD1) (Mukherjee 
et al., 2004; Serhan et al., 2006). Like the resolvins, protectins stop PMN infiltration and 
enhance macrophage phagocytosis of apoptotic (dead cells) PMN (Hong et al., 2003; Serhan 
et al., 2006). They are biosynthesized by and act on glial cells and reduce cytokine expres-
sion (Hong et al., 2003).

Figure C-15.eps
bitmap

FIGURE C-15 Protectins: Structure and actions. The complete stereochemistry of (NPD1) or pro-
tectin D1 (PD1) when generated in inflammatory exudates has been established (Serhan et al., 2006). 
NPD1 stops further neutrophilic infiltration in a number of in vivo animal systems as well as reduces 
microglial cell cytokine expression. These initial actions defined the biological functions and roles 
of PD1. In addition, in collaboration with Nicolas Bazan and colleagues, we have found that NPD1 
reduces stroke damage and retinal injury (see Bazan et al., 2010).
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Of special interest for this report, NPD1 reduces both retinal and corneal injury and 
stroke damage (Marcheselli et al., 2003), and improves corneal wound healing in mouse 
models (Gronert et al., 2005) (see Serhan, 2007; Serhan et al., 2008, and references cited 
within). DHA is well known for its role in neuronal systems and, along with arachidonic 
acid (AA), is a major PUFA found in the retina (Bazan et al., 2010). The available results 
provide the biological basis for the actions of NPD1 derived from DHA. In recent reviews 
we considered in detail the results obtained from several independent lines of investigation 
required to address the structure of the potent bioactive NPD1/PD1 (see Bazan et al., 2010). 
As with other bioactive mediators, such as the eicosanoids (Samuelsson et al., 1987), it is 
important to establish the stereochemistry of the compound and/or mediator. Notably, subtle 
structural changes in these and related products can be less active, inactive, or, even in some 
cases display opposing biologic actions as a result of subtle changes in stereochemistry that 
are recognized in biologic systems. To confirm the proposed basic structure and establish 
the complete stereochemistry, these studies on the 10,17S-docosatriene termed NPD1/PD1 
included results from (a) biosynthesis studies; (b) matching of materials prepared by total 
organic synthesis with defined stereochemistry; and (c) the actions of these and related 
compounds in biological systems (Ariel et al., 2005; Hong et al., 2003; Marcheselli et al., 
2010; Mukherjee et al., 2004; Serhan et al., 2002, 2006). We also consider these findings 
as they appeared in the literature with the goal of providing a clear and rigorous account of 
the evidence that supports the structure and bioactions of NPD1/PD1. Investigations along 
these lines were required to establish the complete structure and potent actions of NPD1/
PD1 and related endogenous products biosynthesized from DHA because the small amounts 
of NPD1 attainable from biological systems precluded direct stereochemical analyses of the 
products identified in retinal pigmented epithelial (RPE) cells. For a recent review, see Bazan 
et al. (2010).

Briefly, the novel 10,17S-docosatriene was coined NPD1/PD1 given its potent actions in 
vivo noted above, which were identified first in Hong et al. (2003) and Serhan et al. (2002). 
Its basic structure was established and displayed potent anti-inflammatory actions, i.e., 
reducing PMN numbers in vivo and reducing the production of inflammatory cytokines by 
glial cells. Moreover, during the resolution phase of peritonitis, unesterified DHA levels in-
crease in resolving exudates, where it appears to promote catabasis or the return to homeo-
stasis following tissue insult, via conversion to D-series resolvins and 10,17S-docosatrienes 
(Bannenberg et al., 2005) by shortening the resolution interval of an inflammatory response 
in vivo (Schwab et al., 2007).

In collaboration with Dr. Bazan and colleagues at Louisiana State University, we found 
next that the DHA-derived 10,17S-docosatriene was generated in vivo in the brain during 
experimental stroke in the ipsilateral cerebral hemisphere following focal ischemia (Figures 
C-15, C-16, and C-17). We also demonstrated its potent bioactions in stroke, where NPD1/
PD1 limited the entry of leukocytes, downregulated both COX-2 expression and NFκB 
activation, and decreased infarct volume (Figure 8 from Marcheselli et al., 2003). Of in-
terest, 10,17S-docosatriene is also formed in the human retinal pigment epithelial cell line 
ARPE-19 and introduced the term neuroprotectin D1 based on its neuroprotective bioactiv-
ity in the stroke model and RPE cells (Mukherjee et al., 2004). Also NPD1 proved to be a 
potent signal to inactivate pro-apoptotic and pro-inflammatory signaling. The capital D in 
NPD1 refers to its being the first identified neuroprotective mediator derived from DHA 
(Mukherjee et al., 2004).

In parallel to these investigations, biosynthesis and function studies were carried out 
with human TH2-skewed peripheral blood mononuclear cells (PBMC) (Ariel et al., 2005). 
When produced by human PBMC, PD1 promotes T-cell apoptosis via the formation of lipid 
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raft-encoded signaling complexes and reduced T-cell traffic in vivo. Matching materials 
prepared by total organic synthesis determined the complete stereochemistry of the PBMC 
DHA-derived product. NPD1/PD1 generated by human PBMC carried the complete stereo-
chemistry of (10R,17S)-dihydroxydocosa-4Z,7Z,11E,13E,15Z,19Z-hexaenoic acid and was 
matched to the most potent bioactive product (Figure C-16) using several dihydroxytriene-
containing DHA-derived products isolated from human PBMC, human PMN, and murine 
exudates (Ariel et al., 2005; Serhan et al., 2006).

With the stereochemistry of NPD1/PD1 established, its identification in human material 
was sought and found in exhaled breath condensates from human asthmatics (Levy et al., 
2007) as well as in human brain tissue. NPD1 is present in both control brain tissues and 
at reduced levels in brain tissues from patients with Alzheimer’s disease (Lukiw et al., 2005, 
and Table 1). In addition, PD1 is a major product in bone marrow of female rats fed EPA 
and DHA (Poulsen et al., 2008). PD1 is also generated in vivo during ischemia-reperfusion 
of renal tissues, where it has profound actions, reducing the deleterious consequences of 
ischemia-reperfusion in renal tissues (Duffield et al., 2006) in agreement with our earlier 
findings in brain tissues (Marcheselli et al., 2003).

With the complete stereochemistry and synthetic compound in hand, it was possible to 
demonstrate for the first time that PD1 activates resolution programs in vivo and shortens 
the resolution time of experimental inflammation in animal models (Schwab et al., 2007). 

Figure C-16.eps
bitmap

FIGURE C-16 NPD1/PD1 biosynthesis and actions. NPD1 was identified initially in murine exudates 
and next in murine brain cells. Fish such as trout also produce NPD1/PD1, indicating that this is a 
primordial structure and pathway. In the immune system, T cells skew to a Th2 cell in the presence of 
interleukin-4, increase their 15-LO type 1, and convert DHA to PD1. The actions of PD1 are denoted 
in the inset boxes. The biosynthesis of PD1 and its complete stereochemistry have been established. The 
conversion of DHA to PD1 enzymatically proceeds via the enzymatic epoxidation and formation of a 
key 16(17)-epoxy-DHA intermediate that is enzymatically converted to the complete stereochemistry 
required for full biological action in PD1 (see text for further details).
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Also, with the total organic synthesis route of NPD1/PD1, it was possible to radiolabel and 
isolate 3H-NPD1/PD1 made from the synthetic intermediate. With this radiolabel, we define 
for the specific binding sites present with ARPE-19 cells (Kd ~ 31 pM/mg cell protein) for 
3H-NPD1/PD1 as well as specific binding to human neutrophils (Kd of ~25 nM) (Marcheselli 
et al., 2010).

Recent results using an LC-MS-MS profiling approach demonstrated that PD1 is made 
during the resolution of Lyme disease infections in mice (Blaho et al., 2009). NPD1 inhib-
its retinal ganglion cell death (Qin et al., 2008), is renal protective (Hassan and Gronert, 
2009), and regulates adiponectin (González-Périz et al., 2009). Of interest, the double di-
oxygenation product 10S,17S-diHDHA, isomer of NPD1/PD1, was recently shown to have 
actions on platelets, reducing platelet aggregation at 0.3 μM, 1 μM, and higher concentra-
tions (Chen et al., 2009). In peritonitis, this isomer also showed biological activity but was 
less potent than NPD1/PD1 (Serhan et al., 2006). It is noteworthy that NPD1/PD1 and the 
resolvins are produced by trout tissues including trout brain from endogenous DHA, sug-
gesting that these structures are highly conserved from fish to humans (Hong et al., 2005) 
and that we still have much to learn regarding the bioactions and functions of NPD1/PD1, 
the D-series and E-series resolvins, and related products in human physiology and patho-
physiology as well as in biological systems such as fish or in bone marrow, where the actions 
of NPD1/PD1 remain to be fully appreciated.

OMEGA-3 ESSENTIAL FATTY ACID AND SUBSTRATE 
AVAILABILITY IN RESOLUTION OF INFLAMMATION

To elucidate the role of EPA, DHA, and AA during inflammation in vivo, we studied 
disease models in wild-type mice that overexpress the C. elegans fat-1 gene to compare the 
effects of n-3 and -6 PUFAs. This gene converts n-6 PUFA into n-3, resulting in elevated tis-

Figure C-17.eps
bitmap

FIGURE C-17 Neuroprotective action of NPD1/PD1. NPD1 reduces stroke volume and leukocyte-
mediated tissue damage in a murine model of focal ischemia in stroke. Figure is from Marcheselli et al., 
J. Biol. Chem. 2003; 278:43807-43817. See Bazan et al. (2010) and text for further details.
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sue levels of n-3 PUFA within the fat-1 overexpressing mice. In a model of oxygen-induced 
retinopathy, a protective effect against pathological angiogenesis was found in the retina 
when there was a lower ratio of n-6:n-3 PUFA. Wild-type mice lacking the fat-1 transgene 
had more extensive vaso-obliteration and more severe retinal neovascularization compared 
with fat-1 mice (Connor et al., 2007). In mice fed n-3 PUFA, biosynthetic markers of NPD1 
and RvE1 were detected in the retinal tissues. In mice without n-3 PUFA supplementa-
tion, administration of RvD1, RvE1, or NPD1 gave protection from vaso-obliteration and 
neovascularization (Connor et al., 2007), as well as suture-induced ocular inflammation 
(Jin et al., 2009). These fat-1 mice also have increased levels of resolvins and protectins in 
the colon and are protected from colitis (Hudert et al., 2006). In evolving exudates, rapid 
appearance of unesterified n-3 PUFA parallels the initial increase in edema (Kasuga et al., 
2008). Thus, n-3 precursors for resolving and protectin biosynthesis in exudates become 
available directly from the peripheral circulation. This contrasts with the pool or storage of 
AA and other essential fatty acid that requires phospholipase A2 for liberation for example 
in inflammatory cells (Dennis, 2000; Lands, 2005) and in retina RPE cells (Bazan et al., 
2010).

SPM IN INFLAMMATORY EXPERIMENTAL DISEASE SYSTEMS

Inflammatory bowel disorders, such as colitis, are characterized by a relapsing inflam-
matory process as a result of local mucosal damage and abnormal mucosal responses. In a 
well-appreciated experimental colitis in mice, mice are challenged with either an intrarectal 
antigenic hapten, 2,4,6-trinitrobenzene sulfonic acid (TNBS) or to induce colitis, RvE1, 
which was protective against bowel inflammation (Arita et al., 2005b). With treatment of 
as little as 1 µg of RvE1 per mouse, there was dramatic reduction in mortality, and weight 
loss, and less severe histologic display of colitis, namely reduction in the associated inflam-
matory cells, such as PMN and lymphocytes, compared with mice with TNBS-induced 
colitis. RvE1 is also protective in Porphyromonas gingivalis-induced periodontal disease in 
rabbits, where it appears to stimulate tissue regeneration of the periodontium (Hasturk et al., 
2007). Another pro-resolving action of RvE1 was evident in a murine model of fatty liver 
disease, where RvE1 administration to obese mice significantly alleviated hepatic steatosis 
and restored the loss of insulin sensitivity (Gonzalez-Periz et al., 2009).

The complete stereochemical assignment for RvD2 (Figure C-11) was recently es-
tablished as 7S,16R,17S-trihydroxy-4Z,8E,10Z,12E,14E,19Z-docosahexaenoic acid (Spite 
et al., 2009a). RvD2 proved very potent suggesting it may have a broad role in vivo and 
potential application in disease. Sepsis remains a clinical challenge with increasing preva-
lence and mortality rates. In these cases, infection progresses rapidly unless contained and 
cleared by phagocytes, and epithelial and endothelial barrier dysfunction results in immune 
suppression, multiple-organ failure, and death. Administration of n-3 PUFA in some of these 
cases of sepsis has shown favorable outcomes (Singer et al., 2008), although the mechanism 
of action is still being studied. In an established mouse model of sepsis, initiated by “mid-
grade” cecal ligation and puncture (CLP) surgery, RvD2-methyl ester (RvD2-ME; 100ng) 
was protective (Spite et al., 2009a). After 12 hours, mice that underwent CLP surgery had 
severe bacterial burden both locally within the peritoneum and systemically, which was ac-
companied by a significant leukocyte infiltrate to the peritoneal cavity. RvD2-ME treatment 
immediately following CLP significantly reduced both blood and peritoneal bacterial levels 
and dramatically limited local PMN influx. Septic mice were hypothermic 12 hours after 
CLP and displayed a drastic decrease in activity levels, whereas RvD2-treated mice remained 
active within their cages and their body temperatures were similar to sham-operated control 
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mice. The proportion of mice that survived seven days following “mid-grade” CLP was 
approximately 36 percent. RvD2-ME was able to double the survival rates (Figure C-14). 
Interestingly, whereas all of the mice that did not survive in the vehicle-treated group died by 
36 hours, 25 percent of the mice that died in the RvD2-treated group lived until 48  hours 
post-CLP, suggesting that RvD2 may increase the “therapeutic window” that could afford 
additional time for further interventions such as antibiotics. Further analysis of peritoneal 
exudates showed a “cytokine-storm” of both pro-inflammatory cytokines and other media-
tors associated with detrimental outcomes in sepsis, as well as elevated pro-inflammatory 
lipid mediators LTB4 and PGE2. RvD2-ME significantly blunted overzealous cytokine pro-
duction and pro-inflammatory lipid mediators measured 12 hours post-CLP. Dissection of 
mouse inguinal lymph nodes revealed that bacteria were disseminated throughout this organ 
in vehicle-CLP mice, whereas RvD2 enhanced phagocyte-dependent bacterial containment 
and clearance. Corroboratory results were obtained in vitro with human PMN exposed to 
RvD2 (1 and 10 nM) that showed increased phagocytosis and killing of E. coli (Spite et al., 
2009a). These novel findings highlight that RvD2 is protective in mucosal barrier breakage 
and leakage leading to sepsis.

A recent study found that RvE1 is also anti-infective, enhancing clearance of bacteria 
from mouse lungs in a model of pneumonia, leading to increased survival (Seki et al., 2010). 
Thus, pro-resolving mediators display anti-inflammatory, anti-fibrotic, and recently demon-
strated anti-infective actions in several widely used laboratory models of inflammation (see 
Table C-7). Together, these results indicate SPM, i.e., resolvins, are not immunosuppressive 
but rather enhance the innate anti-microbial systems in phagocytes and mucosal epithelial 
cells (Canny et al., 2002).

STEM CELLS AND RECENT RESULTS OF INTEREST 
FOR TRAUMATIC BRAIN INJURY

The identification and biosynthesis of resolvins and protectins from DHA in brain 
(Serhan et al., 2002) and microglial cells (Hong et al., 2003), and in view of their anti-
inflammatory and pro-resolving actions in acute inflammation using in vivo models, sug-
gested that these compounds also may be active in neural tissues. Indeed, neuroprotectin 
D1 limited neutrophilic infiltration in ischemic brain as well as reduced pro-inflammatory 
gene expression, suggesting that this compound had potent neuroprotective actions in lo-
cal ischemia-reperfusion in the brain (Marcheselli et al., 2003), which also was observed in 
renal protection (Duffield et al., 2006; Hassan and Gronert, 2009) (Figure C-15). Given the 
importance of neural stem cells in organ regeneration, we examined the actions of LT B4 
and LX A4 and found that murine neural stem cells produced LT B4 and possess leukotriene 
receptors. LX A4 regulated proliferation and differentiation of these cells. Of interest, the 
15-epimer isomer of LXA4 (which is more stable in vivo as it is not inactivated as rapidly 
as LXA4) reduced neural stem cell growth at concentrations as low as 1 nanomolar. Gene 
chip analysis demonstrated that LT B4 and LXA4 gave opposing gene expression profiles 
with neural stem cells. LTB4 induced proliferation and differentiation of neural stem cells 
into neurons, and the regulatory actions of LXA4 suggested that these new pathways may 
be relevant in restoring stem cells (Wada et al., 2006). Using a metabolomic approach with 
stem cells and evaluation of redox status, Yanes et al. recently found that NPD1 is produced, 
which in turn showed potent actions at the 10-nanomolar range in promoting neural dif-
ferentiation as well as cardiac stem cell differentiation (Yanes et al., 2010). Hence, the local 
molecular response to injury and local inflammation may generate these local mediators, 
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LX A4 and NPD1, to regulate organ stem cells to initiate tissue repair and regulate the local 
inflammatory response.

The neuroprotection effects of LX A4 also have been confirmed and extended by oth-
ers. For example, LX A4 is neuroprotective in experimental stroke (Sobrado et al., 2009), 
and LX A4 methyl ester reduces neutrophilic infiltration and protects rat brain from focal 
cerebral ischemia-reperfusion (Ye et al., 2010). In addition to the actions on leukocytes, 
LX A4 also regulates cytokine production from human astrocytoma cells (Decker et al., 
2009). Taken together, these findings in murine systems suggest that the arachidonic acid-
derived SPMs, namely lipoxins, are neuroprotective by downregulating local inflammatory 
response and limiting further inflammation via tissue destruction by limiting neutrophil-
mediated tissue damage. Hence, arachidonic acid as substrate and an essential fatty acid 
plays a role in neuroprotection and particularly one that is regulated by dietary intake of 
essential fatty acids. Along these lines, Huang et al. reported that intravenous and dietary 
DHA significantly improves spinal cord injury in rats. Improvements and neuroprotection 
were obtained when DHA was injected intraveneously with sustained dietary supplementa-
tion (Huang et al., 2007).

GAPS IN CURRENT KNOWLEDGE: TOO MUCH OF A GOOD THING?

