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A B S T R A C T

The well-known health effects of the long-chain, marine omega-3 (n-3) fatty acids (FAs) has led to a growing
interest in the prognostic value that blood levels of these FAs might have vis-à-vis cardiovascular and neuro-
cognitive diseases. The measurement and expression of n-3 FA levels is not straight-forward, however, and a
wide variety of means of expression of n-3 FA status have been used in research and clinical medicine. This has
led to considerable confusion as to what “optimal” n-3 FA status is. The n-6:n-3 ratio has enjoyed relatively
widespread use, but this apparently simple metric has both theoretical and practical difficulties that have
contributed to misunderstandings in this field. Just as the once-popular polyunsaturated:saturated FA ratio has
largely disappeared from the nutritional and medical literature, it may be time to replace the n-6:n-3 ratio with a
newer metric that focuses on the primary deficiency in Western diets – the lack of eicosapentaenoic and doc-
osahexaenoic acids (EPA and DHA). The Omega-3 Index (red blood cell EPA+DHA) has much to recommend it
in this regard.

1. Introduction

There is a growing interest in exploring the relationships between
fatty acid (FA) status and clinically important health outcomes [1].
These include cardiac disease [2–4], stroke [5], diabetes [6], cognitive
function [7], and aging [8–10]. However, analysis of FAs is much more
complicated than it is for other biomarkers like cholesterol or glucose.
The latter analytes circulate in plasma as single molecular species
whose concentrations can be easily measured by long-ago standardized
enzymatic methods, and optimal levels are clearly defined after decades
of research, either as a risk factor for a disease [e.g., coronary heart
disease (CHD), the former] or as a diagnostic for disease (e.g., diabetes,
the latter). There are several reasons why FA testing is more challen-
ging. First, there are many different FA species, typically organized into
groups based on the number of double bonds they contain [0, saturated;
1, monounsaturated; >1, polyunsaturated (PUFA); or >2, highly un-
saturated (HUFA)]. FAs within the latter 2 groups are further segre-
gated based on the position of the terminal double bond into the omega
(n)-6 and n-3 groups. But even these are not homogeneous groupings as
the physiological functions of FAs within each class may differ de-
pending on carbon chain length and orientation of the double bonds (cis
vs. trans). Beyond the differences in molecular species, FA status can be
measured in multiple lipid pools – from whole blood to blood cells (red,
white or platelet) to whole plasma or plasma lipid classes or even
subclasses. In general, the same FAs are found in all lipid pools but
always in unique relative proportions peculiar to that pool [11]. Like

cholesterol and glucose, FA levels can be expressed in molar or mass
units. Finally, regardless of the pool analyzed, FA status can be ex-
pressed as composition (each as a percent of total) or as concentration
(mass/volume or cell count). Partly because of these challenges, de-
fining a “high risk” FA level that can be used clinically has been diffi-
cult.

In the 1960s the “P:S ratio” became popular as the ratio of dietary/
plasma polyunsaturated vs. saturated FAs was inversely related to
serum cholesterol levels [12]. This metric became obsolete as Mensink
et al. demonstrated the illogic of its underlying assumptions [13]. These
included physiologic differences between two FAs from the same class
(e.g., one saturated FA – palmitic – raised cholesterol but another –
stearic – did not), and physiological similarities between two FAs from
different classes (e.g., trans monounsaturated FAs proved to have even
more detrimental effects on serum lipids than saturated FAs). What's
more, cis monounsaturated FAs had clear beneficial effects on a classic
CHD risk marker – the ratio of total to high density lipoprotein cho-
lesterol – and they were not included in the P:S ratio. The confluence of
these advances in science led to the eventual demise of the P:S ratio.

The discovery in the late 1970s of the potential health benefits of
the marine n-3 FAs (eicosapentaenoic and docosahexaenoic acids, EPA
and DHA) by Bang and Dyerberg in Greenland Inuits [14] sparked an
avalanche of studies on these novel FAs. The realization that EPA and
arachidonic acid (AA, n-6) competed as substrates for several enzymes
critical to hemostasis, vascular reactivity, and inflammation suggested
that some kind of ratio of the n-6 to n-3 FAs in both the diet and the
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blood might be a convenient way to conceptualize the overall “omega”
status. This comported well with the pioneering studies of Holman and
colleagues showing that the shorter chain n-6 and n-3 FAs (linoleic and
alpha-linolenic acids, LA and ALA) also competed with each other for
desaturase and elongase enzymes in the production of AA and EPA/
DHA. These findings further supported a “competition” mindset and
provided a conceptual underpinning for the n-6:n-3 ratio. The discovery
that aspirin blocked the cyclo-oxygenase mediated conversion of AA to
a variety of pro-inflammatory eicosanoids fed into the idea that AA was
itself pro-inflammatory, and soon, ALL n-6 FAs were painted with that
brush. So the n-6 PUFAs became “bad” and the n-3 PUFAs “good,” and a
ratio seemed a reasonable way to simply represent the body's potential
inflammatory response to an insult [15]. However, in recent years, the
complex biochemistry of the eicosanoids (and docosanoids and octa-
decanoids) has become clearer, with some n-6 FA metabolites being
pro- and others anti-inflammatory [16], so the class itself can no longer
be so simply regarded as pro-inflammatory. In addition, beneficial (not
detrimental) effects of the primary dietary n-6 FA, LA, have been re-
peatedly observed [17–19]. These new findings began to erode the view
that PUFA biology could be summed up in one simple ratio. Now, based
on a further appreciation of both its conceptual problems and flawed
assumptions [20], calls to abandon the use of this ratio have become
more frequent [20–23]. These concerns are discussed below, and an
alternative approach to expressing PUFA status is suggested.

2. The n-6:n-3 ratio is imprecise and non-specific

“What is the usefulness of the ratio of n-6 to n-3, which is good divided
by good?” [23]

The components of the n-6:n-3 ratio are rarely defined. The ratio is
formed by summing all of the n-6 FAs in either the diet or a biological
sample and dividing it by the sum of all the n-3 FAs. As simple as this
sounds, even here we find ambiguity since “all” depends on how many
FAs are actually quantified in a given study. The major n-6 FA in the
diet and plasma is LA followed by AA. There are trace amounts of
gamma-linolenic (GLA) in the diet, but its blood levels are very low.
Then there are a variety of other n-6 metabolites not in the diet, but
present in the blood, again at low levels. These would include dihomo-
gamma linolenic acid (DGLA), adrenic acid (ADA), eicosadienoic acid
(EDA) and docosapentaenoic acid (DPAn-6). The major n-3 FA in the
western diet is ALA, but the n-3 FA in greatest abundance in blood and
most tissues is DHA, followed by DPAn-3 and EPA. Depending on the
analytical conditions, greater or fewer individual FA species may be
measured. Using RBC data from a random set of 50 individuals mea-
sured in our laboratory, if one includes the seven n-6 FAs listed above
and the four n-3 FAs, one gets a ratio of 7.8 in RBCs. If instead only the
“important” or “major” n-6 FAs (LA and AA) and n-3 FAs (ALA, EPA and
DHA) are included, the ratio is 9.3. The lack of a standardized definition
of which FAs constitute both the numerator and the denominator of the
ratio is an obvious weakness.

The lipid pool in which the ratio is calculated is not defined. Again using
data from our laboratory as an example, when the ratio is measured in
RBCs and in plasma cholesteryl esters from the same 50 people, the
ratio ranges from 3.5% in RBCs to nearly 29% in plasma (Table 1). The
ratio in RBCs also differs considerably from that in platelets (2.7 vs. 6.3)
[24], and to get even more granular, each different class of phospho-
lipids present in cell membranes has its own characteristic FA compo-
sition, and thus n-6:n-3 ratio. RBC phosphatidyl-choline, -ethanola-
mine, -serine and -inositol have ratios of 12, 2, 2, and 4.5, respectively
[25]. A further challenge on this point has to do with measurements
made in whole plasma/serum since this matrix contains an undefined
mixture of 4 lipid classes (phospholipids, triglycerides, cholesteryl es-
ters, and free FAs) each with its own FA signature [11], and except for
the free FAs, these are all carried in unique proportions in 3 different
lipoprotein particles (very low-, low- and high-density lipoproteins).

The n-6:n-3 ratios in patients with various dyslipidemias can thus be
affected by variations in serum levels of each lipid class [11].

The means of expression of FA abundance is not defined. FA status can
be expressed in molar or mass terms (whether as concentration or
percent compositions). For example, the RBC ratio is 11.2 based on mol
% expression and 10.2 on weight%.

Identical ratios can be calculated from an endless variety of individual
FA levels. This weakness, raised earlier [20], can be illustrated by
considering a RBC membrane with 30% LA+AA and 8.3% EPA+DHA.
(The latter value is called the Omega-3 Index, and a value of 8.3% is
within the optimal cardioprotective zone [26,27]). The n-6:n-3 ratio of
this sample would be 3.6. Virtually the same ratio would be calculated
for a sample containing 18% LA+AA and 5% EPA+DHA (which is near
the undesirable zone of <4% for the Omega-3 Index). Hence, both high
and low risk status could have the same ratio. (To be fair, this is only a
theoretical concern since in human biology, the RBC membrane PUFA
content is held constant, so when the n-3 FA level increases, the n-6
level decreases; they cannot both decrease to any appreciable extent
[28]).

Coherent dietary advice cannot be given based only on the n-6:n3 ratio.
Based on NHANES data, the average n-6:n-3 ratio of the American diet
is about 10 [29]. Some have advocated the consumption of a diet with a
ratio of 1 – the presumed ratio of the ancient human diet [30]. Putting
aside for a moment the problem of the implicit presumption of meta-
bolic equivalence of each FA within each class (discussed below), there
are at least five ways to lower a ratio that is “too high” (Table 2), and
the physiological consequences of each approach differs. For example,
lowering both n-3 and n-6, the latter more than the former (approach 5
in the Table) is clearly less healthy than simply raising the n-3 intake
(approach 2). Ratio-thinking distracts from the almost universal need
for individuals with a “high” ratio to simply raise their EPA+DHA in-
take, not lower their n-6 intake. Thus, it can be challenging for a
clinician who is “ratio-focused” to make rational and healthy dietary
recommendations.

3. Use of the n-6:n-3 ratio is based on invalid assumptions

In addition to problems of imprecision and non-specificity, there are
at least four assumptions underlying the use of the n-6:n-3 ratio that
are, if not completely false, at least highly debatable. This thin evi-
dentiary foundation contributes to the disutility of the metric.

Assumption 1: Omega-6 FAs have adverse effects on cardiovascular
health. More precisely, LA – because it can be converted to AA which
can then be metabolized to pro-inflammatory eicosanoids – increases
the chronic inflammatory status of the body which predisposes to

Table 1
Differences in the n-6:n-3 ratio by lipid pool measured in the same
50 random blood samples in the author's laboratory.

Lipid compartment n-6:n-3 ratio (wt%)

Whole blood 7.8
Red blood cell 3.5
Whole plasma/serum 9.1
Non-esterified FAs 4.0
Cholesteryl esters 19.7
Phospholipids 4.9
Triglycerides 6.5

Table 2
Five ways to lower the n-6:n-3 ratio [19].

Approach 1 2 3 4 5

n-3 FAs ↑ ↑ ↑↑ → ↓
n-6 FAs ↓ → ↑ ↓ ↓↓
Ratio ↓ ↓ ↓ ↓ ↓
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chronic diseases. Although this assumption is potentially supported by
the re-analysis of two vegetable oil feeding trial in the 1970s–80s for
CVD [31,32] and by a prospective cohort study linking higher LA intake
to depression in women [33], there is a large body of literature on
human disease outcomes that shows either neutral or beneficial effects
of dietary intakes or blood levels of LA on risk for CVD [17,18,34] and
type 2 diabetes mellitus [35,36]. Hence, LA is not bad, it's good for
cardiometabolic health.