Recently, using a rat model of TBI, Bailes and Mills (2010) found that dietary supple-
mentation with DHA reduced acceleration of injury. These are encouraging findings sug-
gesting that DHA delivery can have a neuroprotective effect, likely via the local biosynthesis 
of pro-resolving and anti-inflammatory mediators such as NPD1 and D-series resolvins 
produced from the exogenous DHA. However, there is a potential negative side for excess 
delivery of DHA above “optimal dietary levels,” the limits of which remain unknown at 
present. When excess DHA is available to undergo nonenzymatic autooxidation, neurotoxic 
products can be produced, such as trans-4-hydroxy-2-hexenal (Long et al., 2008). Likewise, 
in isolated neuroblastoma cells, we recently found that resolvins and protectins are not 
produced from DHA by these tumor cells in vitro but rather exogenous DHA is converted 
to hydroperoxy acid intermediates that are cytotoxic (Gleissman et al., 2010). For a cancer 
cell type, this may be a beneficial approach to killing tumor cells with exogenous DHA. 
The point taken from these experiments is that excess DHA can lead to oxidation products 
that can further amplify local inflammation and tissue damage at the cellular level. Along 
these lines, the enzymatically produced resolvin D1 reduces inflammation initiated by lipid 
oxidation products (Spite et al., 2009b). Taken together, these results suggest that optimal 
dietary levels of DHA could enhance production of neuroprotective local mediators. Thus, 
a clear starting point in humans is to establish the daily dose required for DHA and the 
levels that ought to be considered in excess for healthy individuals. In this regard, potential 
gender and age differences need to be taken into consideration for future studies. In consid-
ering TBI on the battlefield, the currently available animal results suggest that intravenous 
delivery of DHA in addition to dietary supplementation can have neuroprotective actions. 
These neuroprotective actions may be mediated by enhanced local production of resolvins 
and protectins. Indeed, if local conversion of dietary DHA to resolvins and protectins can be 
established in humans with TBI and stress, then dietary DHA could speed recovery time for 
military personnel. Because DHA is a natural product and has been shown in many studies 
to be safe in humans (Lands, 2005), DHA supplementation can be recommended for military 
personnel. This also can open the opportunity to gain direct evidence for DHA effectiveness 
in clinical studies with military personnel (see below).
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TABLE C-7 SPM Actions in Animal Disease Models Relevant to TBI and DHAa

Disease Model Species Action(s) References

Resolvin E1

 Periodontitis Rabbit Reduces neutrophil infiltration; prevents connective tissue and 
bone loss; promotes healing of diseased tissues; regenerates lost 
soft tissue and bone 

(Hasturk et al., 
2006, 2007)

 Peritonitis Mouse Stops neutrophil recruitment; regulates chemokine/cytokine 
production
Promotes lymphatic removal of phagocytes 

(Arita et al., 2005a; 
Bannenberg et al., 
2005; Schwab et al., 
2007)

 Dorsal air 
pouch

Mouse Stops neutrophil recruitment (Serhan et al., 
2000)

 Retinopathy Mouse Protects against neovascularization (Connor et al., 
2007; Jin et al., 
2009)

 Colitis Mouse Decreases neutrophil recruitment and pro-inflammatory gene 
expression; improves survival; reduces weight loss 

(Arita et al., 2005b)

 Pneumonia Mouse Improves survival; decreases neutrophil infiltration; enhances 
bacterial clearance; reduces pro-inflammatory cytokines and 
chemokines

(Seki et al., 2010)

Resolvin D1

 Peritonitis Mouse Stops neutrophil recruitment (Hong et al., 2003; 
Spite et al., 2009b; 
Sun et al., 2007)

 Dorsal skin 
air pouch

Mouse Stops neutrophil recruitment (Hong et al., 2003; 
Serhan et al., 2002)

 Kidney 
ischemia-
reperfusion

Mouse Protects from ischemia-reperfusion-induced kidney damage 
and loss of function; regulates macrophages and protects from 
fibrosis

(Duffield et al., 
2006)

 Retinopathy Mouse Protects against neovascularization (Connor et al., 
2007; Jin et al., 
2009)

Resolvin D2

 Peritonitis Mouse Stops neutrophil recruitment (Spite et al., 2009a)

 Sepsis Mouse Improves survival; reduces pro-inflammatory cytokines; 
regulates neutrophil recruitment; enhances bacterial 
containment

(Spite et al., 2009a)

Protectin D1

 Peritonitis Mouse Stops neutrophil recruitment; regulates chemokine/cytokine 
production; promotes lymphatic removal of phagocytes; 
regulates T-cell migration 

(Ariel et al., 2005; 
Arita et al., 2005a; 
Bannenberg et al., 
2005; Schwab et al., 
2007)
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SUMMARY

In summation, acute inflammation initiated by neutrophils in response to injury or mi-
crobial invasion is, ideally, a self-limited response that is protective for the host. Excessive 
uncontrolled inflammatory responses can lead to chronic disorders as well as further tissue 
injury, as in the case of TBI. Neutrophil-derived pro-inflammatory mediators, including 
leukotrienes and prostaglandins, can amplify this process. Within contained inflammatory 
exudates, we found that neutrophils change phenotype to initiate resolution and begin to 
biosynthesize pro-resolving and protective local mediators from essential fatty acids includ-
ing AA, DHA, and EPA. There is an active catabasis to return tissues to a homeostatic 
healthy state from the battle of host defense to microbes during inflammatory episodes 

Disease Model Species Action(s) References

 Asthma Mouse Protects from lung damage, airway inflammation, and airway 
hyperresponsiveness 

(Levy et al., 2007)

Human Protectin D1 is produced in humans and is diminished in 
asthmatics 

(Levy et al., 2007)

 Kidney 
ischemia-
reperfusion

Mouse Protects from ischemia-reperfusion-induced kidney damage and 
loss of function; regulates macrophages and is anti-fibrotic

(Duffield et al., 
2006)

 Retinopathy Mouse Protects against neovascularization (Connor et al., 
2007)

 Ischemic 
stroke

Rat Stop leukocyte infiltration, inhibits NF-κB and 
cyclooxygenase-2 induction 

(Marcheselli et al., 
2003)

 Alzheimer’s 
disease

Human Diminished protectin D1 production in human Alzheimer’s 
disease 

(Lukiw et al., 2005)

 Embryonic 
stem cells

Mouse 
and 
human

NPD1 promotes cardiac and neuronal stem cell differentiation (Yanes et al., 2010)

 Neural stem 
cells

Mouse LXA4 regulates neuronal stem cell gene expression and 
proliferation

(Wada et al., 2006)

 Acute 
stroke (focal 
cerebral 
ischemia 
reperfusion)

Rat LXA4 reduces local infarct volume and apoptosis of neuronal 
cells; decreases lipid peroxidation and cytokine production

(Ye et al., 2010)

 Traumatic 
brain injury 
(TBI)

Rat DHA reduces damage from impact acceleration injury; reduces 
beta amyloid precursor protein, a marker of axonal injury

(Bailes and Mills, 
2010)

 aThe actions of each of the main resolvins and protectins listed were confirmed with compounds prepared by 
total organic synthesis (see text and cited references for details).

TABLE C-7 Continued
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(Bannenberg et al., 2005). SPM such as LX, protectins, and resolvins biosynthesized lo-
cally from essential fatty acids accelerate this process and the return to tissue homeostasis 
(Schwab et al., 2007). Each of these SPMs is temporally and spatially biosynthesized to 
actively regulate resolution by acting on specific receptors (Serhan et al., 2008), initiating 
anti-inflammatory and pro-resolving signals to terminate the inflammatory response and 
limit further tissue injury. Hence, dietary essential fatty acids in experimental animal models 
reviewed herein directly regulate the magnitude and duration of local acute inflammation 
via the production of potent local chemical mediators that are pro-resolving. These experi-
mental findings in animal models that demonstrate pathophysiologic events relevant to TBI 
(Table C-7), taken together, suggest that increasing the n-3 essential fatty acids in military 
personnel to boost their n-3 status may have a positive impact on traumatic tissue injury to 
limit the magnitude of the response. Helping to optimize the host’s response to injury and 
local inflammation with nutritional substrates also may represent a cost-effective means to 
reduce recovery times in the field. Our recent findings indicate that resolvins also are potent 
modulators reducing pain in murine systems (Bang et al., 2010; Sommer and Birklein, 2010; 
Xu et al., 2010).

The answer to the question “Is there enough evidence from TBI animal models to con-
clude that military personnel should boost their n-3 status to protect against the effects of 
TBI?” is yes, but additional information from both human and animal studies is needed 
to directly support the cause-and-effect relationships between increasing DHA status and 
reducing TBI and other indications in military personnel. Because the identification of DHA 
metabolome in resolution of acute inflammation with the production of potent local pro-
tective and anti-inflammatory mediators in murine systems is relatively recent (see Serhan, 
2007), additional results are needed to establish cause-and-effect relationships in TBI and, 
for example, increased resolvins and neuroprotectins or SPM and reduced tissue inflamma-
tion and local damage. The results reviewed herein suggest that the protective actions of 
DHA in rat TBI (Bailes and Mills, 2010) are mediated locally by resolvins and protectins, 
given their potent actions in in vivo models of inflammation in animals (Table C-7).

With these metabolomic tools and structures now available in synthetic form (Serhan, 
2010), these suggestions can be directly tested rigorously in the field to assess their validity 
for military implementation. For example, human studies are needed to establish:

•	 Is	DHA	a	“green	pro-drug”?	Is	it	converted	locally	with	trauma	to	D-series	resolvins	
and protectins, which in turn are bioactive mediators that limit tissue inflammation 
and further tissue damage?

•	 What	 is	 the	relationship	between	serum/plasma	DHA	levels	and	reduced	TBI	and/
or ear injury in military personnel? Is there a gender selectivity for DHA conversion, 
actions, and overall impact?

•	 Do	resolvins	and/or	protectins	from	DHA	mediate	cellular	protection	and	reduce	TBI	
damage and recovery time?

•	 Can	excess	serum	DHA	levels	lead	to	enhanced	autooxidation	pathways	in	stressed	
military personnel or protection and enhanced SPM biosynthesis?

•	 What	are	the	pathway	biomarkers	for	resolvins	and	protectins	that	can	be	monitored	
in peripheral blood of military personnel? For example, do 17-HDHA, 14-HDHA, 
22-hydroxy-DHA, RvD5, 7,17-diHDHA, NPD1, RvD1, or RvD2 correlate with 
DHA levels and/or the degree of protection in TBI and/or ear trauma? Do they reduce 
recovery times for military personnel?
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In addition to these human studies, mechanism of action studies can be carried out with 
animal experiments. These also can include direct comparisons between administration of 
NPD1, RvD1, RvD2 versus DHA in animal models of TBI and ear injury. The role of sub-
strate (e.g., DHA) levelscan be assessed in transgenic mice with elevated tissue DHA such as 
the fat-1 mouse (Hudert et al., 2006), which show protection from inflammatory disorders 
as well as elevated levels of resolvins and protectins. Murine models with transgenic over-
expressing proresolving receptors (Devchand et al., 2003; Krishnamoorthy et al., 2010) can 
be used to determine the role of resolvin receptors in protection from TBI. These animal 
and human studies can be implemented in parallel to increase the DHA status in military 
personnel in order to gain mechanistic insight and fill gaps in current knowledge of the role 
of essential fatty acids and n-3 status in reducing trauma and shortening the time required 
for recovery of military personnel.
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ABBREVIATIONS

AA arachidonic acid
AT-RvD1  aspirin-triggered-resolvin D1, 7S,8R,17R-trihydroxy-docosa-

4Z,9E,11E,13Z,15E,19Z-hexaenoic acid
DHA docosahexaenoic acid
EPA eicosapentaenoic acid
LX lipoxin
LXA4 5S, 6R,15S-trihydroxy-7,9,13-trans-11-cis-eicosatetraenoic acid
PD1/NPD1  protectin D1/neuroprotectin D1, 10R,17S-dihydroxy-docosa-

4Z,7Z,11E,13E,15Z,19Z-hexaenoic acid
PMN polymorphonuclear leukocytes
Protectins  biosynthesized from DHA, containing conjugated triene structures and are 

protective mediators
PUFA polyunsaturated fatty acid
Resolvins  structurally unique and potent bioactive local mediators; E series from EPA 

and D series from DHA
RvD1  resolvin D1, 7S,8R,17S-trihydroxy-4Z,9E,11E,13Z,15E,19Z-

docosahexaenoic acid
RvD2  resolvin D2, 7S,16R,17S-trihydroxy-4Z,8E,10Z,12E,14E,19Z-

docosahexaenoic acid
RvE1  resolvin E1, 5S,12R,18R-trihydroxy-6Z,8E,10E,14Z,16E-eicosapentaenoic 

acid
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Potential Efficacy and Mechanism of Action of the 
Flavanol (–)-Epicatechin in Acute Brain Trauma22

Sylvain Doré23

OVERVIEW

One objective of this research effort over the years has been to provide an integrated 
mechanism for research into the potential benefits, mechanism(s), and optimal doses of 
plant-derived flavonoids for the prevention or mitigation of neurologically based illness. 

22 This work is supported in part by grants from the National Institutes of Health R21AT005085, 1R21AT005246.
23 Center for Translational Research in Neurodegenerative Disease, University of Florida College of Medicine.
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Although many of the polyphenols and flavonoids have been suggested to provide neuro-
protection via direct antioxidant properties, we propose that some of these compounds, 
instead, activate an endogenous cellular pathway that builds resistance to free radical and 
inflammatory brain damage. More specifically, we have recently reported that the flavanol, 
(–)-epicatechin, which is naturally enriched in some standardized dark chocolate products, 
may protect the brain after a stroke by increasing cellular signals already known to protect 
nerve cells from damage. Ninety minutes after feeding mice a single modest dose of epi-
catechin, we induced an ischemic stroke by almost entirely cutting off blood supply to the 
animals’ brains. In the animals that had ingested the epicatechin, we found they had suffered 
significantly less brain damage than those that had not received the compound. Although 
most treatments against stroke in humans must be given within a 2- to 3-hour time window 
to be effective, epicatechin appeared to limit further neuronal damage when given to mice 
3.5 hours after a stroke, but not at 6 hours after a stroke. We further showed that intra-
cellular Nrf2/heme oxygenase 1 pathways appear to be of importance because eliminating 
one or the other abolished most protective epicatechin effects. Thus, by using preclinical 
models, we can begin to address the efficacy and mechanisms of action, necessary first steps 
in planning translational clinical tests in humans and helping health-care providers and the 
public understand how such bioactive nutrients may have both preventive and therapeutic 
beneficial effects. This work provides an understanding of the pathways by which natural 
bioactive compounds such as epicatechin can shield nerve cells in the brain from damage 
provoked by stroke, brain trauma, or age-related neurodegenerative disorders.

BACKGROUND

Polyphenols are found in most plant-derived foods and beverages, and add to the sen-
sory and nutritional qualities of foods. More than 8,000 polyphenolic structures have been 
identified, but edible plants contain only several hundred of those known (Bravo, 1998; 
Manach et al., 2004; Ross and Kasum, 2002). They are often involved in the plant’s defen-
sive response against different types of stress, such as ultraviolet radiation, pathogens, and 
physical damage (Bravo, 1998; Manach et al., 2004). Because plants usually produce these 
polyphenols as a defensive mechanism, environmental conditions, such as soil type, sun 
exposure, and rainfall, along with other characteristics such as genetic factors, germination, 
degree of ripeness, processing and storage, and species variety, can affect the polyphenol 
concentration (Bravo, 1998; Manach et al., 2004; Ross and Kasum, 2002). Even pieces of 
fruit from the same tree can have substantial differences in their polyphenol concentrations, 
owing to diverse exposures to sunlight or other environmental factors. Because of the large 
variability, the content of polyphenols in foods is usually poorly characterized (Manach 
et al., 2004).

All polyphenols contain an aromatic ring with one or more hydroxyl group. Most also 
have at least one sugar residue (a glycoside) attached to the hydroxyl groups. They are clas-
sified into different groups depending on the number of phenol rings and chemical groups 
bound to the rings (Bravo, 1998; Manach et al., 2004; Ross and Kasum, 2002). Polyphenols 
are found in a wide range of molecular sizes. For example, phenolic acids are simple com-
pounds, whereas the tannins are highly polymerized molecules (Bravo, 1998). Flavonoids 
make up most of the polyphenols and form the most biologically active group in mammals 
(Bravo, 1998). Table C-8 summarizes the main classes of polyphenols, some representative 
phenolics in the groups, and their dietary sources.

Polyphenols are usually recognized for their purported antioxidant capabilities. In test 
tubes, polyphenols (often at high pharmacological levels) can react with radicals to form 
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TABLE C-8 Major Subclasses of Polyphenols, Compounds, and Food Sources

Polyphenol Group Representative compounds Common sources

Flavonoid

 Flavonols Quercetin, myricetin, kaempferol Onions, apples, kale, red wine, green and 
black tea, broccoli, berries

 Flavanones Hesperetin, naringenin, eriodictyol, 
tangeretin

Citrus fruit, tomatoes, mint

  Flavanols-Flavan-3-ol 
(proanthocyanidins 
and catechins)

Epicatechin, epigallocatechin, 
epicatechin-3-gallate

Apricots, green and black tea, red wine, 
peanut skins, chocolate

  Anthocyanins Cyanidin, pelargonidin, malvidin, 
dephinidin

Berries, grapes, wine, tea, eggplant, 
cabbage, beans, onions, radishes

 Isoflavones Genistein, diadzein, glycitein 
(phytoestrogens)

Lentils, chickpeas, alfalfa, clover, flaxseed, 
soybeans

 Flavones Apigenin, luteolin, diosmetin, tangeretin, 
nobiletin, sinensetin, wogonin

Parsley, thyme, celery, citrus fruit rind

Phenolic acid

  Benzoic acid 
derivative

Gallic acid, vanillic, syringic, 
hydroxybenzoic

Tea, strawberries, raspberries, blackberries, 
black radish, onions

  Cinnamic acid 
derivative

p-coumaric, caffeic, ferulic, sinapic 
acids, vanillin, syringaldehyde, 
p-hydroxybenzaldehyde

Blueberries, kiwis, plums, cherries, apples, 
cereal grains, coffee

Lignan Secoisolariciresinol Linseed, lentils, cereals, garlic, asparagus, 
carrots, pears, prunes

Stilbene Resveratrol Grapes, red wine

Saponin Ginsenoside Ginseng root

Other Curcumin Turmeric

polyphenol radicals, which are more stable and less reactive because of the ability of the 
phenol group to absorb extra electrons. Most polyphenols are conjugated by methylation, 
sulfation, or glucuronidation during metabolism. The antioxidant capability can be deter-
mined by the type of conjugate and its location on the polyphenol structure (Bravo, 1998; 
Esposito et al., 2002; Manach et al., 2004; Nijveldt et al., 2001; Williams et al., 2004). In 
addition to their antioxidant ability, at high concentrations the polyphenols can inhibit the 
activities of several enzymes, including lipoxygenase, cyclooxygenase, xanthine oxidase, 
phospholipase A2, ATPases, aldole reductase, phoshodiesterases, topoisomerase I and II, pro-
tein kinase C, phosphoinositide 3-kinase, protein kinase B (Akt/PKB), and mitogen-activated 
protein kinases (Esposito et al., 2002; Korkina and Afanas’ev, 1997; Nijveldt et al., 2001; 
Skibola and Smith, 2000; Williams et al., 2004). Some polyphenols have weak estrogenic 
properties, and others can inhibit the enzymes involved in estrogen metabolism, aromatase, 
and 17β-hydroxysteroid oxidoductase (Skibola and Smith, 2000).

The reduction of several diseases has been linked to polyphenols. Cardioprotection and 
a reduction in the incidence of certain types of cancer have been correlated with consump-
tion of phenolic antioxidants (Bravo, 1998; Ross and Kasum, 2002; Skibola and Smith, 
2000). Evidence also indicates that polyphenols have antiallergenic, antiviral, antibiotic, an-
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tidiarrheal, antiulcer, and anti-inflammatory properties. Polyphenols have been used to treat 
hypertension, vascular fragility, allergies, and hypercholesterolemia (Bravo, 1998; Korkina 
and Afanas’ev, 1997; Nijveldt et al., 2001), and have been implicated in the prevention of 
neurodegenerative diseases by their ability to protect neurons against oxidative stress. Even 
ascorbate, at concentrations 10-fold higher than those of the polyphenols, did not offer as 
much neuroprotection (Esposito et al., 2002; Williams et al., 2004). Polyphenols attenuate 
ischemia–reperfusion injury, suggesting that they might interfere with nitric oxide synthase 
activity, thereby inhibiting lipid peroxidation, decreasing the number of immobilized leu-
kocytes during reperfusion, and reducing complement activation, resulting in a diminished 
inflammatory response (Nijveldt et al., 2001). In addition to their antioxidant actions, 
they also influence neuroprotective and neurorestorative signal transduction mechanisms 
(Williams et al., 2004).

Epidemiological studies show an inverse relationship between stroke and polyphenol 
consumption (Ross and Kasum, 2002). The dietary intake of polyphenols varies greatly 
among different societies. Isoflavone intake from soy consumption ranges from 20 to 240 
mg/day for Asians and from 1 to 9 mg/day in the United States and Western populations 
(Manach et al., 2004; Skibola and Smith, 2000). Agricultural practices also can affect dietary 
intake of polyphenols. A region where a particular plant is grown will probably have the 
greatest consumption (Manach et al., 2004). The total consumption of flavonols, flavanones, 
flavanols, and isoflavones in Western cultures is estimated to be 100 to 150 mg/day. An 
accurate estimate of dietary intake of all polyphenols ingested is difficult to attain because 
of poor characterization of polyphenols in foods and the great variability of polyphenol 
concentration and “quality” within foods (Manach et al., 2004).

DISEASE STATES THAT ARE POTENTIALLY PREVENTABLE 
OR TREATABLE WITH FLAVONOIDS

Inflammatory Pain

Chronic pain is a leading cause of disability and high health-care costs in North Amer-
ica, Europe, and Australia. Although it is likely to be a significant problem in the developing 
countries as well, epidemiological data are not easily accessible. A recent systematic review 
of 13 studies reported the prevalence of chronic pain in developed nations to range from 10 
percent to 55 percent (Harstall and Ospina, 2003). These data indicate a higher prevalence 
of chronic pain among females than males. It is estimated that the annual cost of medical 
care and lost productivity in the United States as a result of chronic pain is estimated at $120 
billion (Harstall and Ospina, 2003). With the aging of the “baby boomers,” the incidence 
and cost of pain management is likely to increase. Pain practitioners have recognized that 
chronic pain is not merely a symptom, but is a disease with far-reaching consequences on 
several aspects of life: mood, concentration, motor performance, sleep, and social relations.

Arthritis ranks among the most common chronic pain conditions in the elderly, with 
studies suggesting that about half of Americans over 65 years suffer from the disease (CDC, 
2003; Feinglass et al., 2003). Although the elderly have the highest risk, approximately 
two-thirds of those afflicted with arthritis are below 65 years old. A third of the 66 mil-
lion Americans with arthritis must restrict their daily activities because of pain (Verbrugge 
and Juarez, 2006). A variety of disease states, such as rheumatoid arthritis, osteoarthritis, 
ankylosing spondylitis, lupus, and inflammatory bowel disease (e.g., Crohn’s disease and 
ulcerative colitis), are associated with inflammation of joints, resulting in pain, swelling, and 
loss of function in the affected limbs. Felson (2004) recently reviewed factors associated with 
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pain in those with osteoarthritis. Those with pain were more likely to have effusions, bone 
marrow edema, synovitis and synovial hypertrophy, and tendinitis and bursitis around the 
joint. Policy reports from the U.S. Department of Health and Human Services in 2000 called 
for more research on this common disabling condition.

In terms of overall burden on the population, arthritis ranks high in America and 
worldwide for medical costs, lost income, and lost years of disability-free life (Murry and 
Lopez, 1996; Reginster, 2002). Analysis of data from the National Health Interview Survey 
Disability Supplement Phase Two revealed that arthritis-disabled individuals get out less 
often than other disabled individuals, and have more disabilities related to personal care, 
household management, physical tasks, transportation, and work (Verbrugge and Juarez, 
2006). The disabilities result in fatigue, long task time, and pain. At the beginning of this 
century, it was estimated that arthritis treatment in America would exceed 2 percent of the 
gross domestic product, with estimated medical care costs for people with arthritis of $15 
billion annually and total costs (medical care and lost productivity) of almost $65 billion 
annually (Felson et al., 2000).