Assumption 2: Omega-6 FAs are proinflammatory. As alluded to above,
the increased risk for disease supposedly associated with a high n-6:n-3
ratio is classically attributed to the numerator being pro- and the de-
nominator being anti-inflammatory [15,37]. However, this view, which
might have been reasonable in the 1970s, is now far too simplistic [16],
and enjoys little to no direct support from studies in humans [38–40].
Higher LA levels have actually been associated with reduced in-
flammatory status [41–43]. Even supplementation with AA (which
raises serum AA levels, an effect not shared by LA supplementation; see
below) does not stimulate an inflammatory response [44]. Higher in-
flammatory status can be seen in settings where EPA and DHA levels are
low [45] (i.e., the ratio is high), but the problem is not the presence of
the n-6 FAs but the absence of the n-3s.

Assumption 3: Lowering the intake of LA will lower tissue AA levels. At
the core of concerns about high n-6:n-3 ratios is that AA is proin-
flammatory, and that the way to reduce the inflammatory stress on the
body is to cut back on the consumption of AA's precursor, LA. (Typical
daily intakes in the US are around 15 g of LA and 0.15 g of AA [29]). A
review of studies that either raised LA intakes or lowered them and then
followed the effects on serum phospholipid AA levels found that the
latter are not affected by changes in the former [46] (Fig. 1). Indeed,
tracer studies have shown that <0.2% of dietary LA is converted to AA
[47]. If lowering AA serum levels was a desirable goal (which is
questionable based on meta-analysis which found that lower AA levels
was associated with increased risk for CHD [2]), then the most effective
way to do it would be to increase the intake of EPA and DHA [28].

Assumption 4: All n-6 FAs are equally “bad” and all n-3 FAs are equally
“good.” Because of the lack of specificity in the ratio's pooling of all FAs
from each PUFA class into a single value, the implicit assumption is that
each of the seven n-6 FAs commonly measured has equal biological
function, and the same is true of the n-3 FAs, i.e., ALA has the same
physiological effects as EPA, DPA and DHA. This is clearly untrue if for
no other reason than the myriad of oxylipins synthesized from multiple
PUFAs have widely varying effects [16,48]. This point has also recently
been forcefully demonstrated for the n-6 FAs as well. Delgado et al.
correlated the risk for death from CVD and any cause over 10 years with
RBC n-6 FA levels in a large German cohort [49]. As seen in Fig. 2,
overall, the n-6 FAs are not significantly related with risk for CVD in the
multivariable adjusted model. However, when specific n-6 FAs are

examined individually for their relationships with these outcomes, an
interesting pattern emerges: three are inversely associated with risk for
death (LA, GLA and DGLA), one is neutral (AA), and two others are
directly associated (ADA and DPA). This strongly suggests that this
family of FAs cannot be distilled down into one metric where all FAs in
the set hold the same relations with risk (for CVD death, in this case).
The meta-analysis by Chowdhury et al. on circulating FA levels and risk
for incident CHD makes a similar point. LA (highest vs. lowest tertile)
was not associated with risk, but AA was favorably related. As regards
the n-3 FAs, in Chowdhury there was no association with CHD events
for circulating ALA levels, but risk was reduced by 25% for EPA+DHA
[2]. Hence for both classes of PUFAs, the assumption that all members
have the same “risk value” is false.

4. A possible successor to the n-6:n3 ratio?

If the n-6:n-3 ratio is now outmoded, what could take its place as a
biomarker of “omega” status? In 2004, I and my colleague Clemens von
Schacky proposed a metric called the “Omega-3 Index” which is the
RBC EPA+DHA content expressed as a weight percent of total RBC
membrane FAs. This metric is not burdened with several of the concerns
raised above: it is specific as to matrix (RBC), and to the FA components
(EPA+DHA), and to expression form (wt %). Also, the actions needed
to correct an undesirable (low) level are unambiguous: consume more
EPA+DHA. As described above, too much LA and AA is not the pro-
blem in Western cultures with high rates of chronic disease – the pro-
blem is the consumption of too little EPA and DHA, and thus a metric
that directly focuses on these FAs properly diagnoses the deficiency,
and the action needed to rectify it is clear. The Omega-3 Index is highly
responsive to changes in EPA+DHA intake [28,50], and the levels in
RBCs reflect those of other tissues [51,52]. One potential weakness of
the Omega-3 Index, however, is its summing of EPA and DHA. This is
because some studies have shown differential effects of these two
marine n-3 FAs on risk factors or different associations with disease
[53–58]. On the other hand, many have also shown that the Index itself
does provide independent predictive information for a variety of dis-
eases and so fulfills its primary purpose as a nutritional status screening
test. Because the n-3 component of the n-6:n-3 ratio is the primary
driver of the ratio (e.g., [10,59]), the latter is highly correlated with the
Omega-3 Index (Fig. 3). It is also strongly correlated with other pro-
posed metrics such as the n-3 HUFA:total HUFA ratio proposed by
Lands [60], and (to a lesser extent) the AA/EPA commonly reported in
Japanese studies [61–63] (Fig. 3). Accordingly, the correlations of these
ratio-based metrics with disease outcomes reported in some studies
(e.g., [61,64,65] are likely explained by the n-3 component alone. For
example, in the Women's Health Initiative Memory Study, RBC
EPA+DHA was significantly and inversely associated with risk for

Fig. 1. Non-effects of either raising or lowering dietary linoleic acid (LA) intakes on serum phospholipid arachidonic acid (AA) content.
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death from any cause (Table 3) whereas LA and AA levels were not. The
n-6:n-3 ratio was, however, and given the similar (but inverse) hazard
ratios, it is clear that the denominator completely explained the ratio's
association with risk [10]. The failure of many researchers to provide
data on both the numerator and denominator when they report the n-
6:n-3 ratio adds to the confusion in this field.