Ischemia and Hemorrhagic Stroke

Stroke

Stroke is a major cause of morbidity and mortality across all industrialized countries. It 
is the third leading cause of death in America and the number one cause of adult disability. A 
stroke occurs when a blood clot blocks an artery or when a blood vessel breaks, interrupting 
blood flow to an area of the brain. When either of these things happens, brain cells begin 
to die and brain damage occurs. As brain cells die, speech, movement, and memory can be 
lost. How a stroke patient is affected depends on the location of the stroke in the brain and 
the extent of brain damaged. For example, someone who has a small stroke may experience 
only minor problems, such as weakness of an arm or leg, whereas larger strokes may cause 
unilateral paralysis or loss of speech. Some people recover completely from strokes, but more 
than two-thirds of survivors will have some type of disability.

Types of Stroke

Ischemic Stroke Although blood clotting is normal and essential for stopping blood loss 
from wounds, in the case of stroke, blood clots are dangerous because they can block arteries 
and cut off blood flow, a process called ischemia. Ischemia can be caused by embolic and 
thrombotic strokes. In an embolic stroke, a blood clot forms somewhere in the body (usu-
ally the heart) and then travels through the bloodstream to the brain, where it eventually 
travels to a blood vessel small enough to block its passage. The clot lodges there, blocking 
the blood vessel and causing a stroke. The medical term for this type of blood clot is em-
bolus. In thrombotic stroke, blood flow is impaired because of blockage to one or more of 
the arteries that supply blood to the brain. The process leading to this blockage is known 
as thrombosis. Ischemic strokes also can occur as the result of an unhealthy blood vessel 
clogged with a buildup of fatty deposits and cholesterol. The body regards these buildups as 
multiple tiny, repeated injuries, and reacts as it would to bleeding from a wound; it responds 
by forming clots. Initial treatment for ischemic stroke involves removing the blockage and 
restoring blood flow. Tissue plasminogen activator (t-PA) is a medication that can break 
up blood clots and restore blood flow when administered within three hours of the event.
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Hemorrhagic Stroke Strokes caused by the breakage or rupture of a blood vessel in the 
brain are called hemorrhagic strokes. Hemorrhages can be caused by a number of disor-
ders that affect the blood vessels, including long-standing high blood pressure and cerebral 
aneurysms (weak or thin spots in the vessel wall). Aneurysms, usually present at birth, 
develop over a number of years, and usually do not cause detectable problems until they 
break. There are two types of hemorrhagic stroke: intracerebral and subarachnoid. In an 
intracerebral hemorrhage, primarily caused by hypertension, bleeding occurs from vessels 
within the brain itself. In a subarachnoid hemorrhage, an aneurysm bursts in a large artery 
on or near the thin, delicate membrane surrounding the brain. Blood spills into the area 
around the brain, thereby contaminating the cerebral spinal fluid that normally surrounds 
the brain. Treatment for hemorrhagic stroke usually requires surgery to relieve intracranial 
pressure caused by bleeding. Most of the damage caused by this type of stroke results from 
the physical disruption of brain tissue. Surgical treatment for hemorrhagic stroke caused 
by an aneurysm or defective blood vessel can prevent additional strokes. Surgery may be 
performed to seal off the defective blood vessel and redirect blood flow to other vessels that 
supply blood to the same region of the brain. Endovascular treatment involves inserting a 
long, thin, flexible tube (catheter) into a major artery, usually in the thigh, guiding it to the 
aneurysm or the defective blood vessel, and inserting tiny platinum coils, called stents, into 
the blood vessel through the catheter. Stents support the blood vessel to prevent further 
damage and additional strokes.

It is likely that the most effective therapeutic intervention should begin as soon as pos-
sible after the onset of stroke (Figure C-18). Considering that most stroke patients seek 
treatment after several hours, an intervention that could limit inflammation and delayed 
neuronal cell death (apoptosis-like) would be highly desirable. Flavonoids could fill this need 
by inducing the endogenous system, such as heme oxygenase, which we and others have 
shown to have antioxidant, anti-inflammatory, and anti-delayed-cell-death activity.

PUTATIVE MECHANISMS OF FLAVONOIDS

It is estimated that 80 percent of strokes are preventable, but there are no simple solu-
tions. Some measures include not smoking, exercising regularly, maintaining an appropri-
ate body weight, and limiting dietary intake of salt, alcohol, and saturated fat. People with 
hypertension, diabetes, or high cholesterol can reduce their risk for stroke through proper 
medication and appropriate lifestyle modifications.

Figure C-18.eps
bitmap

FIGURE C-18 Simplified pathobiology of stroke-induced damage, endogenous repair, and 
regeneration.
SOURCE: Adapted from Dirnagl et al., 1999.
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A vast amount of recent literature proposes that it is the polyphenols in numerous natu-
ral extracts that provide the beneficial effects, and that the benefits are mainly attributable 
to their potential to act as antioxidants. Among the polyphenols, the most abundant, and 
those with the greatest bioactivity, are the flavonoids, which are found in natural extracts, 
plants, and fruits. The antioxidant properties of natural extracts could be associated with the 
presence of flavonoids. We propose that the antioxidant properties likely result from the ini-
tiation of a cascade of intracellular events that lead to activation of endogenous antioxidant 
pathways. We believe that this mechanism is the most likely, as flavonoids do not reach suffi-
cient plasma levels to neutralize free radicals directly. Consequently, the flavonoids are likely 
to stimulate an intracellular signaling pathway that leads to cytoprotection (Figure C-19).

Several genes and proteins have been shown to be potential targets of flavonoids. Heme 
oxygenase (HO) is a strong candidate. We have shown that several polyphenols are potent 
inducers of HO protein levels, activity, and cytoprotection (Zhuang et al., 2003). The main 
function of HO is to cleave heme (iron-protoporphyrin-IX). That reaction liberates iron and 
generates carbon monoxide and biliverdin, which are rapidly converted to bilirubin. Modu-
lation of HO activity and levels most likely provides cytoprotection against free radical 
damage through degradation of heme (a prooxidant) into biliverdin/bilirubin (antioxidants). 
Using in vitro and in vivo models, we have shown that HO can be neuroprotective (Doré, 
2002). Heme oxygenase and its metabolites also have been associated with antiapoptotic 
and anti-inflammatory actions, and are known to have a vasodilatory effect.

Several other enzymatic systems have been suggested to be either directly or indirectly 

Figure C-19.eps
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FIGURE C-19 As a working hypothesis, we have proposed that flavonoids can be protective by 
enhancing the levels of heme oxygenase and, consequently, its multiple beneficial functions.
NOTE: ARE = antioxidant response element, BV = biliverdin, BR = bilirubin, CO = carbon monoxide, 
Fe2+ = ferrous iron, Keap 1 = Kelch-like ECH-associated protein 1, Nrf2 = NF-E2-related factor 2.
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modified by different members of the flavonoid family. For example, inflammation and carci-
nogenesis cause upregulation of cyclooxygenase-2 (COX-2) and tumor necrosis factor alpha 
(TNFα), which consequently lead to increased production and release of pro-inflammatory 
prostaglandins and cytokines. The inflammatory response can then activate and sensitize 
nearby nerve fibers, and result in persistent pain and hyperalgesia (Abbadie, 2005; Mantyh 
et al., 2002; Sorkin et al., 1997; Watkins et al., 1994; Woolf et al., 1997). Hence, prophy-
lactic or therapeutic interventions aimed at inhibiting COX activity can lead to cytopro-
tection. A number of flavonoids have shown promising anti-inflammatory properties. For 
example, using animal models of cancer and inflammation, investigators demonstrated that 
flavonoids in tea suppress arachidonic acid metabolism, leukotriene production, and COX 
activity (Huang et al., 2006; Metz et al., 2000). Cyanidin-3-glucoside from blackberries 
was efficacious in inhibiting COX-2 and TNF expression, an effect that led to inhibition of 
carcinogenesis (Cooke et al., 2006; Ding et al., 2006). Our published and preliminary studies 
indicate that flavonoids, such as (–)-epicatechin and cyanidin-3-glucoside, have significant 
COX-1 and COX-2 inhibitory activities (Seeram et al., 2001). Because COX-1 inhibition 
can lead to deleterious effects such as gastric bleeding, and COX-2 inhibition has anti-
inflammatory effects, it is important to clearly determine the effect of flavonoids on COX 
enzyme activity from both a therapeutic and safety standpoint.

Here, we propose that the protective properties of flavonoids primarily stem from HO-1 
induction, through which they provide the brain with resistance to a variety of neurological 
stresses (Figure C-20). Flavonoids have been shown to affect cerebral blood flow, cell death, 
and inflammatory processes, all of which are important therapeutic targets, because they are 
known to be factors in the development of acute and/or chronic neurodegenerative diseases. 
These vascular properties become especially important when considering that reduction in 
cerebral blood flow and lack of oxygen, followed by a reperfusion phase are likely to affect 
specific neurons and/or the cell types that are particularly vulnerable to free radical dam-
age. Consequently, preventing cell death is likely to have a beneficial effect on the rate of 
neuroinflammation and its consequences. Considering their actions and favorable effects, 
one can make a valid hypothesis that polyphenol flavonoids could precondition neurons 
against induced stress damage.

RATIONALE

One of the most popular explanations given for the benefits of bioactive nutrients is 
that they have antioxidant properties, but recent conflicting results reported in the literature 
question the validity of such general statements. Therefore, we have decided to concentrate 
on better understanding the purported properties of the functional foods by using various 
methodologies and models. Also, in numerous natural extracts, polyphenols are often cited 
as the main biologically active (or bioactive) components. Considering the wide variety of 
compounds included in the polyphenol class, we have decided to focus on the flavonoids. 
We already have demonstrated the neuroprotective efficacy of some flavonoids, and have 
developed a working hypothesis to be tested and developed in cellular and in vivo models. 
The research design of this endeavor will allow us to determine the efficacy of preventive and 
therapeutic protocols, and optimize the time course and doses with the preclinical models. 
That information then can be put to the challenge in a clinical trial.

Our research thus far has focused on the effect of flavonoids in ischemic stroke, though 
such work could be extended to other brain trauma. Again, taking into consideration the 
purported anti-inflammatory and antioxidant abilities of flavonoids, their actions are likely 
to have significant influence on the outcome of ischemia in the brain, an organ especially vul-
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FIGURE C-20 Non-exhaustive list of potential neurological benefits of regulating HO-1 with 
polyphenols.
SOURCE: Updated from Doré, 2005.
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nerable to inflammatory and oxidative stress injury. One of the richest flavonoid-containing 
foods is cocoa. It has been suggested for centuries to have medicinal properties. It appears to 
possess nearly twice the antioxidant level of red wine and up to three times that of green tea. 
The flavonoids in cocoa are principally flavanols, such as epicatechin and catechin. Based 
on reports that flavonoids have cardioprotective effects through blood flow regulation, their 
consumption has been suggested for use as potential preventive medicine and for treatment 
of neurological disorders. Brain cell death in acute and chronic neurodegenerative conditions 
is suggested to be mediated by free radical damage. Flavonoid structures normally lead one 
to predict their antioxidant properties, but the underlying cellular mechanisms have not been 
found. Knowing that the HO enzyme plays various roles in oxidative stress, blood flow, and 
cell death, we tested the hypothesis that HO activity could participate in flavonoid neuro-
protective function. Preliminary results reveal that cultured neurons treated with flavonoids 
induce HO-1 expression. Pretreatment of neurons is sufficient to provide protection, dem-
onstrating that co-treatment during induced oxidative stress is not necessary. This finding 
suggests that flavonoids may not be the direct cause of the protection, but that they might 
induce a neuroprotective pathway. The protective effect of the flavonoids is abolished by an 
HO inhibitor or a protein synthesis inhibitor. Therefore, specific HO-1 induction may be a 
novel mechanism by which flavonoids are protective. Our results show that cocoa flavanols 
affect stroke outcomes. In parallel, we have been investigating mechanisms of action in 
cultured neurons derived from wild-type control and knockout mice. This was one of the 
first studies to show a specific pathway by which cocoa-derived flavanol compounds can 
protect neurons in culture and in the brain. The study also revealed a mechanism by which 
those compounds might provide the brain resistance in acute and/or chronic neurological 
disorders.

DISCUSSION

Although the general public is targeted daily with claims that a “natural” compound 
will reduce inflammation, lessen cognitive decline, boost memory, prevent neurological 
diseases, etc., individuals and practitioners have the right to know what is effective and 
what is the proper dose. Moreover, although most claims of efficacy are based on potential 
antioxidant and anti-inflammatory properties, the most recent critical reviews suggest that 
such statements are probably inaccurate. There is also the misconception that because these 
extracts are natural, they do not have side effects, and that the more one consumes, the more 
benefits one would receive. When these extracts are used in clinical trials, it is important 
to know the appropriate dose range and maximal dose to be tested. Researchers should 
take advantage of well-established preclinical models to apply rigorous scientific testing to 
address these issues. Our goals over the years have been to examine alternative hypotheses 
regarding the direct antioxidant actions of phytochemicals. We have been investigating an 
indirect mechanism by which bioactive compounds could build intracellular or organ resis-
tance to free radical damage. Stimulation of an endogenous defense pathway would then 
attenuate inflammatory and cell death cascades.

Our emphasis here has been based on several factors:

•	 Elucidating	 the	 underlying	 mechanisms	 of	 action	 of	 nutraceutical	 therapies	 will	
facilitate their integration into conventional medical care. Thus, our goal has been 
to focus on addressing and testing mechanisms of action based on the most recent 
research. Accumulation of laboratory data has allowed us to develop hypotheses 
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to be tested, notably on the role of the transcriptional factor Nrf2 and HO as an 
antioxidant-protective enzyme. We believe that identifying the potential mechanisms 
of action can contribute to better acceptance and integration of nutraceutical thera-
pies into conventional medicine. The information will be of benefit to both patients 
and practitioners.

•	 Mechanistic	studies	of	nutraceutical	therapies	will	improve	the	identification	of	key	
study endpoints and, thus, will strengthen the design of nutraceutical clinical trials. 
Preventive medicine is a strategy by which natural or synthetic chemicals or biological 
agents are used to prevent health or medical problems before they arise. Despite ad-
vances in the treatment of numerous neurological disorders, morbidity and mortality 
remain high. Because most neurological diseases have no cure, prevention strategies 
can save many lives. Epidemiological data have suggested that numerous natural, 
biologically based practices may prevent diseases. Studies in our research labora-
tories have provided evidence that natural extracts and isolated compounds can be 
beneficial. Because preventive clinical trials typically require thousands of patients 
and decades of follow-up, it is important to consider the development of suitable 
surrogate markers that can be used to monitor the effect of bioactive treatment on 
a short-term and long-term basis. Efforts from various teams have been devoted to 
identifying key endpoints and testing potential surrogate markers. Such tools would 
help the research community to design future clinical trials of nutraceuticals.

•	 It	has	been	postulated	that	the	use of adequately defined products and optimal dos-
age schedules in studies decreases the risk of failures that might discourage further 
research into otherwise promising modalities. Therefore, for optimal study design, it 
is important to: (a) determine active ingredients, pharmacology, bioavailability, and 
optimal dosing; (b) identify surrogate markers; and (c) assess study feasibility. The 
goal is that outcomes of such studies will form the basis for designing larger trials 
with an enhanced ability to detect a meaningful positive effect, if any, of the therapy 
under study.

Thus, to investigate the mechanisms of action, we have been focusing on one family 
of active ingredients present in numerous bioactive nutrients—the flavanols and their me-
tabolites. By examining specific compounds, we can test specific hypotheses and potential 
actions. In so doing, we can better address pharmacology, bioavailability, and optimal dosing 
of the compounds. Appropriate support will allow various teams of investigators, including 
our own, to continue designing optimal protocols to use a given compound, will potentially 
help us to identify surrogate markers, and will certainly allow us to improve feasibility and 
determine the therapeutic and preventive efficacy of given members of the flavonoid family. 
We also understand that by testing an active ingredient to better address mechanisms of 
action, it is also important, in most cases, to test naturally enriched standardized extracts.

In the literature, recent results from various clinical trials of natural biologically active 
approaches have yielded negative data. These negative results have raised concerns, espe-
cially regarding appropriate dosages. Negative results are informative; however, carefully 
conducted dose-response studies that use preclinical models are needed. In response to the 
goals of this specific Institute of Medicine study, it is important to use and further develop 
preclinical models to begin resolving some of these issues that are often associated with 
bioactive nutraceutical research.

The general public and funding agencies are paying close attention to biologically based 
practices, including foods and food components, dietary supplements, and functional foods. 
One of the purported active ingredients often cited in food supplements is a group of com-
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pounds called polyphenols. To limit the complexity of this wide family of compounds, we 
will first focus our efforts on a subset of the polyphenols that is postulated to provide the 
main bioactivity: the flavonoids. We already have reported substantial evidence regarding 
the neuroprotective effects of flavonoids in both in vitro and in vivo models, though we 
recognize that additional research is most likely required. Once mechanisms of action have 
been better explored and delineated, the plan will be to test these natural compounds and/
or enriched extracts. We believe that results from this research endeavor could be applied 
to various acute neurodegenerative disorders.

CONCLUSIONS

Bioactive nutrients often are used because of their purported beneficial properties, such 
as free radical scavenging and/or inhibition of enzymes involved in the inflammatory cas-
cade. Although these beneficial effects have been shown in test tubes or in cultured cells, 
we and others believe that the mechanism responsible for these effects is not through direct 
neutralization of free radicals. It is unlikely that any of the bioactive compounds or their 
metabolites reach sufficient levels in the bloodstream to directly fend off free radical-induced 
cellular damage or inhibit enzymes. Thus, the specific mechanisms of action of most of these 
compounds are still unknown. Based on our ongoing research, we have been proposing that 
these compounds, even at very low levels in the organism, would be sufficient to initiate 
an intracellular defense against environmental or pathological stress. Our central working 
hypothesis is that flavanols, instead of acting as direct antioxidants, stimulate the Nrf2 path-
way and induce an antioxidant/protective enzyme, such as HO-1, thus providing cellular and 
tissue resistance to damage generated by oxidative stress. We already have found that HO-1 
is inducible by the flavanols. HO has been characterized as an antioxidant enzyme that cata-
lyzes the degradation of heme, a prooxidant, into the antioxidants, biliverdin and bilirubin.

By addressing optimal doses, limitations, side effects, and mechanisms of action, such re-
search could help both the general public and health-care providers make informed decisions 
on whether or not the given biologically active modalities should be accepted for preven-
tion or as adjunct treatment for specific medical conditions. Multidisciplinary approaches, 
including disciplines such as neurobiology, pharmacology, imaging, biomarkers, and cellular/
molecular biology, should be encouraged. We believe that the synergistic projects proposed 
have potentially high impact and present innovative concepts. The goal is that such efforts 
would result in synergistic discoveries and optimal plans for the most rigorously executed, 
randomized clinical trials.
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Overview of Therapeutics for Traumatic Brain Injury

Edward D. Hall24

INTRODUCTION

The pathophysiology of traumatic brain injury (TBI) is divisible into two components. 
The first component is the “primary” mechanical injury to the brain tissue involving the 
shearing, stretching, or twisting of neuronal axons and dendrites and vascular elements. The 
only way to minimize this primary mechanical insult involves avoidance of the injury or the 
use of protective head gear to minimize any blunt impact or penetrating trauma to the skull 
and brain contained within. The only therapeutic approach to compensating for the brain 
damage done by the primary mechanical event involves finding a means to (1) stimulate the 
process of neurogenesis to form new neurons to replace those that have been lost or angio-
genesis to form new blood vessels to restore adequate tissue perfusion and oxygen delivery, 
(2) to enhance the regeneration of the new axons from injured, but surviving, neuronal cell 
bodies, or (3) to somehow increase the plasticity of the axons and nerve terminals of surviv-
ing (i.e., uninjured) neurons so that they can branch and form new synaptic connections to 
functionally compensate for the degenerated cells and their lost postsynaptic connections. 
Although a number of pharmacological and gene therapeutic approaches for achieving each 
of these options are under investigation, the translation of these to clinical use is still many 
years away.

The second component of the TBI-induced brain damage involves a complex patho-
physiological cascade of events that is set in motion by the primary injury, develops over the 
first seconds, minutes, hours, and days, and leads to progressive “secondary” microvascular, 
neuronal, and glial cell degeneration. This cascade has been shown to be extraordinarily 
complex, and the individual molecular events are linked through a number of feed-forward 
and feed-back pathways. However, based upon our knowledge of much of the secondary 
injury process, a number of therapeutic targets have been identified by which posttraumatic 
brain damage can be attenuated either pharmacologically, targeting individual second-
ary injury mechanisms, or by induction of brain cooling (i.e., moderate local or systemic 
hypothermia; decrease in brain temperature from ~37 to 33°C), which has been shown to 
simultaneously interfere with multiple secondary injury molecular targets.