The Omega-3 Index was chosen by Stark et al. [66] to express
worldwide n-3 status and by Health Canada for that country's national
health survey [67]. The single largest dataset published on circulating
FA status in humans, which included about 160,000 individuals in the
USA, utilized the Omega-3 Index [68]. The Omega-3 Index has been
used in multiple observational cohort and interventional studies around
the world. It has been associated with lower risk for coronary disease
[2] sudden cardiac death [69,70], acute coronary syndromes [71], all-
cause mortality [9,27,72] and other health conditions such as impaired
cognitive function [7,73–76], depression [77–81], aggressive behaviors
[82] and bipolar disease [83]. The Omega-3 Index was the first omega-
3 status test to achieve widespread use in clinical medicine in the US.
The appeal of this chronic marker of EPA+DHA status to healthcare
providers derives, in part, from its similarity to a more familiar test –
hemoglobin A1c which is used as a chronic marker of glycemic status
(that is also measured in red blood cells and expressed as a percent).
From a technical point of view, RBC FA content is easier to measure in
the laboratory than is plasma phospholipid FA content which requires

an extra step to isolate the phospholipid fraction. RBCs are already
virtually pure phospholipid samples. For all of these reasons, the
Omega-3 Index has much to recommend it as the successor to the n-6:n-
3 ratio.

5. Conclusion

In the 1980s the confluence of several new discoveries in PUFA
biology suggested that the ratio of the “healthy” n-3 PUFAs EPA and
DHA to the “inflammatory” n-6 PUFAs would be a sensitive metric for
evaluating overall PUFA status in an individual. Now, well into the 21st
century, science has advanced substantially in this field in ways that
make the ratio obsolete. The bulk of the evidence now supports the CV
health benefits of both the n-3 and n-6 PUFAs, and conceptual concerns
about the ratio have become clear. It is time to move beyond the n-6:n-3
ratio to biomarkers of long-chain n-3 PUFA status that are more fo-
cused, understandable, rational, and actionable. The Omega-3 Index, a
metric born in 2004 that fulfills many of the criteria of a bona fide risk
factor [84], may be the marker of choice for the 21st century.

Conflict of interest
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Fig. 2. Hazard ratios per 1 SD FA increase by 3 stastical models for RBC n-6 FAs and cardiovascular disease mortality in the LURIC study [49]. Reprinted with
permission.

W.S. Harris Prostaglandins, Leukotrienes and Essential Fatty Acids xxx (xxxx) xxx–xxx

4



References

[1] H.R. Superko, S.M. Superko, K. Nasir, A. Agatston, B.C. Garrett, Omega-3 fatty acid
blood levels: clinical significance and controversy, Circulation 128 (2013)
2154–2161.

[2] R. Chowdhury, S. Warnakula, S. Kunutsor, F. Crowe, H.A. Ward, L. Johnson,
O.H. Franco, A.S. Butterworth, N.G. Forouhi, S.G. Thompson, K.T. Khaw,
D. Mozaffarian, J. Danesh, E. Di Angelantonio, Association of dietary, circulating,
and supplement fatty acids with coronary risk: a systematic review and meta-ana-
lysis, Ann. Intern. Med. 160 (2014) 398–406.

[3] W.S. Harris, W.C. Poston, C.K. Haddock, Tissue n-3 and n-6 fatty acids and risk for

coronary heart disease events, Atherosclerosis 193 (2007) 1–10.
[4] D. Mozaffarian, R.N. Lemaitre, I.B. King, X. Song, H. Huang, F.M. Sacks, E.B. Rimm,

M. Wang, D.S. Siscovick, Plasma phospholipid long-chain omega-3 fatty acids and
total and cause-specific mortality in older adults: a cohort study, Ann. Intern. Med.
158 (2013) 515–525.

[5] H. Iso, S. Sato, U. Umemura, M. Kudo, K. Koike, A. Kitamura, H. Imano,
T. Okamura, Y. Naito, T. Shimamoto, Linoleic acid, other fatty acids, and the risk of
stroke, Stroke 33 (2002) 2086–2093.

[6] W.S. Harris, J. Luo, J.V. Pottala, K.L. Margolis, M.A. Espeland, J.G. Robinson, Red
Blood cell fatty acids and incident diabetes mellitus in the women's health initiative
memory study, PLoS One 11 (2016) e0147894.

[7] Z.S. Tan, W.S. Harris, A.S. Beiser, R. Au, J.J. Himali, S. Debette, A. Pikula,
C. Decarli, P.A. Wolf, R.S. Vasan, S.J. Robins, S. Seshadri, Red blood cell omega-3
fatty acid levels and markers of accelerated brain aging, Neurology 78 (2012)
658–664.

[8] R. Farzaneh-Far, J. Lin, E.S. Epel, W.S. Harris, E.H. Blackburn, M.A. Whooley,
Association of marine omega-3 fatty acid levels with telomeric aging in patients
with coronary heart disease, JAMA 303 (2010) 250–257.

[9] M.E. Kleber, G.E. Delgado, S. Lorkowski, W. Marz, C. von Schacky, Omega-3 fatty
acids and mortality in patients referred for coronary angiography. The
Ludwigshafen risk and cardiovascular health study, Atherosclerosis 252 (2016)
175–181.

[10] W.S. Harris, J. Luo, J.V. Pottala, M.A. Espeland, K.L. Margolis, J.E. Manson,
L. Wang, T.M. Brasky, J.G. Robinson, Red blood cell polyunsaturated fatty acids and
mortality in the women's health initiative memory study, J. Clin. Lipidol. 11 (2017)
250–259.

[11] L. Hodson, C.M. Skeaff, B.A. Fielding, Fatty acid composition of adipose tissue and

Fig. 3. Correlations between the Omega-3 Index and other RBC-based metrics (n=2312).

Table 3
Hazard ratios for total mortality over 15 years as a function of RBC FA levels
[11].

RBC fatty acid Hazard ratioa P-value

Omega-3 Index (EPA+DHA) 0.92 0.0015
ALA n3 0.89 0.37
LA n6 0.99 0.83
AA n6 1.00 0.90
N6:N3 ratio 1.10 0.0021

a Multivariable model; HR per 1 SD increase in FA metric.

W.S. Harris Prostaglandins, Leukotrienes and Essential Fatty Acids xxx (xxxx) xxx–xxx

5

http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0001
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0001
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0001
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0002
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0002
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0002
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0002
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0002
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0003
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0003
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0004
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0004
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0004
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0004
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0005
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0005
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0005
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0006
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0006
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0006
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0007
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0007
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0007
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0007
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0008
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0008
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0008
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0009
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0009
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0009
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0009
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0010
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0010
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0010
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0010
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0011


blood in humans and its use as a biomarker of dietary intake, Prog. Lipid Res. 47
(2008) 348–380.

[12] D.M. Hegsted, R.B. McGandy, M.L. Myers, F.J. Stare, Quantitative effects of dietary
fat on serum cholesterol in man. Am. J. Clin. Nutr. 17 (1965) 281–295.

[13] R.P. Mensink, P.L. Zock, A.D. Kester, M.B. Katan, Effects of dietary fatty acids and
carbohydrates on the ratio of serum total to HDL cholesterol and on serum lipids
and apolipoproteins: a meta-analysis of 60 controlled trials, Am. J Clin Nutr. 77
(2003) 1146–1155.

[14] J. Dyerberg, H.O. Bang, Haemostatic function and platelet polyunsaturated fatty
acids in eskimos, The Lancet (1979) 433–435.

[15] W.E. Lands, Diets could prevent many diseases, Lipids 38 (2003) 317–321.
[16] W.S. Harris, G.C. Shearer, Omega-6 fatty acids and cardiovascular disease: friend,

not foe? Circulation 130 (2014) 1562–1564.
[17] W.S. Harris, D. Mozaffarian, E.B. Rimm, P.M. Kris-Etherton, L.L. Rudel, L.J. Appel,

M.M. Engler, M.B. Engler, F.M. Sacks, Omega-6 fatty acids and risk for cardiovas-
cular disease: a science advisory from the American heart association nutrition
committee, Circulation 119 (2009) 902–907.

[18] M.S. Farvid, M. Ding, A. Pan, Q. Sun, S.E. Chiuve, L.M. Steffen, W.C. Willett,
F.B. Hu, Dietary linoleic acid and risk of coronary heart disease: a systematic review
and meta-analysis of prospective cohort studies, Circulation 130 (2014)
1568–1578.

[19] J.H.Y. Wu, M. Marklund, F. Imamura, N. Tintle, A.V. Ardisson Korat, J. de Goede,
X. Zhou, W.S. Yang, M.C. de Oliveira Otto, J. Kroger, W. Qureshi, J.K. Virtanen,
J.K. Bassett, A.C. Frazier-Wood, M. Lankinen, R.A. Murphy, K. Rajaobelina, L.C. Del
Gobbo, N.G. Forouhi, R. Luben, K.T. Khaw, N. Wareham, A. Kalsbeek, J. Veenstra,
J. Luo, F.B. Hu, H.J. Lin, D.S. Siscovick, H. Boeing, T.A. Chen, B. Steffen,
L.M. Steffen, A. Hodge, G. Eriksdottir, A.V. Smith, V. Gudnason, T.B. Harris,
I.A. Brouwer, C. Berr, C. Helmer, C. Samieri, M. Laakso, M.Y. Tsai, G.G. Giles,
T. Nurmi, L. Wagenknecht, M.B. Schulze, R.N. Lemaitre, K.L. Chien, S.S. Soedamah-
Muthu, J.M. Geleijnse, Q. Sun, W.S. Harris, L. Lind, J. Arnlov, U. Riserus, R. Micha,
D. Mozaffarian, Omega-6 fatty acid biomarkers and incident type 2 diabetes: pooled
analysis of individual-level data for 39 740 adults from 20 prospective cohort stu-
dies, Lancet. Diabetes Endocrinol. 5 (2017) 965–974.

[20] W.S. Harris, The omega-6/omega-3 ratio and cardiovascular disease risk: uses and
abuses, Curr. Atheroscler. Rep. 8 (2006) 453–459.

[21] J.C. Stanley, R.L. Elsom, P.C. Calder, B.A. Griffin, W.S. Harris, S.A. Jebb,
J.A. Lovegrove, C.S. Moore, R.A. Riemersma, T.A. Sanders, UK food standards
agency workshop report: the effects of the dietary n-6:n-3 fatty acid ratio on car-
diovascular health, Br.J Nutr. 98 (2007) 1305–1310.

[22] FAO, Fats and Fatty Acids in Human Nutrition: Report of an Expert Consultation,
FAO Food and Nutritiion Paper, Rome, 2010, pp. 1–180.

[23] M. Lucas, Letter by Lucas regarding articles, "dietary linoleic acid and risk of cor-
onary heart disease: a systematic review and meta-analysis of prospective cohort
studies" and "circulating omega-6 polyunsaturated fatty acids and total and cause-
specific mortality: the cardiovascular health study", Circulation 132 (2015) e21.

[24] J.J. Agren, M.L. Tormala, M.T. Nenonen, O.O. Hanninen, Fatty acid composition of
erythrocyte, platelet, and serum lipids in strict vegans, Lipids 30 (1995) 365–369.