Although TBI can victimize active individuals at any age, most injuries occur in young 
adults in the second and third decades of life. This includes a large number of blast-induced 
TBIs to our war fighters in the Iraq and Afghanistan theaters in the War on Terror mainly 
caused by improvised explosive devices (IEDs). Moreover, the majority of civilian and 
military TBI patients now survive their neurological insults owing to improvements in 
emergency, neurological intensive care and surgical treatments. Nevertheless, the need for 
intensive rehabilitation and the reality of prolonged disability exacts a significant toll on 
the individual, his or her family, and society. Effective ways of maintaining or recovering 
function could markedly improve the outlook for those with TBI enabling higher levels 
of independence and productivity. However, at present, there are no clinically proven and 
Food and Drug Administration-approved pharmacological therapies for acute treatment 
of TBI patients aimed at mitigating the damaging neurological effects of their injuries. 
Moreover, the efficacy and optimal application of moderate systemic hypothermia remains 
to be established. Nevertheless, the possibility of an effective “neuroprotective” treatment 

24 Spinal Cord & Brain Injury Research Center, University of Kentucky College of Medicine.
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is derived from the fact that although some of the neurodegeneration is due to the primary 
mechanical trauma, the majority of posttraumatic damage is the result of secondary events 
that exacerbate the effects of the primary injury. Figure C-21 displays a schematic diagram 
that includes many of the key molecular players in secondary injury that have been ex-
perimentally targeted by pharmacological neuroprotective drug candidates and in the case 
of glutamate receptor-medicated excitotoxicity, intracellular calcium (Ca2+) overload, and 
reactive oxygen-induced oxidative damage have been the subject of clinical trials during the 
past 2 decades.

However, as shown in Table C-9, several compounds that have targeted these mecha-
nisms in phase II and III clinical trials in moderately and/or severely injured TBI patients 
have failed to produce a significant improvement in survival and neurological outcomes.

FIGURE C-21 Schematic of posttraumatic secondary injury showing the cascade of pathophysi-
ological and pathochemical players and their inter-relationships. Reprinted with permission from Hall.
NOTE: AA = arachidonic acid; AMPA = α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; 
COX1 = cyclooxygenase 1; COX2 = cyclooxygenase 2; LTs = leukotrienes; NMDA = N-methyl-D-
aspartic acid; NOS = nitric oxide synthase; ONOO– = peroxynitrite; PGF2α = prostaglandin 2α; TBI 
= traumatic brain injury; TXA2 = thromboxane A2; 5-LO = 5-lipoxygenase
SOURCE: Hall, 2007.
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MAJOR FINDINGS FROM THE 2008 NIH COMBINATION 
THERAPIES FOR TBI WORKSHOP

The failure of these clinical trials to demonstrate the clinical effectiveness of these vari-
ous neuroprotective agents has been attributed to a number of shortcomings in discovery, 
development, and clinical testing including (1) an insufficient understanding of the secondary 
injury mechanisms, time courses, and inter-relationships, (2) inadequate preclinical testing 
in regards to dose-response, definition of therapeutic blood levels, optimal duration of treat-
ment and the therapeutic post-TBI time window in which it is possible to interrupt the tar-
geted injury mechanism, and (3) poorly conceived clinical trial design, insensitive endpoints, 
and lack of recognition that not all TBIs have the same pathophysiological characteristics 
(i.e., there are subgroups of TBI patients that might selectively respond to particular types 
of drugs) (Narayan et al., 2002). In regard to the possibility that particular drugs may be ef-
fective in some types of TBIs, the antioxidant/lipid peroxidation inhibitor tirilazad, listed in 
Table C-9, has been reported to significantly improve survival in male TBI patients who dis-
played traumatic subarachnoid hemorrhage (tSAH) despite the fact that this subgroup effect 
was statistically obscured in the overall group of moderate and severe TBI patients enrolled 
in the trial (Marshall et al., 1998). Similarly, there is evidence that the L-type Ca2+ channel 
blocker nimodipine may also be selectively effective in tSAH patients (Harders et al., 1996).

Recommendations from the 2008 National Institutes of Health (NIH)  
Combination Therapies for TBI Workshop

In addition to the reasons for the disappointing failures of past TBI therapeutic trials 
already mentioned, it has been suggested that the multi-factorial post-TBI secondary injury 
cascade (Figure C-21) may require treatment with a combination of therapeutic agents that 
simultaneously interrupt the cascade at multiple points in order to achieve a clinically sig-
nificant effect in human TBI. This possibility was considered in detail at an NIH workshop 
held in 2008 from which several recommendations were elaborated (Margulies and Hicks, 
2009). The objectives of the workshop were to:

1. identify promising therapies (mainly pharmacological) that would logically be ex-
pected to produce an additive neuroprotective effect when combined,

2. consider the challenges involved in preclinical and clinical testing of combination 
treatments, and

TABLE C-9 Compounds That Have Failed to Produce an Overall Improvement in Phase 
III (or large Phase II) TBI Trials

Compound and Pharmaceutical Sponsor Mechanism(s) of Action

Nimodipine (Nimotop; Bayer) L-type Ca2+ channel blocker
Selfotel (CGS19755; Ciba-Geigy) competitive NMDA antagonist
D-CPP-ene (Sandoz) competitive NMDA antagonist
Aptiganel (CNS1102; Cambridge Neuroscience) non-competitive NMDA antagonist
CP 101,606 (Traxoprodil; Pfizer) non-competitive NR2B subtype selective NMDA antagonist
PEG-SOD (PEG-orgatine; Sterling-Winthrop) free radical scavenger
Tirilazad (U-74006F, Freedox; Upjohn) lipid peroxidation inhibitor
Dexanabinol (HU211; Pharmos) non-competitive NMDA antagonist; antioxidant; TNF-α 

inhibitor
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3. optimize strategies for developing combination therapies or single agents that may 
be capable of affecting multiple secondary injury mechanisms simultaneously.

Table C-10 lists some of the leading therapeutic approaches that were identified by the 
workshop attendees.

The combination therapy workshop also detailed several recommendations related to 
the future preclinical and clinical testing of combination therapies for TBI. These include

1. selecting combinations that target different and complimentary mechanisms of action,
2. validating surrogate markers to monitor treatment effects in animal models and 

humans,
3. developing in vitro, animal, and clinical platforms for coordinated studies across 

laboratories,
4. using efficient designs for preclinical and clinical trials and data analysis,
5. becoming informed of FDA regulations that need to be considered in moving toward 

TBI clinical trials with combinations of single agents that may only be effective when 
used together (similar to many cancer chemotherapeutic strategies),

6. adopting a uniform standard of care for clinical trials, and mimicking those standards 
in preclinical studies, and

7. establishing a shared database of positive and negative clinical and preclinical data.

Evidence that a combination of two mechanistically distinct neuroprotective drugs might 
achieve a significantly better degree of neuroprotective efficacy than each monotherapy has 
been observed in at least one instance. A phase III clinical trial in aneurysmal SAH showed 
that the combined use of the Ca2+ channel blocker nimodipine and the lipid peroxidation 
inhibitor tirilazad resulted in significantly greater decrease in mortality and an improvement 
in the distribution of Glasgow Outcome Scale scores compared to that observed in patients 
treated with nimodipine alone (Kassell et al., 1996).

INTRINSIC DIFFERENCES IN POSTTRAUMATIC BRAIN AND 
SPINAL CORD NEUROPATHOLOGY AND IMPLICATIONS FOR 

NUTRITIONAL INTERVENTIONS FOLLOWING INJURY

The major structural difference between the brain and spinal cord is that the former 
has a higher ratio of gray matter (containing neuronal cell bodies, dendrites, and synaptic 
connections) to white matter (composed of myelinated axonal fiber tracks) while the spinal 
cord has a higher white to gray matter ratio. In other words, compared to the brain, which 
is an exceedingly complicated structure, the spinal cord is predominantly a cable that carries 
sensory information from the periphery up to the brain and brain-initiated motor commands 
down to the muscles of the body. However, despite this difference in structural and func-
tional complexity, an extensive body of research accumulated over the past three decades has 
demonstrated that there is a great deal of overlap in the molecular pathophysiology of TBI 
and spinal cord injury (SCI). All of the leading molecular mechanisms involved in second-
ary injury following acute TBI also are implicated in the secondary injury after SCI. These 
include glutamate-mediated excitotoxicity, intracellular Ca2+ overload, and free radical-
induced oxidative damage. Indeed, the TBI secondary injury cascade schematic shown in 
Figure C-21 is essentially accurate for SCI.

Recent research in my own laboratory has compared the time course of reactive oxygen 
species oxidative damage in rodent models of TBI and SCI and finds that this secondary in-
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jury mechanism is initiated during the first posttraumatic hour in both instances. In the case 
of the injured brain, oxidative damage products tend to peak during the first 3 hours and 
return to the preinjury baseline by 24–48 hours (Deng et al., 2007). In contrast, oxidative 
damage products do not peak in the injured spinal cord until 24 hours, but they persist for 
at least a week (Carrico et al., 2009). Similarly, the peak of brain mitochondrial oxidative 
damage and bioenergetic dysfunction occurs at 12 hours after injury (Singh et al., 2006), but 
not until 24 hours in the case of mitochondrial isolated from the injured spinal cord (Sullivan 
et al., 2007). Despite these time course differences, acute treatment with the reactive oxygen 
scavenger tempol is able to attenuate oxidative damage and preserve mitochondrial function 
equally well in both TBI and SCI (Deng-Bryant et al., 2008; Xiong and Hall, 2009). On the 
other hand, additional studies have shown that spinal cord mitochondria produce more reac-
tive oxygen species compared to brain mitochondria (Sullivan et al., 2004), and spinal cord 
mitochondria are more sensitive to bioenergetic impairment by oxidative damage products 
than are brain mitochondria (Vaishnav et al., 2010). What these differences mean from a 
translational perspective in regard to trying to achieve neuroprotective effects with either 
acute postinjury pharmacological antioxidant administration or the prophylactic protective 
effects of preinjury dietary antioxidant (e.g., alpha tocopherol, ascorbic acid, CoQ10) intake 
is that while these strategies should be effective in either TBI or SCI, it may take larger doses 
and a longer duration of treatment to achieve protection after SCI.

LEADING ANTIOXIDATION, ANTI-INFLAMMATORY THERAPEUTICS 
FOR TBI AND THEIR APPLICABILITY TO BLAST INJURIES

The study of blast-induced TBI is a relatively new aspect of neurotrauma research that 
has taken off during the past few years largely because of its prevalence in the War on Ter-
ror. However, the available pathophysiological data obtained from animal models of blast 
injuries strongly suggest that the pathophysiological secondary injury cascade after blast TBI 
includes most, if not all, of the molecular mechanisms that have been documented to occur 
in mechanical blunt impact or penetrating types of TBI. For instance, studies in blast TBI 
models thus far have confirmed that the general features of mechanical TBI including dif-
fuse axonal injury, glutamate-mediated excitotoxicity, free radical generation and oxidative 
damage, disruption of Ca2+ homeostasis, calcium-activated proteolysis, blood-brain barrier 
breakdown, tissue hemorrhage, cerebral vasospasm, inflammation, and altered brain me-
tabolism also are seen in blast-induced TBI (Margulies and Hicks, 2009). Thus, even though 
preclinical studies focused on blast injuries have been mainly directed at model develop-
ment and description of neuropathology and pathophysiology, rather than experimental 
therapeutics, it is reasonable to predict that as the blast TBI field moves forward, single 
or combination therapies (see Table C-10) that are demonstrated to be neuroprotective or 
neurorestorative in models of mechanical trauma and in humans, also might be useful for 
the treatment of blast TBI.

Findings on Creatine and TBI and Applicability to Blast Injuries

Creatine is an amino acid that is endogenously produced in the liver, kidney, and pan-
creas from the precursor amino acids glycine, methionine, or arginine by the action of the 
enzyme creatine kinase. Creatine monohydrate has been used extensively by athletes as a 
performance-enhancing supplement and been shown to increase creatine levels in brain as 
well as muscle tissue (Andres et al., 2008). The creatine kinase/phosphocreatine system plays 
a major role in neuronal energy metabolism, and creatine supplementation has been shown 
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TABLE C-10 Currently Promising TBI Therapies—Interventions with Some Reasonable 
Amount of Preliminary Preclinical or Clinical Data Supporting Their Neuroprotective or 
Neurorestorative Efficacy

Intervention

Citicoline membrane repair
Erythropoietin multiple neuroprotective and neurorestorative actions
Hypothermia inhibits many secondary injury mechanisms
Progesterone multiple neuroprotective actions
Cyclosporine A mitochondrial protection
Statins increased nitric oxide produce → improved cerebral blood flow (CBF)
Hypertonic saline improved CBF, reduce edema, etc.

to increase the process of neurogenesis (Andres et al., 2008). Moreover, creatine supplemen-
tation has been shown to be neuroprotective in animal models of hypoxic brain damage 
(Balestrino et al., 1999; Holtzman et al., 1998), Parkinson’s disease (Matthews et al., 1998), 
and amyotrophic lateral sclerosis (Klivenyi et al., 1999).

Based upon these findings, there has been interest in exploring changes in brain cre-
atine levels and the potential neuroprotective effects of creatine supplementation in the rat 
controlled cortical impact TBI model, which is characterized by a contusion injury. It has 
been reported that creatine and phosphocreatine levels are decreased in the peri-contusional 
cortical tissue by 35 percent (Schuhmann et al., 2003). A single study using the same rat 
TBI model has examined the neuroprotective effects of creatine supplementation 3 mg/g 
body weight for 1, 3, or 5 days before injury, and observed that creatine supplementation 
for 3 days reduced cortical tissue damage by 21 percent whereas 5 days caused a 36 per-
cent decrease. These results show that the protective effects are related to the duration of 
supplementation, but are apparent within a few days. However, additional experiments in 
the same study showed that 4 weeks of dietary creatine supplementation (1 percent in the 
diet) could achieve a 50 percent reduction in cerebral cortical damage (Sullivan et al., 2000). 
Furthermore, cortical synaptic mitochondria isolated at 4 weeks from creatine-supplemented 
TBI animals showed significantly less free radical formation and improved mitochondrial 
membrane potentials, Ca2+ homeostasis, and adenosine triphospate (ATP) levels compared 
to non-supplemented brain-injured rats. A subsequent investigation by the same laboratory 
found that creatine-supplemented TBI rats showed significantly lower levels of brain lactate 
during the first 6 post-injury hours providing further evidence of neuronal mitochondrial 
functional preservation as a result of chronic creatine supplementation. While these results 
tend to support the potential brain-protective value of dietary creatine supplementation in 
either athletes engaged in contact sports or war fighters, additional preclinical research is 
needed to accurately define the creatine dose-response characteristics, the needed duration 
of treatment, efficacy in different types of TBI, and its safety during chronic use.

NUTRIENTS OR DIETS THAT HAVE SHOWN PROMISE AND 
WARRANT FURTHER RESEARCH REGARDING ACUTE 

NEUROPROTECTION OF IMPROVED RECOVERY FROM TBI

Beyond the potential neuroprotective benefits of dietary creatine supplementation, per-
haps the most convincing body of data regarding the beneficial effects of nutrients or diets 
has to do with the protective effects of various compounds that possess antioxidant (i.e., 
free radical scavenging) properties. The phenolic compounds curcumin (Sharma et al., 2009; 
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Wu et al., 2006), vitamin E (Badhe et al., 2007; Clifton et al., 1989; Conte et al., 2004; 
Flanary and Streit, 2006; Hall et al., 1992a, 1992b; Wu et al., 2010), and resveratrol (Ates 
et al., 2007; Sonmez et al., 2007); the indoleamine melatonin (Beni et al., 2004; Cirak et al., 
1999; Mesenge et al., 1998; Ozdemir et al., 2005a, 2005b); and alpha lipoic acid (Toklu 
et al., 2009) have all been shown to exert a protective effect in animal models of TBI (Figure 
C-22). Additionally, melatonin (Gul et al., 2005; Liu et al., 2004; Samantaray et al., 2008) 
and vitamin E (Hall and Wolf, 1986; Hall et al., 1992b) have been reported to exert vascular 
and/or neuronal protective in models of SCI. In each of these cases, the protective effects 
were demonstrated to be due to their antioxidant properties (i.e. a reduction in oxidative 
damage). However, it should be noted that daily high dose supplementation with vitamin E 
can take as much as eight weeks of before a significant increase in central nervous system 
parenchymal tissue levels occurs (Machlin and Gabriel, 1982). Therefore, the full extent of 
the neuroprotective effects of chronic vitamin E supplementation is probably not fully devel-
oped until that time. Consistent with that, it has been shown that a chronic two-fold dietary 
supplementation with vitamin E required 16 weeks before cerebrovascular protection was 
observed in an animal model of subarachnoid hemorrhage (SAH) (Travis and Hall, 1987).

In addition to chemically scavenging free radicals, there is increasing interest in the pos-
sibility of nutraceutically or pharmacologically inducing endogenous enzymatic antioxidant 
defense mechanisms. In that regard, experimental attention has recently been increasingly 
focused on the transcription factor Nuclear factor E2-related factor (Nrf2) which interacts 
with the antioxidant response element (ARE) of various cytoprotective and free radical 

Figure C-22.eps
bitmap

FIGURE C-22 Chemical structures of various nutraceuticals possessing antioxidant properties that 
are protective in preclinical neurotrauma models. Each of them has the ability to scavenge (i.e., donate 
an	electron)	to	a	lipid	peroxyl	radical	(LOO•)	to	interrupt	the	process	of	lipid	peroxidation.	In	the	
case of resveratrol, curcumin and vitamin E, the electron donation comes from the single or multiple 
phenolic hydroxyl groups. Moreover, certain fruits, vegetables, dark chocolate and green tea which 
are all high in the content of polyphenolic antioxidants have also been reported to be neuroprotective.
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detoxifying genes. Evidence is rapidly accumulating which shows that the induction of the 
Nrf2/ARE pathway is a potential therapeutic target for acute neurological injury and chronic 
neurodegenerative diseases (Calkins et al., 2009). An increasing number of naturally occur-
ring or synthetic compounds have been shown to be able to induce Nrf2 activation and to 
exert tissue protective effects in brain and other organ systems. Nrf2 is normally repressed 
in the cytoplasm by binding to the Kelch-like ECH-associated protein 1 (Keap1), where it is 
rapidly degraded by the ubiquitin-proteasome system. However, one of the prototype Nrf2/
ARE pathway activators is sulforaphane, a compound found in high concentrations in broc-
coli that has been demonstrated to inhibit the proteasomal degradation of Nrf2 resulting in 
its nuclear accumulation and hence an increased activation of Nrf2-regulated genes. In a rat 
TBI model, Nrf2 protein, but not mRNA levels, have been shown to increase in injured and 
surrounding brain areas after TBI along with an increase in mRNA levels of the antioxidant 
enzymes heme oxygenase-1 (HO-1) and NADPH quinone oxidoreductase-1 (NQO1). This 
appears to represent an endogenous neuroprotective oxidative stress response (Yan et al., 
2009; Yan et al., 2008). However, this response can be pharmacologically enhanced. For 
instance, sulforaphane administration has been reported to protect the blood brain barrier 
(Zhao et al., 2007), reduce brain edema (Zhao et al., 2005) and improve cognitive recovery 
(Dash et al., 2009) in rodent TBI models. Curcumin, one of the phenolic radical scavengers 
mentioned above, has also been shown to upregulate Nrf2 levels and HO-1 expression and 
to protect rat brains against focal ischemia (Yang et al., 2009).

SUMMARY

Much of the damage and neurological dysfunction after TBI or SCI is not due to the 
effects of the primary mechanical trauma, but rather to a molecular cascade of secondary 
events. In animal models, these have been shown to be potentially modifiable by promptly 
administered pharmacological treatments that target individual secondary injury factors 
such as glutamate-mediated excitotoxicity, free radical production and oxidative damage, 
intracellular Ca2+ overload, mitochondrial dysfunction, etc. However, phase II and III clini-
cal trials of compounds that target specific factors and are neuroprotective in animal models 
have failed to produce a significant improvement in outcome in populations of moderately 
or severely injured TBI patients. The only exception of note has been the observation that 
certain TBI patient subgroups may be selectively benefitted by certain types of compounds 
(e.g. reduction in mortality in patients with traumatic SAH by the antioxidant tirilazad or 
the L-type Ca2+ channel blocker nimodipine).

One of the possible reasons for the failure of various compounds to produce a convinc-
ing effect in clinical trials may be that the secondary injury cascade is too complex to be 
adequately inhibited by interference with a single pathomechanism. Thus, contemporary 
neuroprotective research includes the testing of combination pharmacotherapies that are 
made up of two agents that simultaneously act at complimentary target sites based upon the 
idea that a more robust and/or a less variable effect may be achievable. Another option along 
these lines is to utilize what are variously called “multi-potential,” “multi-mechanistic,” or 
“pleiotropic” compounds that possess the ability to protect the injured brain by multiple 
mechanisms. Two such compounds that are being examined in clinical TBI trials are the 
hormone progesterone and the immunosuppressive agent cyclosporine A, each of which have 
shown impressive neuroprotective properties in rodent TBI models.

Neuroprotective strategies that are shown to work in civilian TBIs can also reasonably 
be expected to be beneficial in military blast-induced TBIs and SCI in which the secondary 
injuries cascades are similar. In addition to monotherapies or combination therapies that 
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might be shown to be acute postinjury treatments for civilian and military injuries in the 
years to come, there is also evidence that certain dietary supplements (e.g. creatine, various 
antioxidants, Nrf2/ARE pathway activators) may be observed to be both safe and effective 
for prophylactic neuroprotection in both civilians and military personnel.
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Glycemic Control in the Critically Ill and in Brain Injury Patients

Stanley A. Nasraway, Jr.25

GLYCEMIC CONTROL IN THE CRITICALLY ILL: OVERVIEW

The publication in 2001 of the now famous Leuven I trial (Van Den Berghe et al., 2001) 
showed that tight glycemic control in a population of surgical critically ill patients could 
improve survival and could reduce multiple organ failure and nosocomial infection. This 
past decade as witnessed a great deal research dedicated to confirming these initial findings.