[25] I.J. Cartwright, A.G. Pockley, J.H. Galloway, M. Greaves, F.E. Preston, The effects of
dietary omega-3 polyunsaturated fatty acids on erythrocyte membrane phospholi-
pids, erythrocyte deformability and blood viscosity in healthy volunteers,
Atherosclerosis 55 (1985) 267–281.

[26] W.S. Harris, C. von Schacky, The omega-3 index: a new risk factor for death from
coronary heart disease? Prev. Med. 39 (2004) 212–220.

[27] W.S. Harris, L. Del Gobbo, N.L. Tintle, The omega-3 index and relative risk for
coronary heart disease mortality: estimation from 10 cohort studies, Atherosclerosis
262 (2017) 51–54.

[28] M.R. Flock, A.C. Skulas-Ray, W.S. Harris, T.D. Etherton, J.A. Fleming, P.M. Kris-
Etherton, Determinants of erythrocyte omega-3 fatty acid content in response to fish
oil supplementation: a dose-response randomized controlled trial, J. Am. Heart
Assoc. 2 (2013) e000513.

[29] A.R.S. U.S. Department of Agriculture, Beltsville Human Nutrition Research Center,
Food Surveys Research Group (Beltsville, MD) and U.S. Department of Health and
Human Services, Centers for Disease Control and Prevention, National Center for
Health Statistics (Hyattsville, MD), What We Eat in America, NHANES 2009-2010
Data, in, 2011.

[30] A.P. Simopoulos, Evolutionary aspects of diet and essential fatty acids, World Rev.
Nutr. Diet. 88 (2001) 18–27.

[31] C.E. Ramsden, D. Zamora, B. Leelarthaepin, S.F. Majchrzak-Hong, K.R. Faurot,
C.M. Suchindran, A. Ringel, J.M. Davis, J.R. Hibbeln, Use of dietary linoleic acid for
secondary prevention of coronary heart disease and death: evaluation of recovered
data from the Sydney diet heart study and updated meta-analysis, BMJ (Clinical
research ed.) 346 (2013) e8707.

[32] C.E. Ramsden, J.R. Hibbeln, S.F. Majchrzak, J.M. Davis, n-6 Fatty acid-specific and
mixed polyunsaturate dietary interventions have different effects on CHD risk: a
meta-analysis of randomised controlled trials, Br. J. Nutr. 104 (2010) 1586–1600.

[33] M. Lucas, F. Mirzaei, E.J. O'Reilly, A. Pan, W.C. Willett, I. Kawachi, K. Koenen,
A. Ascherio, Dietary intake of n-3 and n-6 fatty acids and the risk of clinical de-
pression in women: a 10-y prospective follow-up study, Am. J. Clin. Nutr. 93 (2011)
1337–1343.

[34] D. Mozaffarian, A. Ascherio, F.B. Hu, M.J. Stampfer, W.C. Willett, D.S. Siscovick,
E.B. Rimm, Interplay between different polyunsaturated fatty acids and risk of
coronary heart disease in men, Circulation 111 (2005) 157–164.

[35] J. Kroger, V. Zietemann, C. Enzenbach, C. Weikert, E.H. Jansen, F. Doring,
H.G. Joost, H. Boeing, M.B. Schulze, Erythrocyte membrane phospholipid fatty
acids, desaturase activity, and dietary fatty acids in relation to risk of type 2 dia-
betes in the European prospective investigation into cancer and nutrition (EPIC)-

potsdam study, Am. J. Clin. Nutr. 93 (2011) 127–142.
[36] Y. Mahendran, J. Agren, M. Uusitupa, H. Cederberg, J. Vangipurapu, A. Stancakova,

U. Schwab, J. Kuusisto, M. Laakso, Association of erythrocyte membrane fatty acids
with changes in glycemia and risk of type 2 diabetes, Am. J. Clin. Nutr. 99 (2014)
79–85.

[37] D. Bibus, B. Lands, Balancing proportions of competing omega-3 and omega-6
highly unsaturated fatty acids (HUFA) in tissue lipids, Prostaglandins, Leukotrienes
Essent. Fatty Acids 99 (2015) 19–23.

[38] K.L. Fritsche, Too much linoleic acid promotes inflammation-doesn't it?
Prostaglandins Leukot. Essent. Fatty Acids 79 (2008) 173–175 2008.Sep.-Nov.;79.
(3-5):173.-5.Epub.2008.Nov.5.

[39] G.H. Johnson, K. Fritsche, Effect of dietary linoleic acid on markers of inflammation
in healthy persons: a systematic review of randomized controlled trials, J. Acad.
Nutr. Diabetics 112 (2012) 1029–1041.

[40] L. Ferrucci, A. Cherubini, S. Bandinelli, B. Bartali, A. Corsi, F. Lauretani, A. Martin,
C. Andres-Lacueva, U. Senin, J.M. Guralnik, Relationship of plasma polyunsaturated
fatty acids to circulating inflammatory markers, J. Clin. Endocrinol. Metab. 91
(2006) 439–446.

[41] M.L. Asp, A.L. Collene, L.E. Norris, R.M. Cole, M.B. Stout, S.Y. Tang, J.C. Hsu,
M.A. Belury, Time-dependent effects of safflower oil to improve glycemia, in-
flammation and blood lipids in obese, post-menopausal women with type 2 dia-
betes: a randomized, double-masked, crossover study, Clin. Nutr. (Edinburgh,
Scotland) 30 (2011) 443–449.

[42] H. Bjermo, D. Iggman, J. Kullberg, I. Dahlman, L. Johansson, L. Persson,
J. Berglund, K. Pulkki, S. Basu, M. Uusitupa, M. Rudling, P. Arner, T. Cederholm,
H. Ahlstrom, U. Riserus, Effects of n-6 PUFAs compared with SFAs on liver fat,
lipoproteins, and inflammation in abdominal obesity: a randomized controlled trial,
Am. J. Clin. Nutr. 95 (2012) 1003–1012.