Leuven I (Van Den Berghe et al., 2001) unleashed a torrent of skepticism, excitement and 
investigation into tight glycemic control. Google searches of “tight glycemic control” and 
“intensive insulin” produce 80,900 and 334,000 results, respectively. After entering a new 
decade, where are we? There is a great deal that we do not know, in part, because this field 
of discovery has been disadvantaged by inconsistencies in research methodology. Among 
differences in the studies are casetype selection, targeted ranges of blood glucose, inconsis-
tency in the frequency of blood glucose monitoring, variability in the accuracy of glucometer 
devices used, in the methods used to define euglycemia, whether insulin dosing was driven 
by paper protocol or software algorithm and nonstandardization in caloric intake. Starting 
with Leuven I, all of the prospective studies conducted to date are vulnerable to significant 
methodologic criticisms (Nasraway Jr. and Rattan, 2010). We also really have no conclusive 
understanding on the biologic plausibility to explain how intensive insulin would decrease 
death or organ failure or nosocomial infection. Is it through anti-inflammatory pathways, 
because insulin is a vasodilator that may increase microperfusion, or by other unrealized 
mechanisms of action? In some ways, the scientific evolution of this field resembles that of 
Sepsis research from 1985–2005, in which the study of anti-inflammatory compounds was 
severely hindered by lack of standardization in the total treatment for patients with severe 
sepsis, with too many confounding and uncontrolled variables (Nasraway Jr., 1999).

25 Department of Surgery, the Tufts Medical Center and the Tufts University School of Medicine.
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After all of these studies, what do we actually know? What are the consistent threads? 
This is what we know with certainty:

1. Hyperglycemia is bad. Falciglia (2009) convincingly showed in an analysis of 259,040 
intensive care unit (ICU) patients that hyperglycemia (glucose > 110 mg/dL) was as-
sociated with mortality independent of illness severity, type of ICU or length of stay. 
Consistent with the findings of others, the two-thirds of patients who are nondiabetic 
benefit more from insulin than do diabetics.

2. Hypoglycemia is bad. An incidental and constant observation from many studies is 
that severe hypoglycemia (glucose < 40 mg/dL) in a population of patients by logistic 
regression is associated with a 6-fold increase in death (Griesdale et al., 2009). It 
would not be surprising to find with additional study that even mild hypoglycemia 
has long lasting but subtle neurologic consequences that are not clinically evident 
or measured. Hypoglycemia is particularly detrimental to the brain, which neither 
produces nor stores glucose, but is entirely dependent upon cerebral glucose delivery.

3. Critically ill patients typically sustain large swings in blood glucose, even with insulin 
administration (Finney et al., 2003). Sustaining the blood glucose within a target 
range in a hypermetabolic patient with changing gluconeogenic drivers in a 24-hour 
day is enormously challenging, frequently outstripping the crude tools used at the 
bedside to measure blood glucose and respond to its variation in concentration.

4. Software-driven insulin dosing is better than paper-driven insulin protocols. Software 
integrates all of the glucose measurements and all of the previous insulin adjustments 
to determine the next best insulin dose. Software appears to reduce glucose variabil-
ity and sustain glucose within the target range for prolonged periods of time (Juneja 
et al., 2009). There are now many software programs tested and/or available.

5. Handheld blood glucometers, originally intended for use by Type I diabetic outpa-
tients in the 1980s, are not accurate enough in the ICU environment (Kanji et al., 
2005), and are very laborious to use. In the United States, the Food and Drug Admin-
istration in March of 2010 hosted a public inquiry into glucose meters, after which it 
is redefining what it will accept in the way of accuracy by blood glucose measurement 
devices in the hospital setting going forward. It has asked the international standards 
body to reset its limits for accuracy for glucometers. Current generation handheld 
devices now in use will not make the cut.

6. The more frequent the blood glucose measurement, even with handheld glucometers, 
the less hypoglycemia experienced by patients and the tighter the glycemic control 
(Cook et al., 2008b). Frequency is crucial, however laborious it may be.

What Can We Expect Going Forward?

We can expect that the world will continue to use intensive insulin, but that the range 
that defines “tight” will be narrowed as it becomes more achievable. We can expect that 
there will be more emphasis on defining hypoglycemia, and in avoiding it with greater rigor. 
We can expect a movement towards insulin-dosing software, as the development of many 
programs appears to be simple, and competition will force down the cost of purchase and 
use. Software-insulin dosing has hidden advantages: it forces more blood glucose monitoring 
and also provides an instant database for analysis. We will someday be using glucometers 
that are engineered to be more accurate, especially in the hypoglycemic range, avoiding 
pitfalls in today’s instruments due to chemical interferences and specific disease conditions. 
Importantly, these devices will be continuous or near continuous, and by their nature will be 
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less arduous. At the same time, manufacturers will need to make these devices affordable, or 
their uptake will be slowed. The frequency of blood glucose measurements by these devices 
will dramatically make safer the continuous administration of insulin.

Improving the accuracy of blood glucose measurements and standardizing the determi-
nation of insulin dosing with better methods will produce better quality research, synergizing 
global convergence on tight glycemic control, reduced glucose variability and better patient 
outcomes.

GLYCEMIC CONTROL IN ACUTE BRAIN INJURY

Research into blood glucose management for patients with acute brain injury has been 
a representative microcosm of the larger field of glycemic control in the critically ill. Numer-
ous studies have demonstrated that hyperglycemia in patients after stroke or other forms 
of acute brain injury is deleterious and worsens outcome (Bilotta et al., 2009; Cook et al., 
2008a). Van den Berghe and colleagues (2005) retrospectively analyzed 63 patients from 
their original study; these patients had sustained isolated brain injury. Patients who had 
been randomized to intensive insulin therapy sustained decreases in the mean and maximal 
intracranial pressure. This, in turn, was associated with improved long-term recovery in 
comparison with those patients who had received conventional glycemic management.

However, a very important study examined the effects of tight glycemic control on 
cerebral glucose metabolism after severe brain injury. Tight glycemic control, even without 
systemic hypoglycemia, was associated with decreased brain glucose and increases in brain 
energy crises (Oddo et al., 2008). The latter was associated with an increase in death. The 
study has raised questions about the value of very tight glycemic control.

There have since been four prospective randomized controlled trials examining the 
benefits of intensive insulin in patients with subarachnoid hemorrhage (Bilotta et al., 2007), 
traumatic brain injury (Bilotta et al., 2008; Coester et al., 2010), or in a heterogeneous group 
of mechanically ventilated critically ill neurologic patients (Green et al., 2010). Overall, there 
were no differences in the rates of infection, neurologic recovery, or mortality rate. The re-
sults of these studies have frustrated advocates for very tight glycemic control.

It is clear that severe hyperglycemia in patients with acute brain injury is deleterious. 
However blood glucose concentrations which are normal, but tightly regulated, may also 
be deleterious with a reduction in brain glucose availability. As a result the best overall 
recommendation has been to achieve a broader range of glycemic control while avoiding 
hypoglycemia in this especially sensitive population. Bilotta et al. (2009) have suggested a 
blood glucose concentration target range of 80–155 mg/dL.
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Mitochondrial Dysfunction Following  
Traumatic Brain Injury (TBI):  

Potential of Creatine as a Neuroprotective Strategy

Patrick G. Sullivan26

INTRODUCTION

Although TBI is a major healthcare problem in the United States, there are currently no 
pharmacological interventions approved for clinical treatment of this condition. TBI affects 
about 7 million individuals each year in North America. However, athletes—particularly 
in full-contact sports such as boxing, football, hockey and soccer—are exposed to single 
and repeated concussions at a much higher incidence than the general population, which 
can result in long-term neurological dysfunction and even death (Clark, 1998). Regardless 

26 Spinal Cord & Brain Injury Research Center and the Department of Anatomy & Neurobiology, University of 
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of rule changes, improved protective equipment, and conditioning, approximately 300,000 
people still experience sport-related TBI annually (Cantu, 1997; Thurman et al., 1998). 
Furthermore, accumulating clinical evidence, as well as experience in contemporary military 
operations, suggests that substantial short-term and long-term neurologic deficits can be 
caused without a direct contact to the head (Cernak et al., 1999; DePalma et al., 2005; Elder 
and Cristian, 2009; Ling et al., 2009; Trudeau et al., 1998). With an estimated 15 percent 
of troops serving in Iraq sustaining some level of neurological impairment following blast 
exposure, TBI is the signature injury of this war and makes troops another high incident 
population for TBI (Hoge et al., 2008).

Although the neuropathology of TBI is not completely elucidated, several lines of 
evidence have demonstrated that mitochondrial dysfunction is a major feature of TBI. Mi-
tochondria have also been found to play a pivotal role in neuronal cell survival and death 
following injury. Mitochondria serve as the powerhouse of the cell by maintaining ratios 
of adenosine triphosphate (ATP) to adenosine diphosphate (ADP) that thermodynamically 
favor the hydrolysis of ATP to ADP + Pi. Proton pumping by components of the electron 
transport system (ETS) generates a membrane potential (∆Ψ) that can then be used to 
phosphorylate ADP to ATP or used to sequester Ca2+ into the mitochondrial matrix. This 
allows mitochondria to act as Ca2+ sinks for the cell as well as to stay in tune with changes 
in cytosolic Ca2+ levels. However, excessive mitochondrial Ca2+ uptake following TBI can 
result in formation of the mitochondrial permeability transition pore (mPTP) (Sullivan et al., 
2005). A consequence of mPTP formation is a loss of membrane potential, which causes 
the uncoupling of electron transport from ATP production. The release of pro-apoptotic 
molecules (i.e., cytochrome C, Smac/Diablo, and apoptosis-inducing factor) from the mi-
tochondria is, in part, orchestrated by mPTP and leads to the activation of cellular death 
pathways. An additional consequence of mPTP formation is the production of reactive oxy-
gen species (ROS), which contribute to cellular damage by oxidizing cellular proteins and 
lipids (Mazzeo et al., 2009). Thus, the fine line between cell survival and cell death relies on 
mitochondrial integrity and, ultimately, the state of mitochondria following TBI.

Creatine is a molecule that is produced both endogenously and acquired exogenously 
through diet where it plays a prominent role in buffering cellular energy stores by increasing 
levels of phosphocreatine. Thus, the creatine/phosphocreatine system can increase overall 
cellular bioenergetics following injury/insult by acting as an energy storehouse. Additionally, 
increases in creatine can stabilize creatine kinase which has been demonstrated to interact 
with components of the mPTP and inhibit permeability transition (Beutner et al., 1996, 
1998; O’Gorman et al., 1997). Inhibition of the mPTP has been demonstrated to reduce 
damage following TBI (Sullivan et al., 2005). Together, these data may point to creatine as a 
viable prophylactic treatment for certain populations engaged in activities that increase their 
chance for sustaining a TBI. However, limited preclinical data is available concerning the use 
of creatine following TBI, making this an untapped resource that should be further explored.

TRAUMATIC BRAIN INJURY

Although treatment options designed to improve survival of their injuries are limited 
to minimizing acute brain edema, decreasing intracranial pressure, and the prevention of 
peripheral complications, there is no current treatment aimed at the loss of neural tissue that 
occurs following TBI. Perhaps the most insidious aspect of TBI is that it can occur without 
any obvious signs of injury to the patient’s body. Medical reports dating back to World 
War I have recorded medical incidences of mysterious neurological disorders. Physicians in 
the British armed forces began to label the bulk of these phenomenon with the term “shell 
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shock” (SS) (Jones et al., 2007). Although some cases were attributed to psychosis, SS was 
responsible for 14 percent of all discharges from the British armed forces, and accounted for 
over one-third of all discharges of nonwounded soldiers by 1917. The controversial defini-
tion of the disorder, its method of treatment, public controversy, and stigma over diagnosis 
delayed the development of treatment protocols and eventually caused the British army to 
ban the use of the term “shell shock” from reports. However, with the start of World War 
II, it became readily apparent that disavowing the existence of this disorder did not prevent 
another epidemic.

In response to the army regulations, alternative terminology arose in its place, such as 
postconcussional syndrome (PCS) or posttrauma concussion state. Physicians began realizing 
many of the soldiers that suffered from this concussed state had been in a close proximity to 
an explosion, and thus, leading them to speculate that some force was affecting neural tissue 
without affecting the rest of the body. It was also realized that patients with a severe head 
injury would present with immediate neurologic symptoms that would trend toward recov-
ery; whereas PCS would have delayed onset of neurologic symptoms with a trend toward 
worsening symptoms (Jones et al., 2007). Since soldiers and civilians can often suffer im-
mense psychiatric morbidity without realizing the need for medical treatment that normally 
stems from a physical injury, this delayed development of symptoms in mild to moderate 
TBI patients is perhaps the most unfortunate aspect of this condition. A recent online poll 
indicated that 42 percent of respondents who suffered a TBI failed to seek medical care 
(Setnik and Bazarian, 2007); a rate that is considerably higher than the Centers for Disease 
Control and Prevention estimate of 25 percent. It has been observed clinically that even mild 
or moderate TBI can require neurosurgical intervention, and any delay in treatment could 
prove to be costly in terms of cognitive and functional recovery (Setnik and Bazarian, 2007).

Of the more than 1.5 million military personnel deployed since 2001 to the Middle East, 
approximately 25 percent of the injured service members have reported brain injury. Given 
the statistic from the poll above, this is probably an extreme underestimate with regards to 
military peronnel. Unpublished data from the Department of Defense indicates that blast 
injuries are the leading cause of TBI in war zones; consequently, TBI has been labeled as a 
signature injury of the current Middle Eastern conflicts (Hoge et al., 2008). In addition to 
cognitive deficits, this injury population also has an increased predisposition to the develop-
ment of post traumatic stress disorder (PTSD).

Within the civilian population of the United States, about 2 percent of the population 
(5.3 million) is currently living with disabilities that are the direct result of TBI (Langlois 
et al., 2006). TBI has a bimodal age distribution of incidence such that the peaks are found 
in young (< 25) and elderly (> 75) populations (Langlois et al., 2006; Rutland-Brown et al., 
2006). Due to the high incidence and the development of chronic symptoms associated 
with TBI, the medical costs within the United States alone have been estimated at over $50 
billion dollars per year. These dismal figures do not factor in the cost to social and family 
dynamics that occur following TBI. Despite being obvious that TBI is a devastating military 
and civilian health care problem in the United States, there are currently no pharmacological 
treatments approved for clinical treatment of this condition. Several lines of evidence have 
indicated that mitochondrial dysfunction is a prominent feature of TBI, and mitochondria 
are known to play a pivotal role in neuronal cell survival and death following injury. As 
such, there is a clear need for the development of mitochondrial-targeted neuroprotective 
therapies for the treatment of TBI.
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MITOCHONDRIA AND TBI

Several studies in recent years have shown that mitochondria play a pivotal role in 
neuronal cell survival in addition to mitochondrial dysfunction being considered an early, 
prominent event in central nervous system (CNS) injury that can cause neuronal cell death 
(Fiskum, 2000; Sullivan et al., 2004, 2005). Experimental data also indicates that excitotox-
icity may be the initial upstream mechanism that leads to TBI-induced neuronal cell death 
(Choi et al., 1990; Faden et al., 1989). In order to discuss mitochondrial dysfunction, how-
ever, we must first address normal mitochondrial function. Mitochondria are double-mem-
braned organelles that orchestrate oxidative phosphorylation. Specifically, mitochondria act 
as the “powerhouses” of cells by taking products from the Krebs cycle (citric acid cycle), 
fatty acid oxidation, and amino acid oxidation and producing most of the cell’s supply of 
ATP—the energy source used to power virtually all cellular functions. In fact, in the cells of 
evolutionarily “higher animals,” greater than 95 percent of all ATP is produced by oxidative 
phosphorylation within mitochondria. Mitochondrial function is dependent upon the gener-
ation and maintenance of the mitochondrial ∆Ψ, which is used to drive ATP production. ∆Ψ 
is generated by the translocation of protons across the inner mitochondrial membrane via 
the electron transport system (ETS), culminating in the reduction of O2 to H2O. This store 
of potential energy (the electrochemical gradient) can then be coupled to ATP production as 
protons flow back through the ATP synthase and complete the proton circuit. The potential 
can also be used to drive Ca2+ into the mitochondrial matrix via the electrogenic uniporter 
when cytosolic levels increase (Gunter et al., 1994). When cytosolic levels decrease, mito-
chondria pump Ca2+ out to precisely regulate cytosolic Ca2+ homeostasis.

During excitotoxic insults, such as the result of TBI, Ca2+ uptake into mitochondria has 
been shown to increase ROS production, inhibit ATP synthesis, and induce mitochondrial 
permeability transitions. It is important to note that inhibition of mitochondrial Ca2+ uptake 
by reducing ∆Ψ (chemical uncoupling) following excitotoxic insults is neuroprotective, em-
phasizing the pivotal role of mitochondrial Ca2+ uptake in TBI-induced neuronal cell death 
(Pandya et al., 2007; Sullivan et al., 2004). Studies from our group have demonstrated that 
changes in mitochondrial Ca2+ levels/cycling are coupled with increases in oxidative damage 
and significant mitochondrial dysfunction, which occurs acutely and is progressive for up 
to 48 hours postinjury (Maragos and Korde, 2004; Mbye et al., 2008; Pandya et al., 2009; 
Sullivan et al., 2004, 2005). The opening of the mitochondrial permeability transition pore 
(mPTP) is suggested to be a key mediator in this process.

While several studies have demonstrated mitochondrial failure in rodent TBI models 
over the past 15 years, only recently have careful time course studies been carried out to 
better understand the temporal profile of bioenergetic failure. In the mouse controlled corti-
cal impact (CCI) model of TBI, we have shown that mitochondrial failure is significant by 3 
hours within the cortical tissue surrounding the injury site and follows a progressive failure 
that peaks at 12 hours (Singh et al., 2006). The onset of mitochondrial dysfunction has 
been demonstrated to be even more rapid in the tissue considered to be the injury core and 
penumbra following CCI. In these studies, it is apparent that a significant loss of mitochon-
drial bioenergetics begins as early as 1 hour post-injury and continues for up to 48 hours 
postinjury (Gilmer et al., 2009; Pandya et al., 2007, 2009). Furthermore, mitochondrial 
Ca2+ overload, which directly initiates mPTP formation, was found to coincide with the 
loss of mitochondrial bioenergetics. However, both mitochondrial bioenergetics and Ca2+ 
loading were most amendable to treatment with a mitochondrial uncoupler administered 
within a 6 hour post-injury window (Pandya et al., 2009). Thus, these data sets show that 
a critical time for intervention occurs at t < 6 hours post-injury. In fact, in order for any 
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mitochondrial–targeted compound to maximally rescue mitochondria at the epicenter of 
the injury, administration within a three hour post-injury window would be needed; while 
administration within the first six hours would prevent mitochondrial failure in the corti-
cal tissue surrounding the epicenter. Given these findings, a prophylactic approach with a 
safe compound is very logical for persons at an increased risk for TBI, such as athletes and 
military personal in active war zones.

CREATINE

Creatine (N-(aminoiminomethy)-N-methyl glycine) is an amino acid endogenously pro-
duced from glycine, methionine, and arginine in the liver, kidney, and pancreas and is also 
supplied in diets containing meat products. While as much as 95 percent of the total pool 
of creatine is contained in muscle, high levels of creatine have also been demonstrated in the 
brain (Mujika and Padilla, 1997). For athletes, creatine is used to increase levels of phospho-
creatine (which serves as a phosphate donor to generate ATP) and thereby decrease muscle 
fatigue during—and improve recovery after—repeated bouts of high intensity exercise 
(Mujika and Padilla, 1997). Importantly, creatine is also the main shuttle to transport energy 
from the mitochondria to locales in the cytosol via phosphocreatine. This is accomplished 
by generation of phosphocreatine from mitochondrial ATP in the intermembrane space via 
phosphocreatine kinase. Phosphocreatine can then be shuttled to various sites within the cell 
and used to regenerate ATP from ADP. This allows phosphocreatine to serve as a spatial/
temporal buffer for ATP produced by oxidative phosphorylation in mitochondria. Higher 
levels of phosphocreatine therefore result in a higher reserve of ATP that is available for cells 
following injury and may account for the neuroprotection afforded by creatine supplemen-
tation. In fact, creatine supplementation has been placed into several human clinical trials 
for various CNS disorders including amyotrophic lateral sclerosis, Charcot-Marie-Tooth 
disease, Huntington’s disease, and Parkinson’s disease with mixed results (see Gualano 
et al., 2010, for review). In an effort to boost neuronal ATP and bioenergetics, all these tri-
als used started creatine treatment after the disease state had been reached (Adhihetty and 
Beal, 2008).

It is also apparent that many of the neuroprotective functions that creatine has been 
shown to afford cannot be attributed to changes in cellular bioenergetics. One of the most 
striking examples is the anti-apoptotic effect, which has been attributed to the prevention 
or delay of the mPTP, that elevated creatine levels have been reported to produce (Adhihetty 
and Beal, 2008; Andres et al., 2008). Additionally, creatine kinase is now recognized as a 
component of the mPTP, and its activation inhibits the induction of the mPTP (Beutner 
et al., 1996; Beutner et al., 1998; O’Gorman et al., 1997). Given that bioenergetic failure 
and mPTP activation have been documented as key players in TBI-induced neuropathology, 
creatine supplementation would be expected to offer neuroprotection following experimen-
tal TBI (Sullivan et al., 2005).

CREATINE SUPPLEMENTATION AND TBI

Creatine supplementation has been shown to be neurprotective following TBI in both 
mice and rats. Our laboratory demonstrated in 2000 that chronic administration of creatine 
ameliorated cortical tissue damage by 36 percent in mice and 50 perecent in rats depend-
ing upon the regimen and dosage used during the pretreatment (Sullivan et al.). In mice, 
pretreatment with 3g/kg (intraperitoneal injections) for a minimum of three days prior to 
injury was required to demonstrate significant neuroprotection. In rats, animals that were 
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fed a dietary supplementation of 1 percent creatine for four weeks demonstrated significant 
neuroprotection that was linked to improved mitochondrial bioenergetics, increased ATP 
levels, and an increased threshold for activation of the mPTP. Further experiments have 
reported that two weeks of dietary supplementation of creatine (0.5 and 1 percent) prior to 
injury was sufficient to significantly reduce lactate and free fatty acid levels following TBI 
(Scheff and Dhillon, 2004). Additionally, all animals feed a creatine supplemented diet had 
significantly less cortical tissue damage compared to non-supplemented controls. To date 
these are the only studies assessing the use of creatine for the treatment of TBI.

CLOSING REMARKS

Creatine may be a viable prophylactic treatment for TBI based on its proposed tar-
get mechanisms including stabilization of cellular bioenergetics and inhibition of mPTP 
activation. Yet, a Medline search using the terms “traumatic brain injury” and “creatine 
supplementation” yields only six hits, of which only one is relevant. This may seem surpris-
ing considering the robust neuroprotective effects demonstrated by creatine pretreatment. 
However, the need to preload the system with creatine (or with any other compound) has 
historically reduced enthusiasm for funding this line of research as it relates to the treatment 
of TBI. This, of course, has left many unanswered questions:

•	 What	is	the	optimal	dosage	of	creatine	(i.e.,	dose-response)?
•	 What	is	the	minimum	amount	of	pretreatment	needed,	or	the	therapeutic	window	of	

opportunity?
•	 Is	postinjury	treatment	beneficial	in	combination	with	pretreatment?
•	 What	is	the	optimal	route	of	administration?
•	 Can	 having	 creatine	 onboard	 enhance	 or	 hinder	 other	 neuroprotective	 treatments	

(i.e., does prophylactic creatine alter the TBI patient profile)?

Based on the safety profile of creatine and current experimental data, it is obvious that 
the potential for using creatine following TBI has not been explored sufficiently; however, 
creatine supplementation may offer a much needed therapeutic approach for targeting TBI 
in specific populations.
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Nutritional Care of Active Duty Patients with TBI

Stephanie Sands27

INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of death and disability in the United 
States. Among military personnel serving in Operation Enduring Freedom/Operation Iraqi 
Freedom (OEF/OIF), the likelihood of traumatic brain and other polytrauma injuries is 
significantly elevated. As defined by the U.S. Veterans Health Administration, polytrauma 
is “two or more injuries to physical regions or organ systems, one of which may be life 
threatening, resulting in physical, cognitive, psychological, or psychosocial impairments 
and functional disability” (United States Department of Veterans Affairs, 2009). Such inju-
ries are often a result of rocket-propelled grenades, improvised explosive devises, gunshot 
wounds, and landmines. In 2005, the United States Congress established four Polytrauma 
Rehabilitation Centers, one of which is the James A. Haley Veterans’ Hospital (JAHVH) in 
Tampa, Florida (Scott et al., 2006). This report is largely based on nutritional management 
and monitoring of complex variables of patients who have suffered TBI and polytrauma in 
the sub-acute and long-term setting at JAHVH.

SUB-ACUTE NUTRITIONAL MANAGEMENT

Following severe trauma and acute TBI, striking metabolic changes involving an ac-
celerated catabolic rate and extensive nitrogen losses proportional to the severity of injury 
are common (Cook and Hatton, 2007). The hypermetabolic response is related to increases 
in energy expenditure, oxygen consumption, carbon dioxide production as well as primary 
mediators such as catecholamines, corticosteroids, and inflammatory cytokines (Berry, 2009; 
Esper, 2004). Because the brain functions as a regulator for metabolic activity, disruptions 
caused by TBI result in a cascade of hormonal modifications, irregular cellular metabolism, 
and dynamic cerebral and systemic inflammatory response as an effort to circulate substrate 
required at the cellular level. The end result of these alterations involves systemic catabolism 
causing an increase in basal metabolism, oxygen consumption, glycogenolysis, hyperglyce-
mia, proteolysis, muscle wasting, and energy requirements (Cook et al., 2008). Optimal tim-
ing of nutrition, fluid, and electrolyte management may improve the overall clinical course 
in TBI patients. The fundamental goal of nutritional intervention is to provide adequate 
calories and protein sufficient to meet the demands of hypermetabolism and increased pro-
tein breakdown as a means of preserving lean body mass while maintaining skin integrity, 
immune function, gastrointestinal mucosal integrity, wound healing, and nitrogen balance 
during rehabilitation.

While providing nutritional care of polytrauma patients during the months following 
injury, one of the most challenging decisions is the accurate assessment and provision of 
essential calories as the complications related to under- or overfeeding can compromise 
rehabilitation prognosis. Nutrition support should be aimed toward current physiologic 

27 James A. Haley Veteran’s Hospital.

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

APPENDIX C 403

reactions and should not exacerbate complications of the current phase (stress, catabolic, 
anabolic). Underfeeding can result in decreased respiratory muscle strength, decreased 
ventilator drive, failure to wean from mechanical ventilation, impaired organ function, 
immunosuppression, poor wound healing, increased risk of nosocomial infection, and low 
transport protein levels. This cachexia (i.e. wasting syndrome or loss of weight, muscle atro-
phy, fatigue, weakness, and significant loss of appetite in someone who is not actively trying 
to lose weight) can impact mobility, functional rehabilitation and overall length of stay as 
well as the development of complications such as decubitus ulcers, pneumonia, urinary tract 
infections, and venous thromboembolism. Among the complications of overfeeding include 
the risk of refeeding syndrome,28 hyperglycemia, azotemia, hypertriglyceridemia, electrolyte 
imbalance, immunosuppression, alterations in hydration status, hepatic steatosis, and failure 
to wean from mechanical ventilation (Cook et al., 2008; Esper, 2004).

Calorie Provision

Energy expenditure has been investigated extensively and has been shown to be elevated 
following acute TBI (Cook and Hatton, 2007; Rajpal and Johnston, 2009). Two methods 
for determining energy requirements involve measurement of resting metabolic rate using 
indirect calorimetry (IC), or estimating energy needs with the use of predictive equations and 
clinical judgment. Although IC is considered the “gold standard” for determining energy 
expenditure in TBI, many clinicians do not have access to resources necessary to measure 
metabolic rate. Additionally, calorie requirements may vary day to day in this population 
secondary to symptoms such as sympathetic storming, fevers, or muscle contractions. More 
commonly, clinicians use one of more than 200 predictive equations that have been devel-
oped for estimating energy expenditure (McCarthy et al., 2008). For example, the Brain 
Trauma Foundation (BTF) recommends use of the Harris Benedict Equation multiplied by 
a stress factor of 1.4 with an observed variance of 1.2–2.5 (Bratton et al., 2007), and the 
American Society of Enteral and Parenteral Nutrition recommends 25–30 kcal/kg in criti-
cally ill patients. However, it should be noted that there is a limited amount of literature 
available following the critical care setting or for patients with further polytrauma injuries in 
addition to TBI. Because utilizing the above methods to determine energy expenditure can be 
imprecise considering the complexity of this patient population, the following variables have 
been observed or proven to alter metabolic rate (Berry, 2009; Cook et al., 2008; Dickerson 
and Roth-Yousey, 2005; Esper, 2004; Frankenfield, 2006; Rajpal and Johnston, 2009):

•	 Severity	of	trauma	and	additional	injuries,	burns,	or	wounds
•	 Time	since	injury,	depending	on	the	ongoing	stress	response	and	degree	of	healing
•	 Physiologic	effects—blood	pressure,	heart	rate,	respiratory	rate,	sympathetic	storm-

ing such as seen in Paroxysmal Autonomic Instability with Dystonia (Blackman 
et al., 2004), body temperature (diaphoresis, hyperthermia, and medically induced 
hypothermia)

•	 Physical	activity	(restlessness,	agitation)	or	muscular	dysfunction	(posturing,	dystonia)
•	 Level	of	consciousness	(Glasgow	Coma	Score)
•	 Cognitive	Functioning	(Rancho	Los	Amigos	Scale)
•	 Neuroendocrine	disruption
•	 Sepsis	and	inflammatory	response

28 Abnormalities in fluid balance, glucose metabolism, vitamin deficiency, hypophosphatemia, hypomagnesemia, 
and hypokalemia in patients exposed to enteral or parenteral nutrition after a period of starvation.
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•	 Medications:	Central	nervous	system	agents—sedatives,	anticonvulsants,	analgesics,	
narcotics, hypnotics, barbiturates; autonomic neuromuscular blocking agents; cardio-
vascular agents—beta-adrenergic blockers; steroids, inotropic agents.

•	 Ventilator	support
•	 Thermic	effect	of	food	generated	by	caloric	intake
•	 Preinjury	nutritional	status	and/or	malnutrition

Protein Requirements

Protein requirements following TBI are grossly elevated. Protein catabolism peaks 8 to 
14 days after injury with documented nitrogen losses up to 30 grams per day. This extreme 
protein breakdown can cause a 10 percent loss of lean body mass during the first seven days 
of injury (Cook and Hatton, 2007; Gleghorn et al., 2005; Rajpal and Johnston, 2009). Uri-
nary urea nitrogen (UUN) values can be monitored to determine a state of nitrogen balance. 
Although it is often unrealistic to obtain nitrogen balance during the first week after injury 
regardless of nutritional provision, nitrogen balance is an important way to measure the 
adequacy of caloric intake and metabolism in the weeks that follow (Esper, 2004; Rajpal and 
Johnston, 2009). The BTF recommends protein provision of 1.5–2.0 g/kg of body weight 
in TBI patients (Cook and Hatton, 2007; Cook et al., 2008). Although hepatic production 
of transport proteins (albumin, prealbumin, transferring) is reduced during states of inflam-
mation regardless of nutrition, monitoring their trends can be helpful to determine recovery 
from the inflammatory process along with overall clinical improvement such as wound 
healing, infection resolution, and weaning from ventilator support. Some facilities also in-
corporate specific amino acids into their nutritional programs such as glutamine, arginine, 
or branched chain amino acids (Esper, 2004; Rajpal and Johnston, 2009).

Method of Feeding

Another area of consideration during nutritional care of TBI patients is the method of 
feeding. Initially, it has to be determined whether to use parenteral (PN) or enteral (EN) 
nutrition. It is generally accepted that EN is preferable over PN, with the exception of cases 
such as barbiturate coma, multiple vasopressors (risk of bowel necrosis), or prolonged pe-
riods of being supine. When it is determined that EN is desirable, many clinicians debate 
whether to obtain small bowel or gastric access given that there is limited consensus that 
postpyloric feedings have demonstrated improved outcomes. TBI patients often exhibit 
gastrointestinal dysfunction with increased incidences of aspiration pneumonia, diarrhea, 
vomiting, abdominal distention, and increased gastric residuals. Impaired gastric emptying is 
often present secondary to decreased lower esophageal sphincter tone, vagus nerve damage, 
elevated levels of endogenous opioids/endorphins, elevated intracranial pressure, or medi-
cation side effects (Cook et al., 2008; Esper, 2004; Ott et al., 1991; Rajpal and Johnston, 
2009). Often nasogastric or nasoenteral tubes are placed until it is determined that longer 
term EN access is needed. The placement of longer term EN access via percutaneous endo-
scopic gastrostomy (PEG) tubes often proves successful in establishing well-tolerated feeding 
access (Cook and Hatton, 2007). Despite the potential feeding difficulties in many TBI pa-
tients, the majority of these patients are able to receive safe and adequate nutrition through 
EN. Approaches to improve EN tolerance include head of bed elevation (30–45 degrees), 
continuous tube feeding at low infusion rates advanced per tolerance, the use of pro-motility 
agents, using concentrated enteral formulas to decrease total volume, and consideration of 
small bowel versus gastric feeds (Cook et al., 2008).
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TABLE C-11 Sample of Drug-Nutrition Interactions Common in TBI Medical 
Management

Medication Examples of Nutrition Implications

Antipsychotics (Ziprasidone, 
Olanzapine, Risperidone)

Linked to weight gain

Barbiturates May lower metabolic rate or cause constipation

Bisacodyl Risk of hypocalcemia and decreased fat absorption

Bromocriptine Potential of nausea/vomiting/constipation, elevated residuals

Carbamazepine Increased risk of hyponatremia, can cause formation of orange rubbery 
precipitate when combined with water/dilatants

Corticosteroids Risk of hyperglycemia; osteoporosis and gastric ulcer risk with chronic use

Mannitol Monitor for hypokalemia, hypomagnesemia, hypovolemia

Metoclopramide Possible for changes in mental status/cognition

Mirtazapine Related to increased appetite and weight gain

Narcotic analgesics Delayed emptying/constipation (especially in opioid usage)

Oxandrolone Linked to elevated liver enzymes and/or lipid panela

Phenytoin Absorption may be impaired with provided with enteral nutrition, possible 
decline in folate, vitamin D

Propofol Provides lipid calories (pro-inflammatory fat source)

Stimulants (Methylphenidate, 
Dextroamphetamine amphetamine)

May cause decreased appetite and weight loss

Vasopressors Decreases gut perfusion

Zolpidem May cause appetite changes, binge eating, nocturnal eatinga

 aAnecdotal observations noted at JAHVH; UpToDate Online 18.3.
SOURCE: Cook and Hatton, 2007.

Medication Interactions

Drug-nutrient interactions require consideration when providing medical nutrition ther-
apy to TBI patients. Registered dietitians review patient medications as a part of nutritional 
assessment to identify nutritional implications. For example, enteral nutrition is typically 
held one to two hours before and after the administration of phenytoin to prevent absorptive 
changes and chelation. Other medications may lower electrolyte and micronutrient levels, or 
increase the risk of weight gain or loss. Table C-11 provides examples of some interactions 
encountered in the clinical setting.

Sample of 12 Polytrauma Patients

As discussed previously, there is a limited amount of research evaluating nutritional 
needs of TBI patients following the acute critical period or with multiple polytrauma injuries 
in addition to TBI. Figures C-23 through C-28 represent a snapshot of 12 patients in acute 
rehabilitation at JAHVH. The categories illustrated include patient age, time since injury, 
method of feeding, percent of usual body weight lost and caloric provision required to fa-
cilitate weight maintenance of weight gain of one to two pounds per week. The illustrations 
depict at typical distribution of patients which changes from day to day.
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Figure C-24.eps
bitmap

FIGURE C-24 Distribution of 12 polytrauma patients according to the number of 
months since injury (captured 9/15/2010 at JAHVH).

Figure C-25.eps
bitmap

FIGURE C-25 Distribution of 12 polytrauma patients according to the method of 
feeding (captured 9/15/2010 at JAHVH).

Figure C-26.eps
bitmap

FIGURE C-26 Distribution of 12 polytrauma patients according to the percent of 
pre-injury weight loss since injury (captured 9/15/2010 at JAHVH).

Figure C-23.eps
bitmap

FIGURE C-23 Distribution of 12 polytrauma patients according to age (captured 
9/15/2010 at JAHVH).
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LONG TERM NUTRITIONAL CONSIDERATIONS

While the concerns of severe weight loss following TBI in active duty service members 
are significant, the opposing issue regarding unintentional weight gain has scarcely been 
discussed in the literature. Following TBI, changes such as alterations in the brain’s regula-
tion of hunger and satiety, neuroendocrine dysfunction, brain injury-induced hyperphagia, 
medication related side effects, cognitive impairments, or emotional coping may impact the 
ability to maintain a healthy weight. In the post-acute rehabilitation setting at JAHVH, a 
number of polytrauma patients experience detrimental weight gain and dyslipidemia.

Under normal conditions, the brain functions to regulate energy homeostasis by constant 
transmission of signals that influence energy intake and ultimately body weight (Woods and 
D’Alessio, 2008). Satiation signals such as cholecystokinin (CCK), glucagon-like peptide-1 
(GLP-1), peptide tyrosine-tyrosine (PYY) and apolipoprotein A-IV (apo A-IV) are secreted in 
response to specific macronutrient stimuli. These peptides, many of which are synthesized in 
the brain in addition to the gastrointestinal tract, are released in response to food ingestion 
and act to reduce meal size. Adiposity signals, insulin and leptin, are secreted relative to 
the amount of body fat and are transported across the blood-brain barrier to interact with 
neuronal receptors predominately in the hypothalamus. Because TBI may impair the trans-
mission of these signals, many patients experience an altered sensation of hunger and satiety.

Figure C-28.eps
bitmap

FIGURE C-28 Distribution of 12 polytrauma patients according to percent of 
estimated resting metabolic rate using the Harris Benedict Equation to attain weight 
maintenance or gain (1–2 lbs per week) (captured 9/15/2010 at JAHVH)

Figure C-27.eps
bitmap

FIGURE C-27 Distribution of 12 polytrauma patients according to number of 
calories per kilogram to attain weight maintenance or gain (1–2 lbs per week) (cap-
tured 9/15/2010 at JAHVH).
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Disturbances of the neuroendocrine system following TBI have nutritional implications 
that should be considered. Schneider et al (2007) identified 19 clinical studies that report 
the prevalence of endocrine dysfunction ranges from 15–68 percent in TBI patients. Most 
researchers agree upon the association of neuroendocrine changes and the severity of brain 
injury, however variables such as secondary brain damage and medical complications make 
analysis and prediction more complicated (Rothman et al., 2007). Klose and associates 
(2007) reported that TBI patients with posttraumatic hypopituitarism display symptoms 
such as adverse lipid profiles, unfavorable body composition, and worsened perceived 
health-related quality of life (lowered energy, sleep, increased social isolation) compared to 
those with preserved pituitary function. Table C-12 reflects sample nutritional implications 
of post-traumatic hypopituitarism.

Although there is a paucity of information regarding brain injury-induced hyperphagia, 
clinicians working in TBI are likely to encounter patients with an abnormally increased 
appetite for and consumption of food. This can be especially problematic in a significantly 
impaired patient with limited self-awareness. Rao and Lyketsos (2000) describe a complex 
syndrome they refer to as Behavioral Dyscontrol Disorder, Major Variant. This syndrome 
has mood, cognitive, and behavioral manifestations in both acute and chronic stages of 5–70 
percent of TBI. The behaviors reported in this report include impulsivity, aggression, hyper-
activity, hyperphagia, and pica. One such scenario at JAHVH resulted in the removal of a 
patient-accessible family refrigerator secondary to a patient with an insatiable appetite and 
weight gain. This patient experienced weight gain at a rate of 15 pounds per month, with 
a total gain of 110 pounds over seven months. He required constant nursing supervision to 
prevent further instances of excessive eating and consumption of non-food substances like 
coffee grounds. Instances of rapid and nearly uncontrollable weight gain as described are not 
uncommon among this population. A multidisciplinary approach should be utilized to treat 
such conditions by developing environmental modification strategies, behavioral therapy, 
psychotherapy, and family therapy.

Another contributing factor to the weight gain experienced in the postacute setting 
following TBI is medication side effects. Common medications prescribed following brain 
injury such as antidepressants, anxiolytics, anticonvulsants, and antipsychotics may promote 
increased appetite and unintentional weight gain. Healthcare providers should be aware of 
these side effects and consider weight-neutral alternatives.

TABLE C-12 Nutritional Implications of Post Traumatic Hypopituitarism

Hormone Insufficiency/Deficiency Nutritional Implications

Adrenocorticotrophic hormone (ACTH) (0–19 
percent of TBI patients with deficiencies)

Nausea/vomiting, abdominal pain, anorexia, weight 
loss, hypotension, tachycardia, hyponatremia, 
hypoglycemia, normocytic anemia

Growth hormone (GH)
(6–33 percent of TBI patients with deficiencies)

Osteoporosis, dyslipidemia, atherosclerosis, visceral 
obesity, reduced lean body mass

Hypothyroidism-Thyroid stimulating hormone (TSH)
(1–10 percent of TBI patients with deficiencies)

Weight gain, hypotension, myopathy, dyspnea, 
periorbital edema, bradycardia, normocytic anemia, 
mild hyponatremia

Luteinizing hormone (LH)/Follicle-stimulating 
hormone (FSH) (2–20 percent of TBI patients with 
deficiencies)

Reduced muscle mass and exercise tolerance (men), 
decreased breast tissue and bone mineral density 
(women)

SOURCE: Compiled from Schneider et al., 2007.
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Cognitive impairments among service members who have suffered TBI greatly impact 
the successfulness of nutrition counseling to a degree that cannot be overstated. For example, 
consider how executive dysfunction may inhibit the ability to make healthful choices sec-
ondary to difficulties in planning, problem solving, organizing, sequencing, self-regulation 
and monitoring, judgment, set-shifting, impulse control, initiation, and motivation (Rao 
and Lyketsos, 2000). Tasks such as grocery shopping, reading a recipe, preparing a meal, or 
understanding and applying healthful eating guidelines can be nearly impossible for some 
patients. Furthermore, among patients with varying levels of memory impairment, the ability 
to remember nutritional recommendations may be compromised in addition to recalling and 
identifying problematic eating behaviors. The combination of impaired hunger and satiety 
cues as well as short-term memory loss often results in patients who cannot remember hav-
ing eaten just minutes after mealtime and are likely to overeat as well.