[43] M.A. Belury, R.M. Cole, B.E. Bailey, J.Y. Ke, R.R. Andridge, J.K. Kiecolt-Glaser,
Erythrocyte linoleic acid, but not oleic acid, is associated with improvements in
body composition in men and women, Mol. Nutr. Food Res. 60 (2016) 1206–1212.

[44] S. Kakutani, Y. Ishikura, N. Tateishi, C. Horikawa, H. Tokuda, M. Kontani,
H. Kawashima, Y. Sakakibara, Y. Kiso, H. Shibata, I. Morita, Supplementation of
arachidonic acid-enriched oil increases arachidonic acid contents in plasma phos-
pholipids, but does not increase their metabolites and clinical parameters in
Japanese healthy elderly individuals: a randomized controlled study, Lipids Health
Dis. 10 (2011) 241.

[45] J.D. Fontes, F. Rahman, S. Lacey, M.G. Larson, R.S. Vasan, E.J. Benjamin,
W.S. Harris, S.J. Robins, Red blood cell fatty acids and biomarkers of inflammation:
a cross-sectional study in a community-based cohort, Atherosclerosis 240 (2015)
431–436.

[46] B.S. Rett, J. Whelan, Increasing dietary linoleic acid does not increase tissue ara-
chidonic acid content in adults consuming Western-type diets: a systematic review,
Nutr. Metab. (Lond) 8 (2011) 36.

[47] N. Hussein, E. Ah-Sing, P. Wilkinson, C. Leach, B.A. Griffin, D.J. Millward, Long-
chain conversion of [13C]linoleic acid and alpha-linolenic acid in response to
marked changes in their dietary intake in men, J. Lipid Res. 46 (2005) 269–280.

[48] M. Gabbs, S. Leng, J.G. Devassy, M. Monirujjaman, H.M. Aukema, Advances in our
understanding of oxylipins derived from dietary PUFAs, Adv. Nutr. (Bethesda, Md.)
6 (2015) 513–540.

[49] G.E. Delgado, W. Marz, S. Lorkowski, C. von Schacky, M.E. Kleber, Omega-6 fatty
acids: opposing associations with risk-the Ludwigshafen risk and cardiovascular
health study, J. Clin. Lipidol. 11 (2017) 1082–1090.

[50] R.C. Block, W.S. Harris, J.V. Pottala, Determinants of blood cell omega-3 fatty acid
content, Open Biomarkers J. 1 (2008) 1–6.

[51] W.S. Harris, S.A. Sands, S.L. Windsor, H.A. Ali, T.L. Stevens, A. Magalski,
C.B. Porter, A.M. Borkon, Omega-3 fatty acids in cardiac biopsies from heart
transplant patients: correlation with erythrocytes and response to supplementation,
Circulation 110 (2004) 1645–1649.

[52] J.I. Fenton, E.A. Gurzell, E.A. Davidson, W.S. Harris, Red blood cell PUFAs reflect
the phospholipid PUFA composition of major organs, Prostaglandins Leukot. Essent.
Fatty Acids 112 (2016) 12–23.

[53] S.H. Lee, M.J. Shin, J.S. Kim, Y.G. Ko, S.M. Kang, D. Choi, Y. Jang, N. Chung,
W.H. Shim, S.Y. Cho, I. Manabe, J.W. Ha, Blood eicosapentaenoic acid and doc-
osahexaenoic acid as predictors of all-cause mortality in patients with acute myo-
cardial infarction–data from infarction prognosis study (IPS) registry, Circ.J. 73
(2009) 2250–2257.

[54] W.S. Harris, K.F. Kennedy, J.H. O'Keefe Jr., J.A. Spertus, Red blood cell fatty acid
levels improve GRACE score prediction of 2-yr mortality in patients with myo-
cardial infarction, Int. J. Cardiol. 168 (2013) 53–59.

[55] M.Y. Wei, T.A. Jacobson, Effects of eicosapentaenoic acid versus docosahexaenoic
acid on serum lipids: a systematic review and meta-analysis, Curr. Atheroscler. Rep.
13 (2011) 474–483.

[56] T. Domei, H. Yokoi, S. Kuramitsu, Y. Soga, T. Arita, K. Ando, S. Shirai, K. Kondo,
K. Sakai, M. Goya, M. Iwabuchi, M. Ueeda, M. Nobuyoshi, Ratio of serum n-3 to n-6
polyunsaturated fatty acids and the incidence of major adverse cardiac events in
patients undergoing percutaneous coronary intervention, Circ. J. 76 (2012)
423–429.

[57] J. Allaire, P. Couture, M. Leclerc, A. Charest, J. Marin, M.C. Lepine, D. Talbot,
A. Tchernof, B. Lamarche, A randomized, crossover, head-to-head comparison of
eicosapentaenoic acid and docosahexaenoic acid supplementation to reduce in-
flammation markers in men and women: the comparing EPA to DHA (ComparED)
study, Am. J. Clin. Nutr. 104 (2016) 280–287.