Lastly, the emotional strain of suffering from TBI can play a significant role in the 
ability to make smart choices and maintain a healthy weight. Coping with symptoms such 
as depression, boredom, demoralization, anxiety, irritability, anger, the feeling of loss, dis-
couragement, and posttraumatic stress disorder can lead to uncontrolled emotional eating. 
Additionally, families of those who have experienced a TBI are susceptible to encourage the 
use of food as a coping and comforting mechanism. These patients greatly benefit from a 
team approach to identify coping strategies and alternatives to eating as well as nutrition 
education to encourage healthy choices.

COMPLEMENTARY AND ALTERNATIVE MEDICINE

Incorporation of complementary and alternative medicine (CAM) into treatment regi-
mens has become more prevalent among both acute and chronically ill patients. Many 
researchers are investigating the role of CAM in providing resilience to brain injury or as 
a treatment modality following an injury. A large portion of posttraumatic neurodegenera-
tion is a result of secondary damage from a pathochemical and pathophysiological cascade 
during the first minutes, hours, and days following an injury (Hall et al., 2010). Many 
investigators seek to discover the optimal timing of neuroprotective substances to prevent 
exacerbation of damage caused by the primary injury. However, there are many challenges 
that come with both performing and interpreting research relating to CAM. As described 
by Mullin (2009):

•	 The	majority	of	CAM	providers	are	non-physician	based,	utilizing	 techniques	and	
tools that are more experiential than evidence-based.

•	 CAM	often	focuses	on	treatment	of	symptoms,	which	can	be	subjective,	rather	than	
the underlying diagnosis of Western-based medicine.

•	 Blinding	is	often	compromised	and	many	publications	labeled	as	randomized	control	
trials are actually not blinded.

•	 Publication	biases	are	created	when	investigators,	reviewers,	and	editors	submit	or	
accept manuscripts based on the strength or direction of the findings.

   Access to CAM literature is incomplete; one such example includes mainstream 
databases such as MEDLINE, which indexes only 10 percent of CAM journal 
worldwide.

   Negative CAM findings are more likely to be published in mainstream medical 
journals, whereas most studies published in leading CAM journals have positive 
results.
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TABLE C-13 Depiction of PubMed Literature Review 
of TBI and Various Supplements Over the Past 5 Years 
(2005–2010)

Number of Hits Supplements Being Investigated

137 TBI and Antioxidants
53 TBI and Arginine
43 TBI and Fiber
40 TBI and Vitamins (6-B vitamins, 4-vitamin D)
36 TBI and Choline
28 TBI and Tyrosine
24 TBI and Melatonin
23 TBI and Zinc
23 TBI and CoEnzyme 10
15 TBI and Glutamine

8 TBI and Curcumin
8 TBI and Ketogenic Diet
5 TBI and Omega 3
4 TBI and Caffeine
3 TBI and Branched Chain Amino Acids
2 TBI and Lipoic acid

NOTE: The majority of TBI and CAM articles are animal studies, very 
few of these studies represent human research.

   Studies outside of the United States are more likely to be positive than those in the 
United States.

For example, while completing a PubMed literature review on supplements and TBI 
over the past five years, Table C-13 depicts the number of articles referenced with various 
supplements. It is important to note that the majority of these references utilize animal 
studies to answer their research question. While understanding the possibility of publica-
tion bias, one may wonder how to identify the CAM articles being published and indexed 
in other locations.

Clinicians attempting to provide evidence-based guidelines to patients and families are 
likely to encounter difficulties interpreting the literature and making recommendations. 
Reasons for this include the publication bias as described above, the lack of clear data, 
and the number of supplements being promoted. There is a copious amount of marketing 
which targets TBI patients anywhere along the spectrum of severity and time since injury. 
Patients and their families are likely to encounter or trial a number of supplements which are 
promoted to treat side effects of TBI or improve brain health and functioning. Table C-14 
reflects a list of supplements being taken among different levels of TBI severity as disclosed 
by patients and families over one month at JAHVH. An especially susceptible population 
includes the caregivers of emerging conscious patients. Some programs seek to discover a 
beneficial cocktail of nutraceuticals which may assist in promoting consciousness. Incidences 
of patients receiving 45 different nutraceuticals, some of which are administered two or 
three times a day, as an effort to cause the patient to emerge have been encountered. While 
assisting patients in making informed decisions regarding supplements, factors should be 
evaluated such as the risk of causing harm if taken in excessive doses, decreasing medication 
side effects or modifying the action, lowering seizure threshold, instigating other deficiencies, 
or mislabeling or adulterating supplements.
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TABLE C-14 Illustration of Supplements Encountered Among TBI patients, Ranging 
from Mild to Severe Injuries (JAHVH from 8/20/2010–9/20/2010)

Antioxidant vitamins Cinnamon Ginseng Omega-6 fatty acids

Apigenin Citric Acid Green tea Resveratrol

B Vitamins (mega-doses) CoEnzyme Q10 Huperzine RNA

Baicalein
Butcher’s Broom

Cognitex (a-glyceryl 
phosphoryl choline, 
ginger, rosemary, 
phosphatidylserine, 
pregnolone, vinpocentine, 
leucoselect phytosome, 
wild blueberry, sensoril 
ashwagandha, perluxan)

Individual amino acids or 
blends (most commonly: 
branched chain, tyrosine, 
glutamine, arginine)

Rutin

Caffeine Corella Lipoic acid Spirulina 

Capsaicin Creatine Luteolin St. John’s wart

Carnitine 
(L-configuration)

Curcumin Magnesium Tocopherol

Carnosine 
(L-configuration)

D-Ribose Milk thistle Valarian root

Catechin Feverfew Mycelia extract Vinpoceti

Choline Ginkgo biloba n-3 fatty acids Zinc

CONCLUSION

Nutritional assessment, monitoring, and evaluation should be a priority throughout 
the course of TBI and polytrauma injuries among active-duty service members. Registered 
dietitians have the educational background to coordinate acute nutritional support and 
subacute nutritional management based on the variety of nutritional conditions prevalent 
following TBI. Furthermore, a multidisciplinary team approach is critical to discuss progress, 
treatment plans, and goals for overall best outcomes.
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D

Glossary

Adequate Intake The recommended average daily intake level for a nutrient, based on 
observed or experimentally determined approximations or estimates 
of intake by a group of apparently healthy people, that is assumed to 
be adequate. Used when there is no Recommended Dietary Allowance 
available.

Amygdala Almond-shaped groups of nuclei located deep within the medial tem-
poral lobes of the brain in complex vertebrates, including humans. The 
amygdala is involved in learning and memory, especially fear-related, 
and is central to the development of expression of conditioned fear 
reactions.

Angiogenesis The process involving the growth of new blood vessels from preexist-
ing vessels. (This term incorporates both vasculogenesis, or spontane-
ous blood-vessel formation; and intussusception, formation of new 
blood vessels by splitting off existing ones.)

Anoxia A total decrease in level of oxygen reaching tissues of the body; an 
extreme form of hypoxia that can result in permanent damage.

Apoptotis Also known as programmed cell death. Describes the biochemical 
events leading to characteristic morphological cell changes (blebbing, 
loss of cell membrane asymmetry and attachment, cell shrinkage, 
nuclear fragmentation, chromatin condensation, and chromosomal 
deoxynribonucleic acid fragmentation) and death.
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Astrocytes A subtype of glial cells that supply glucose needed for nerve activity, 
maintain the blood-brain barrier, maintain extracellular ion balance, 
and play a principal role in the repair and scarring process of the brain 
and spinal cord following traumatic injuries.

Astrocytosis An abnormal increase in the number of astrocytes due to the destruc-
tion of nearby neurons, typically because of hypoglycemia or oxygen 
deprivation (hypoxia). Astrocytosis represents a reparative process; in 
some cases, it may be diffuse in a large region.

Autocoid An organic substance, such as a hormone, produced in one part of an 
organism and transported by the blood or lymph to another part of 
the organism where it exerts a physiologic effect on that part.

Axonal 
sprouting

The ability of the adult brain to form new connections in areas dener-
vated by a lesion.

Barthel Index First published in the 1965 Maryland State Medical Journal, this mea-
surement of 10 activities of daily living and mobility is used to assess 
physical disability.

Blood-brain 
barrier

A separation of circulating blood and the brain extracellular fluid 
in the central nervous system, with especially tight junctions around 
capillaries that prevent diffusion of bacteria and large, hydrophilic 
molecules into the cerebrospinal fluid.

Brain 
parenchyma

The functional part of the brain (i.e., neurons and glial cells).

Bregma The anatomical point on the skull where the frontal and parietal bones 
meet, i.e., at the intersection of the coronal and the sagittal sutures.

Caudate nucleus The caudate nuclei are located near the center of the brain, one within 
each hemisphere, sitting astride the thalamus. They are involved in 
learning and memory (feedback processing).

Cerebral edema Excess accumulation of water in intracellular/extracellular spaces of 
the brain.

Cerebral 
ischemia

Any pathophysiological state in which there is insufficient blood 
flow to the brain to meet metabolic demand, which leads to depleted 
oxygen supply and thus the death of brain tissue. Ischemic stroke is 
caused by the formation of a clot that blocks blood flow through an 
artery to the brain.

Cerebrospinal 
fluid fistula

A tear between the dura and arachnoid membrane, resulting in leakage 
of CSF into subdural space.
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Chronic 
traumatic 
encephalopathy

A progressive neurodegenerative disease believed to be caused by 
repeated trauma to the brain, including mild concussions and subcon-
cussive blows. Its symptoms occur years or decades following head 
trauma and continue to worsen, and are distinct from the acute or 
postacute effects of a head injury. The early symptoms may include 
memory and cognitive difficulties, depression, impulse control prob-
lems, and behavior changes. Movement abnormalities are more com-
mon later; in many cases, full-blown dementia occurs.

Coma A state in which a patient is totally unconscious, unresponsive, un-
aware, and unarousable.

Compressive 
cranial 
neuropathy

Cranial nerve injuries that may be caused by fractures, especially at the 
bottom of the skull. Damage to the facial nerve, the most commonly 
damaged, results in paralysis of facial muscles.

Computerized 
tomography 
(CT)

A noninvasive test combining a series of X-ray views taken from many 
different angles to produce cross-sectional images of bones and soft 
tissues. In the head, CT scans can show bone fractures, hemorrhage, 
hematomas, contusion, and swelling.

Contusion Focal injuries with an area of cerebral bruising, particularly involving 
gray matter, in which blood leaks into extravascular space resulting 
in cell death and loss of tissue. Bleeding from damaged blood vessels 
is usually the most obvious feature on macroscopic or microscopic 
examination.

Diffuse axonal 
injury (DAI)

An injury defined by diffuse damage to axons in the cerebral subcorti-
cal parasagittal white matter, corpus callosum, brain stem, and cerebel-
lum. The loss of connections among neurons leads to breakdown of 
communication.

Diffuse 
traumatic brain 
injury

A brain injury due to hypoxia, meningitis, or damage to blood vessels; 
can include DAI, ischemic brain injury, vascular injury, or swelling and 
resulting intracranial pressure. Such injuries, which may result from 
acceleration/deceleration injuries, are often microscopic, multifocal, 
and difficult to detect.

Disability Rating 
Scale

A functional assessment developed specifically for patients with mod-
erate to severe traumatic brain injury (TBI).

Edema Abnormal accumulation of fluid beneath the skin or in one or more 
cavities of the body.

Edema 
(cytotoxic)

Intracellular water accumulation in neurons, astrocytes, and microglia 
irrespective of the integrity of the vascular endothelial wall. It is due 
to the increased cell permeability for ions, ionic pump failure, and cel-
lular reabsorption of osmotically active solutes.
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Edema 
(vasogenic)

Caused by mechanical or autodigestive disruption or functional 
breakdown of the endothelial cell layer of brain vessels that are a key 
element of the BBB. This allows for the uncontrolled transfer of ions 
and proteins from the intravascular to the extravascular brain com-
partments, leading to water accumulation.

Estimated 
Average 
Requirement

The average daily nutrient intake level estimated to meet the require-
ment of half of the healthy individuals in a particular life stage and 
gender group.

Excitotoxicity Excessive stimulation of glutamate receptors by neurotransmitters 
resulting in damage to the nerve cells. Excitotoxins like N-methyl-
D-aspartate and kainic acid that bind to these receptors, as well as 
pathologically high levels of glutamate, can cause excitotoxicity by 
allowing high levels of calcium ions to enter the cell. As a result, an 
enzymatic cascade, including phospholipases, endonucleases, and pro-
teases, damages cell structures and can cause cell death.

Feeney’s weight-
drop model

One of several methods used to induce brain trauma (primary in-
jury is mostly focal) in rats and mice. The impact is delivered to the 
intact dura, causing cortical contusion and damage to the blood-brain 
barrier.

Focal traumatic 
brain injury

A focal traumatic injury results from direct mechanical forces and is 
usually associated with brain tissue damage visible to the naked eye. It 
typically has symptoms related to the damaged area of the brain; e.g., 
a stroke can produce focal damage associated with signs and symp-
toms that correspond to the part of the brain that was damaged. Focal 
injuries include cerebral contusions; cerebral lacerations; and epidural, 
subdural, intracerebral, and intraventricular hemorrhage.

Glasgow Coma 
Scale

A standardized test of level of consciousness and neurological function 
that uses three measures: eye opening, best verbal response, and best 
motor response. Patient assessment by the criteria of the scale yields a 
score between 3 (indicating deep unconsciousness) and either 14 (origi-
nal scale) or 15 (the more widely used revised scale).

Glasgow 
Outcome Scale

A five-point score (dead, vegetative, severely disabled, moderately 
disabled, good recovery) given to victims of TBI postinjury. It is a very 
general assessment of the overall functioning of head-injury patients. 
It is not used in the clinical management of patients, but in research to 
quantify the level of recovery patients have achieved.

Hematoma Heavy bleeding into or around the brain usually caused by damage to 
a major blood vessel in the head.

Hemorrhagic 
stroke

A stroke caused by the breakage or rupture of a blood vessel in the 
brain. Hemorrhages can be caused by a number of disorders that af-
fect the blood vessels, including long-standing high blood pressure and 
cerebral aneurysms (weak or thin spots in the vessel wall). There are 
two types of hemorrhagic stroke: intracerebral and subarachnoid.

Hippocampus One of two structures in the adult brain where neurogenesis persists.
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Hydrocephalus 
or posttraumatic 
ventricular 
enlargement

The accumulation of cerebrospinal fluid resulting from dilation of 
ventricles and increase in intracranial fluid.

Hyperemia or 
hyperfusion

An excessive increase in blood flow to tissue(s)

Hypothalamus The hypothalamus, an extremely complex region in the human brain, 
is responsible for certain metabolic processes and other activities of the 
autonomic nervous system, such as the control of body temperature, 
hunger, thirst, fatigue, sleep, and circadian cycles. The hypothalamus is 
located below the thalamus, just above the brain stem. It is the pri-
mary link between endocrine and nervous systems; nerves in the hypo-
thalamus control the pituitary gland by producing neurohormones that 
either stimulate or suppress hormone secretions. The hypothalamic-
releasing hormones, for example, stimulate or inhibit the secretion of 
pituitary hormones.

Hypoxia A deficiency of oxygen reaching the tissues of the body.

Intracranial 
pressure

A result of swelling of the brain and accumulation of fluids due to 
injury.

Ischemia The blockage of arteries and cut-off of blood flow.

Ischemia 
reperfusion 
injury

The damage to tissue caused when blood supply returns after a period 
of ischemia. The absence of oxygen and nutrients from blood creates 
a condition in which the restoration of circulation results in inflamma-
tion and oxidative damage through the induction of oxidative stress 
rather than restoration of normal function.

Ischemic stroke Ischemia can be caused by embolic and thrombotic strokes. In an 
embolic stroke, a blood clot forms somewhere in the body (usually 
the heart), then travels through the bloodstream to the brain, where it 
eventually reaches a blood vessel too small to allow its passage, caus-
ing a stroke. In thrombotic stroke, blood flow is impaired because of 
blockage to one or more arteries supplying blood to the brain. Isch-
emic strokes can also occur as the result of an unhealthy blood vessel 
clogged with a buildup of fatty deposits and cholesterol.

Ketogenic diet A diet formulated to mimic fasting, with limited glucose supply and 
high fat availability, that favors fatty acid oxidation, ketone body pro-
duction, and utilization of ketone bodies by the brain as an alternative 
energy substrate.

Locked-in 
syndrome

A condition in which the patient is awake and aware but cannot move 
or communicate due to complete paralysis of the body.

Luria Memory 
Words test

A test used to assess the memory of elderly patients diagnosed with 
dementia by presenting word lists in given time periods.
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Magnetic 
resonance 
imaging

A medical imaging technique that uses the property of nuclear mag-
netic resonance to visualize areas inside the body but that, unlike CT 
scans or traditional X-rays, uses no ionizing radiation. It provides 
more detail and contrast than a CT scan.

Medial 
prefrontal cortex

The anterior part of the frontal lobes of the brain, it has been impli-
cated in planning complex cognitive behaviors, personality expression, 
decision making, and moderating correct social behavior. The most 
typical psychological term for functions carried out by the prefrontal 
cortex area is executive function. Biological models suggest that a 
fundamental mechanism underpinning posttraumatic stress disorder 
involves an exaggerated response of the amygdala, which results in 
impaired regulation by the medial prefrontal cortex.

Modified Rankin 
Scale

First published in 1988, this measures activities of daily living to assess 
physical disability in stroke patients and is now the most commonly 
used clinical outcome measure for stroke clinical trials.

Morris water 
maze

A test widely used in behavioral neuroscience to study the psychologi-
cal processes and neural mechanisms of spatial learning and memory. 
Animals are placed in a large circular pool of water and required to 
escape onto a hidden platform whose location can normally be identi-
fied only by using spatial memory.

Necrosis The premature death of cells and living tissue. Necrosis is caused 
by factors external to the cell or tissue, such as infection, toxins, or 
trauma. Cells that die due to necrosis do not usually send the same 
chemical signals to the immune system that cells undergoing apoptosis 
do. This prevents nearby phagocytes from locating and engulfing the 
dead cells, leading to a buildup of dead tissue and cell debris at or 
near the site of the cell death.

Neuroglycopenia A shortage of glucose (glycopenia) in the brain, usually due to hypo-
glycemia. Glycopenia affects the function of neurons, and alters brain 
function and behavior. Prolonged neuroglycopenia can result in perma-
nent damage to the brain.

Perfusion Process of nutritive delivery of arterial blood to a capillary bed in the 
biological tissue.

Polytrauma Two or more injuries to physical regions or organ systems, one of 
which may be life-threatening, that result in physical, cognitive, psy-
chological, or psychosocial impairments and functional disability.

Postconcussive 
syndrome

Symptoms of mild TBI that continue for longer than three months. 
These vary from person to person but include numerous cognitive, 
affective, or somatic symptoms such as headache, dizziness, balance 
problems, nausea, vision problems, increased sensitivity to noise and/
or light, and depression, among many others.

Recommended 
Dietary 
Allowance

The average daily dietary nutrient intake level that is sufficient to meet 
the nutrient requirements of nearly all (97–98 percent) healthy indi-
viduals in a particular life stage and gender group.
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Refractory 
epilepsy

Epilepsy that is resistant to treatment. 

Rhinorrhea In the context of brain injury, cerebral spinal fluid leakage from the 
nose.

Rotarod 
performance test

A performance test applied to animals that uses a rotating rod with 
forced motor activity being applied. It measures parameters such as 
riding time (seconds) or endurance, balance, and coordination.

Rotarod score Measures performance on a Rotarod treadmill in order to assess mo-
tor coordination, and thus neurological performance, in mice and rats.

Second impact 
syndrome

A repeat concussion that occurs before the brain recovers from the 
first, usually within a short period of time (hours, days, or weeks), that 
results in brain swelling, permanent brain damage, and even death.

Stupor A state of consciousness in which the patient is unresponsive but can 
be aroused by a strong stimulus.

Subarachnoid 
hemorrhage

Bleeding in the space beneath the arachnoid mater, a membrane that 
covers the brain. This area, called the subarachnoid space, normally 
contains cerebrospinal fluid. Such hemorrhage can lead to stroke, sei-
zures, and other complications. 

Synapses The junction between the axon terminals of a neuron and the receiving 
cell that permits neurons to pass signals to individual target cells. Most 
neurons achieve their effect by releasing chemicals, the neurotransmit-
ters, to a receiving cell.

Syndrome of 
inadequate 
secretion of 
antidiuretic 
hormone and 
hypothyroidism

A common fluid and hormonal imbalance occurring as a result of 
disruption to the pituitary, thyroid, or other glands.

Tolerable Upper 
Intake Level 
(UL)

The highest average daily nutrient intake level that is likely to pose 
no risk of adverse health effects to almost all individuals in the genera 
population. As intake increases above the UL, the potential risk of 
adverse effects may increase.

Vasospasm A condition in which blood vessels spasm, leading to vasoconstriction, 
that can induce tissue ischemia and death (necrosis). Cerebral vaso-
spasm may arise in the context of subarachnoid hemorrhage. Symp-
tomatic vasospasm or delayed cerebral ischemia is a major contributor 
to postoperative stroke and death, especially after aneurysmal sub-
arachnoid hemorrhage. Vasospasm typically appears four to ten days 
after subarachnoid hemorrhage.
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Vegetative state The condition of patients who are unconscious and unaware of their 
surroundings but who may have a sleep-wake cycle, periods of alert-
ness, and periodically open eyes, unlike coma patients, and may move 
and show reflexes. Many patients recover from this state within a few 
weeks, but some will remain in a persistent vegetative state. It can 
result in diffuse injury to the cerebral hemispheres without damage to 
the lower brain and brainstem.

Ventriculostomy Procedure to drain cerebrospinal fluid from the brain to reduce 
intracranial pressure (mannitol and barbiturates are pharmaceutical 
alternatives).
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Acronyms

ACA Acetoacetate
ACES Army Center of Excellence, Subsistence
ACL Acetyl-L-Carnitine
AD Alzheimer’s disease
ADA American Dietetic Association
ADAS-Cog Alzheimer’s Disease Assessment Scale-cognitive subscale
ADP Adenosine diphosphate
AED Anti-epileptic drug(s)
AI Adequate Intake
ALA Alpha-linolenic acid
ARDS Acute Respiratory Distress Syndrome 
ALS Amyotrophic lateral sclerosis
AMDR Acceptable Macronutrient Distribution Range
AMP Adenosine monophosphate
AMPK 5′ AMP-activated protein kinase
AOC Alteration of Consciousness/Mental State

ASPEN American Society of Parenteral and Enteral Nutrition
ATP Adenosine 5′-triphosphate
ARDS Acute Respiratory Distress Syndrome
bAMC Bilateral anterior medial cortex
BBB Blood-brain barrier
BCAA Branched-chain amino acids
BDNF Brain-derived neurotrophic factor
BI Barthel Index
BMI Body Mass Index
BOH b-hydroxyburate
BTF Brain Trauma Foundation 
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Ca2+ Intracellular calcium
CaEDTA Calcium disodium ethylenediamine tetraacetate
CaMKII Calcium/calmodulin dependent kinase I
CCI Controlled cortical impact
CDC Centers for Disease Control and Prevention
CDP-choline Cytidine 5′–diphosphocholine
CI Confidence Interval
CI Cerebral infarction
CNS Central nervous system
CNS Canadian Neurological Score
COBRIT Citicoline Brain Injury Treatment
CREB Cyclic adenosine monophosphate response element-binding
CSF Cerebral spinal fluid
CSWF Continuous spikes and waves during slow sleep
CT Computerized tomography
CTE Chronic traumatic encephalopathy
CVA Cerebrovascular disease
CVD Cardiovascular disease

DAI Diffuse axonal injury
DCI Delayed cerebral ischemia
DFE Dietary folate equivalents
DHA Docosahexaenoic acid
DM Diabetes mellitus
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
DoD Department of Defense
DRI Dietary Reference Intakes
DRS Disability Rating Scores
DVBIC Defense and Veterans Brain Injury Center
DWI Diffusion-weighted imaging

EAR Estimated Average Requirements
EBG Evidence-Based Guidelines
EDTA Ethylene diamine teta-acetic acid (typically in the form of a salt)
EEG Electroencephalography
EGb Ginkgo biloba extract
EN Enteral Nutrition
EPA Eicosapentaenoic acid
ESPEN European Society for Parenteral and Enteral Nutrition

FAST-MAG Field Administration of Stroke Therapy—Magnesium
FFA Free fatty acid(s)
FMD Flow-mediated dilatation
fMRI Functional Magnetic Resonance Imaging
FP Fluid percussion
FSCM Food Service Contract Management
FSMB Food Service Management Board
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GABA Gamma-aminobutyric acid
GABAA Gamma-aminobutyric acid type A
GCS Glasgow Coma Scale
GFAP Glial fibrillary acidic protein
GHB Gamma hydroxybutyrate
GOS Glasgow Outcome Score
GRV Gastric residual volume 
GSH Glutathione

HIF-1 Hypoxia-inducible factor 1
HR Hazard ratio 

ICP Intracranial pressure 
ICU Intensive care unit
IED Improvised explosive devices
IGF-I Insulin-like growth factor
IL-1 Interleukin-1
i.m. intramuscularly/intramuscular
IMAGES Intravenous Magnesium Efficacy in Stroke
IOM Institute of Medicine
IRB Institutional Review Board
IU International Units
i.v. Intravenously/intravenous

JCCoE Joint Culinary Center of Excellence

LDL Low-density lipoprotein
LDL-c Low-density lipoprotein cholesterol
LOC Loss of Consciousness
LOS Length of hospital stay

MCT Medium-chain triglycerides
MDA Malondialdehyde
MDRI Military Dietary Reference Intake
Mg Magnesium
MgSO4 Magnesium sulfate
MI Myocardial infarction
MRE Meal, Ready to Eat
MRI Magnetic resonance imaging
mRS Modified Rankin Scale
MT Metallothionein
mTBI Mild Traumatic Brain Injury
MWM Morris water maze

Na Sodium
NAD+ Nicotinamide adenine dinucleotide
NE Niacin equivalents
NGF Nerve growth factor
NHANES National Health and Nutrition Examination Survey

http://www.nap.edu/13121


Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel

Copyright National Academy of Sciences. All rights reserved.

424 NUTRITION AND TRAUMATIC BRAIN INJURY

NICU Neonatal Intensive Care Unit
NIH National Institutes of Health
NIHSS NIH Stroke Scale
NMDA N-methyl-D-aspartate
NO Nitric oxide
NPD1 Neuroprotectin D1
NSE Neuron specific enolase
NSOR Nutritional standards for operational rations
NT-3 Neurotrophin 3

OEF Operation Enduring Freedom
OIF Operation Iraqi Freedom
OR Odds ratio
Oxy-Hb Oxy-hemoglobin

PARP Poly (ADP-ribose) polymerase
PICO Population, Intervention, Comparator, Outcome
PN Parenteral Nutrition
PTA Post Traumatic Amnesia
PTSD Posttraumatic stress disorder
PUFA Polyunsaturated fatty acid(s)

RCT Randomized control trial
RDA Recommended Dietary Allowances
RMR Resting Metabolic Rate
RNA Ribonucleic acid
ROS Reactive oxygen species
RQ Respiratory quotient
RR Risk ratio
RXR Retinoic acid receptor

SAH Subarachnoid hemorrhage
SCCM Society of Critical Care Medicine
SDNN Standard deviation of normal RR intervals
SEM Standard error of mean 
SGZ Subgranular zone
SIRT1 Sirtuin-1
SOD Superoxide dismutase
SVX Subventricular zone

TBD To be determined
TBI Traumatic brain injury
TEF Thermal effect of food 
TNF Tumor necrosis factor
TPN Total parenteral nutrition
TUNEL Transferase-mediated biotinylated dUTP nick-end labeling

UCP Uncoupling protein
UL Tolerable Upper Intake Level
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USARIEM U.S. Army Research Institute of Environmental Medicine

VA Department of Veterans Affairs
VDR Vitamin D receptor
VDRE Vitamin D response elements
VEGF Vascular endothelial growth factor

WMH White matter hypersensitivity
WRAMC Walter Reed Army Medical Center

XO Xanthine oxidase

Zn Zinc
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Committee Member Biographical Sketches

John W. Erdman, Jr., Ph.D. (Chair), is Professor Emeritus of Nutrition and Food Science in 
the Department of Food Science and Human Nutrition and a Professor in the Department of 
Internal Medicine at the University of Illinois at Urbana-Champaign. His research interests 
include the effects of food processing on nutrient retention, the metabolic roles of vitamin 
A and beta-carotene, the bioavailability of minerals from foods, and the influence of food 
components on prostate cancer. His research regarding soy protein has extended into stud-
ies on the impact of non-nutrient components of foods such as phytoestrogens on chronic 
disease. Dr. Erdman has published over 160 peer-reviewed research papers. He chaired the 
1988 Gordon Conference on Carotenoids, and has served as a Burroughs Wellcome Visit-
ing Professor in Basic Medical Sciences at the University of Georgia, and the G. Malcolm 
Trout Visiting Scholar at Michigan State University. His awards include the Borden Award 
from the American Society for Nutrition and the Babcock-Hart Award from the Institute of 
Food Technologists. He has served on a number of Institute of Medicine (IOM) committees, 
including service as chair of the Standing Committee on Dietary Reference Intakes and vice 
chair of the Food and Nutrition Board. Dr. Erdman has served on many editorial boards, 
and on many program and planning committees for the American Society of Nutrition, the 
Institute of Food Technologists, and the National Academy of Sciences. In 1992, he was 
elected a fellow of the Institute of Food Technologists, and in 2003 he was elected a fellow 
of the American Heart Association. Dr. Erdman was elected to the IOM in 2003 and serves 
as chair of the standing Committee on Military Nutrition Research. Dr. Erdman received 
his M.S. and Ph.D. in food science from Rutgers University.

E. Wayne Askew, Ph.D., is Professor of Nutrition and the Director of the Division of Nutri-
tion in the College of Health at the University of Utah in Salt Lake City. He teaches metabo-
lism and sports nutrition and conducts research on nutrition and human performance. Prior 
to his current position at the University of Utah, he was a Medical Service Corps Officer 
with the U.S. Army Medical Department. His assignments included the U.S. Army Medical 
Research and Nutrition Laboratory, Denver, CO; Letterman Army Institute of Research, Pre-
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sidio of San Francisco, CA; Tripler Army Medical Center, Honolulu, HI; and the U.S. Army 
Research Institute of Environmental Medicine, Natick, MA, where he was Chief of Military 
Nutrition Research for the U.S. Army. His research involves the study of oxidative stress, 
biochemical adaptations to exercise training, the role of nutrition in physical performance, 
assessment of nutritional status, and nutrition for human performance in environmental 
extremes including heat, cold and high altitude. He is a member of the American College 
of Sports Medicine, the American Society for Nutrition, the American Dietetic Association, 
the International Society for Mountain Medicine, and the Wilderness Medical Society. He 
has served as a member of the United States Olympic Committee Nutrition Advisory Com-
mittee and the U.S. Food and Drug Administration Advisory Committee on Food Safety. 
He currently serves as vice chair of the standing Committee on Military Nutrition Research. 
He received his Ph.D. in nutritional biochemistry from the Institute of Nutrition, Michigan 
State University.

Bruce R. Bistrian, M.D., Ph.D., is Professor of Medicine at Harvard Medical School and the 
Chief of Clinical Nutrition at Beth Israel Deaconess Medical Center. Formerly he was Co-
Director of Hyperalimentation Services at New England Deaconess Hospital, and a lecturer 
in the Department of Nutrition and Food Science at Massachusetts Institute of Technology 
(MIT). Dr. Bistrian is board-certified in Internal Medicine and, from 1997–2007, in Criti-
cal Care Medicine. Dr. Bistrian’s primary research interests include nutritional assessment, 
metabolic effects of acute infections, nutritional support of hospitalized patients, and the 
pathophysiology of protein-calorie malnutrition. He is a fellow of the American College of 
Physicians, and has received an honorary M.A. from Harvard University. Dr. Bistrian is the 
2004 recipient of the Goldberger Award of the American Medical Association. Dr. Bistrian 
has been President of the American Society for Parenteral and Enteral Nutrition, President 
of the (former) American Society of Clinical Nutrition and President of the Federation of 
American Societies for Experimental Biology. Dr. Bistrian has served on the editorial boards 
of numerous nutrition and medical journals, and is the author or coauthor of over 400 
articles in scientific publications. He is a member of the standing Committee on Military 
Nutrition Research and has served on several IOM ad hoc committees, including the Com-
mittee on Use of Dietary Supplements by Military Personnel and the Committee on Mineral 
Requirements for Cognitive and Physical Performance of Military Personnel. He earned his 
M.P.H. from Johns Hopkins University, his M.D. from Cornell University, and his Ph.D. in 
nutritional biochemistry and metabolism from MIT.

Joseph G. Cannon, Ph.D., is Professor in the Departments of Physiology and Biomedical 
Technologies and Associate Dean for Research in the College of Allied Health Sciences at the 
Georgia Health Science University (GHSU). Formerly, he was Professor of Applied Physiol-
ogy at Pennsylvania State University. Dr. Cannon’s primary research interests include the 
immunological mechanisms involved in bone turnover and vascular function, as well as nu-
tritional and hormonal influences on leukocyte function. He holds the Kellett Chair in Allied 
Health Sciences at GHSU. Dr. Cannon has served on the editorial boards of the American 
Journal of Physiology and Journal of Applied Physiology and is the author or coauthor of 
over 100 articles in scientific publications. He is a member of the standing Committee on 
Military Nutrition Research and has served on the Committee on Mineral Requirements 
for Cognitive and Physical Performance on Military Personnel. Dr. Cannon holds a B.S. in 
engineering from Michigan State University, an M.S. in engineering from the University of 
California, Los Angeles, and a Ph.D. in physiology from the University of Michigan.
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Xiang Gao, M.D., Ph.D., is Research Scientist in the Department of Nutrition at Harvard 
School of Public Health and Assistant Professor in the Department of Medicine at Harvard 
Medical School. Dr. Gao’s research investigates the relationships between environmental and 
dietary factors and the risk of neurological diseases, such as Parkinson’s disease and Rest-
less legs syndrome. He serves as the Principal Investigator of a prospective study of restless 
legs syndrome funded by an R01 Research Project Grant from the National Institute of 
Neurological Disorders and Stroke. Dr. Gao works with data from several large, ongoing 
cohorts, including the Nurses’ Health Study and the Health Professionals Follow-up Study. 
He also works on dietary pattern methodology, employing mathematical approaches to 
evaluate U.S. nutritional recommendations, including the Food Pyramid and the Dietary Ref-
erence Intakes. Dr. Gao has published over 60 original articles and is first or senior author 
on about 35. He has served on the mentoring committee of Parkinson Study Group since 
2008. Dr. Gao won the Irwin H. Rosenberg Award for excellence in predoctoral research 
from the Jean Mayor U.S. Department of Agriculture (USDA) Human Nutrition Research 
Center on Aging at Tufts University in 2006, the Mentored Clinical Research Award from 
the Parkinson Study Group in 2007, and the Wayne A. Hening Sleep Medicine Investigator 
Award from the American Academy of Neurology in 2011. Dr. Gao received his M.S. from 
the Chinese Academy of Medical Science and Peking Union Medical College and his M.D. 
from Shanghai Second Medical University. He received his Ph.D. in nutritional epidemiology 
from Tufts University School of Nutrition Science and Policy.

Col. Michael Jaffee, M.D., began his fellowship training in sleep medicine at the San 
Antonio Uniformed Services Health Education Consortium (SAUSHEC) on July 1, 2010. 
Previously, Col. Jaffee served as National Director of the Defense and Veterans Brain Injury 
Center (DVBIC). Prior to his selection as DVBIC national director, Col. Jaffee served as the 
SAUSHEC Neurology Program Director at Wilford Hall Medical Center at Lackland Air 
Force Base and as the DVBIC San Antonio Site Director. He currently serves as the U.S. 
Air Force (USAF) Surgeon General Neurology Consultant. Col. Jaffee has served as an 
Aerospace Neurology Consultant at the Aerospace Consultation Service/USAF School of 
Aerospace Medicine and as the USAF Psychiatry Consultant on security clearance issues. 
His academic appointments include Assistant Clinical Professor of Neurology and Associate 
Clinical Professor of Psychiatry at the University of Texas Health Sciences Center and As-
sistant Professor of Neurology at the Uniformed Services University of the Health Sciences. 
He is also on the clinical faculty at the University of Virginia. Col. Jaffee serves as a Visit-
ing Scientist to the Center for Information Technology of the National Institutes of Health 
(NIH). His honors and awards include being the only Department of Defense physician 
selected as a William Webb fellow by the Academy of Psychosomatic Medicine for excel-
lence in advancing the understanding of the mind-body interface, citations from the U.S. 
Surgeon General and the Iraqi Surgeon General, and commendations from four cabinet-level 
departments as well as the Congressional Brain Injury Task Force. He was selected as the 
active-duty U.S. delegate to North Atlantic Treaty Organization for international coordina-
tion of traumatic brain injury initiatives. He has been involved in extensive research in the 
area of traumatic brain injury and is the author of many articles and papers. He has served 
on many federal panels and review boards and has been an invited speaker at many national 
and international conferences as well as to the Institute of Medicine. Col. Jaffee holds an 
M.D. from the University of Virginia School of Medicine and a B.A. from the University 
of Pennsylvania, as well as a B.S. in Economics from the Wharton School of Finance and 
Commerce. He completed residency training at Wilford Hall Medical Center where he was 
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selected as chief resident for the departments of both Neurology and Psychiatry. He is board-
certified in both neurology and psychiatry.

Robin B. Kanarek, Ph.D., is the John Wade Professor of Psychology at Tufts University. Her 
prior experience includes Research Fellow, Division of Endocrinology of the University of 
California, Los Angeles School of Medicine, and Research Fellow in Nutrition at Harvard 
University. Additionally, she served as Dean of the Graduate School of Arts and Sciences at 
Tufts University from 2002 to 2006. Dr. Kanarek’s research focuses on the role of nutrition 
in determining brain functioning and behavior. In addition to reviewing for numerous jour-
nals, including Science, Brain Research Bulletin, Journal of Nutrition, American Journal of 
Clinical Nutrition, and Annals of Internal Medicine, she is a member of the editorial boards 
of Physiology & Behavior and the Tufts Diet and Nutrition Newsletter and is a past Editor 
in chief of Nutrition and Behavior. Dr. Kanarek has served on ad hoc review committees 
for the National Science Foundation, the NIH, and USDA nutrition research, as well as the 
Member Program Committee of the Eastern Psychological Association. She is a fellow of 
the American College of Nutrition and the International Behavioral Neuroscience Society 
and her other professional memberships include the American Institute of Nutrition, New 
York Academy of Sciences, the Society for the Study of Ingestive Behavior, and the Society 
for Neurosciences. She is a member of the IOM Standing Committee on Military Nutrition 
Research and served on the Committee on Use of Dietary Supplements by Military Person-
nel. Dr. Kanarek received a B.A. in biology from Antioch College, and an M.S. and a Ph.D. 
in psychology from Rutgers University.

Cathy W. Levenson, Ph.D., is Associate Professor of Biomedical Science and Neuroscience 
in the Department of Biomedical Sciences at the Florida State University College of Medi-
cine, where she serves as the Course Director for Medical Biochemistry and Genetics. Her 
current research focuses on neurogenesis; her lab uses rodent models as well as cultured 
human neuronal precursor cells to understand the cellular and molecular mechanisms that 
are responsible for proliferation, survival, migration, and differentiation of adult stem cells 
in the brain. Dr. Levenson is a member of the Society for Neuroscience and of the American 
Society for Nutrition. She also served as a research associate in the laboratory of Dr. Robert 
Cousins at the University of Florida. She received her B.A. from the University of Virginia, 
her M.S. from Florida State University, and her Ph.D. from the University of Chicago.

Esther F. Myers, Ph.D., R.D., is the Chief Science Officer at the American Dietetic Associa-
tion (ADA) and is an internationally known author, lecturer, educator and researcher. She 
is a retired member of the USAF, where she served as Chief Consultant to the Air Force 
Surgeon General for Nutrition and Dietetics; associate chief, Biomedical Sciences Corps 
for Dietetics; and flight commander, Nutritional Medicine, at the 60th Medical Group. Dr. 
Myers has authored several papers describing evidence analysis processes and the ADA 
process and coauthored a chapter on systematic reviews of evidence for Research: Successful 
Approaches, edited by Elaine Monsen. She is actively involved in research projects focusing 
on evaluating the impact of nutrition services in Medicare Demonstration projects, and in 
collaboration with Blue Cross Blue Shield of North Carolina. Dr. Myers is the ADA staff 
liaison with the Nutrition Care Process and Standardized Language Committee which is 
developing and validating terminology to reflect the nutrition care for standardized language 
systems and electronic health records. Prior to joining ADA, she served as a site visitor for 
the Commission on Accreditation for Dietetics Education, a peer reviewer for the Journal 
of the American Dietetic Association, and a member of the Health Services Research Task 
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Force overseeing dietetic outcomes research. She currently focuses her efforts on research 
activities needed for the dietetics profession and the Association as well as the ADA strategic 
leadership initiative in obesity and the ADA Foundation initiative, Healthy Weight for Kids. 
Dr. Myers has served on the Committee on the Use of Dietary Supplements by Military Per-
sonnel and the Committee on Nutrition Services for Medicare Beneficiaries. She is a member 
of the IOM Standing Committee on Military Nutrition Research.

Linda J. Noble, Ph.D., is Professor of Neurological Surgery and Physical Therapy and Reha-
bilitation Science at the University of California, San Francisco (UCSF). She holds the Alvera 
L. Kan Endowed Chair in the Department of Neurological Surgery, is Vice Chair of the 
Department of Physical Therapy and Rehabilitation Science, co-directs the Neurobehavioral 
Core for Rehabilitation Research, and is a Principal Investigator of the Brain and Spinal In-
jury Center at UCSF. Dr. Noble has an established expertise in the field of neurotrauma and 
hers is one of few laboratories that has developed models of both traumatic brain and spinal 
cord injury in the mouse that mimic the human conditions. Such modeling has provided a 
unique opportunity to study transgenic animals and has been used to identify specific factors 
that influence vascular permeability and inflammation and mediate cell injury after either 
traumatic spinal cord or brain injury. Dr. Noble is a member of Society for Neuroscience, 
the American Association for Anatomists, and the Society for Neurotrauma. She serves on 
the editorial boards of the Journal of Neurotrauma and Developmental Neuroscience and 
is a Review Editor for Frontiers in Neurotrauma. She currently chairs the NIH National 
Institute of Neurological Disorders and Stroke/National Spasomdic Dysphonia Association 
study section and is on the external review committee for Mission Connect, Houston, Texas. 
Dr. Noble served on the IOM Committee on Gulf War and Health: Brain Injury in Veterans 
and Long-Term Health Outcomes. She holds a B.S. from the University of Utah and the 
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