[58] T.A. Mori, V. Burke, I.B. Puddey, G.F. Watts, D.N. O'Neal, J.D. Best, L.J. Beilin,
Purified eicosapentaenoic and docosahexaenoic acids have differential effects on
serum lipids and lipoproteins, LDL particle size, glucose, and insulin in mildly

W.S. Harris Prostaglandins, Leukotrienes and Essential Fatty Acids xxx (xxxx) xxx–xxx

6

http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0011
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0011
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0012
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0012
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0013
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0013
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0013
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0013
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0014
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0014
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0015
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0016
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0016
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0017
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0017
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0017
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0017
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0018
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0018
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0018
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0018
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0019
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0019
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0019
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0019
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0019
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0019
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0019
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0019
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0019
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0019
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0019
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0019
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0020
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0020
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0021
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0021
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0021
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0021
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0022
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0022
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0023
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0023
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0023
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0023
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0024
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0024
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0025
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0025
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0025
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0025
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0026
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0026
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0027
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0027
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0027
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0028
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0028
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0028
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0028
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0029
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0029
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0030
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0030
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0030
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0030
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0030
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0031
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0031
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0031
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0032
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0032
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0032
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0032
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0033
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0033
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0033
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0034
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0034
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0034
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0034
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0034
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0035
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0035
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0035
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0035
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0036
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0036
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0036
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0037
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0037
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0037
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0038
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0038
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0038
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0039
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0039
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0039
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0039
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0040
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0040
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0040
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0040
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0040
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0041
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0041
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0041
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0041
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0041
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0042
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0042
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0042
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0043
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0043
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0043
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0043
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0043
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0043
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0044
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0044
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0044
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0044
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0045
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0045
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0045
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0046
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0046
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0046
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0047
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0047
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0047
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0048
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0048
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0048
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0049
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0049
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0050
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0050
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0050
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0050
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0051
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0051
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0051
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0052
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0052
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0052
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0052
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0052
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0053
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0053
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0053
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0054
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0054
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0054
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0055
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0055
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0055
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0055
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0055
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0056
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0056
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0056
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0056
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0056
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0057
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0057
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0057


hyperlipidemic men, Am. J. Clin. Nutr. 71 (2000) 1085–1094.
[59] C. Lourdudoss, D. Di Giuseppe, A. Wolk, H. Westerlind, L. Klareskog, L. Alfredsson,

R.F. van Vollenhoven, J. Lampa, Dietary intake of polyunsaturated fatty acids and
pain in spite of inflammatory control among methotrexate-treated early rheumatoid
arthritis patients, Arthritis Care Res. 70 (2018) 205–212.

[60] W.S. Harris, C. von Schacky, Y. Park, Standardizing methods for assessing omega-3
fatty acid biostatus, in: R.K. McNamara (Ed.), The Omega-3 Fatty Acid Deficiency
Syndrome: Opportunities for Disease Prevention, Nova Science Publishers, Inc.,
Hauppauge, NY, 2013, pp. 385–398.

[61] S. Yagi, K. Aihara, D. Fukuda, A. Takashima, M. Bando, T. Hara, S. Nishimoto,
T. Ise, K. Kusunose, K. Yamaguchi, T. Tobiume, T. Iwase, H. Yamada, T. Soeki,
T. Wakatsuki, M. Shimabukuro, M. Akaike, M. Sata, Reduced ratio of eicosa-
pentaenoic acid and docosahexaenoic acid to arachidonic acid is associated with
early onset of acute coronary syndrome, Nutr. J. 14 (2015) 111.

[62] S. Hayakawa, D. Yoshikawa, H. Ishii, M. Tanaka, S. Kumagai, M. Matsumoto,
M. Hayashi, T. Sugiura, K. Hayashi, H. Ando, T. Amano, T. Murohara, Association of
plasma omega-3 to omega-6 polyunsaturated fatty acid ratio with complexity of
coronary artery lesion, Intern. Med. (Tokyo, Japan) 51 (2012) 1009–1014.

[63] Y. Nishizaki, K. Shimada, S. Tani, T. Ogawa, J. Ando, M. Takahashi, M. Yamamoto,
T. Shinozaki, K. Miyauchi, K. Nagao, A. Hirayama, M. Yoshimura, I. Komuro,
R. Nagai, H. Daida, Significance of imbalance in the ratio of serum n-3 to n-6
polyunsaturated fatty acids in patients with acute coronary syndrome, Am. J.
Cardiol. 113 (2014) 441–445.

[64] S. Caspar-Bauguil, A. Fioroni, A. Galinier, S. Allenbach, M.C. Pujol, R. Salvayre,
A. Cartier, I. Lemieux, D. Richard, S. Biron, P. Marceau, L. Casteilla, L. Penicaud,
P. Mauriege, Pro-inflammatory phospholipid arachidonic acid/eicosapentaenoic
acid ratio of dysmetabolic severely obese women, Obes. Surg. 22 (2012) 935–944.

[65] N. Umemoto, H. Ishii, D. Kamoi, T. Aoyama, T. Sakakibara, H. Takahashi,
A. Tanaka, Y. Yasuda, S. Suzuki, T. Matsubara, T. Murohara, Reverse association of
omega-3/omega-6 polyunsaturated fatty acids ratios with carotid atherosclerosis in
patients on hemodialysis, Atherosclerosis 249 (2016) 65–69.

[66] K.D. Stark, M.E. Van Elswyk, M.R. Higgins, C.A. Weatherford, N. Salem Jr., Global
survey of the omega-3 fatty acids, docosahexaenoic acid and eicosapentaenoic acid
in the blood stream of healthy adults, Prog. Lipid Res. 63 (2016) 132–152.

[67] K. Langlois, W.M. Ratnayake, Omega-3 index of Canadian adults, Health Rep. 26
(2015) 3–11.

[68] W.S. Harris, J.V. Pottala, S.A. Varvel, J.J. Borowski, J.N. Ward, J.P. McConnell,
Erythrocyte omega-3 fatty acids increase and linoleic acid decreases with age: ob-
servations from 160,000 patients, Prostaglandins Leukot. Essent. Fatty Acids 88
(2013) 257–263.

[69] C.M. Albert, H. Campos, M.J. Stampfer, P.M. Ridker, J.E. Manson, W.C. Willett,
J. Ma, Blood levels of long-chain n-3 fatty acids and the risk of sudden death, N.
Engl. J. Med. 346 (2002) 1113–1118.

[70] D.S. Siscovick, T.E. Raghunathan, I. King, S. Weinmann, K.G. Wicklund, J. Albright,
V. Bovbjerg, P. Arbogast, H. Smith, L.H. Kushi, et al., Dietary intake and cell
membrane levels of long-chain n-3 polyunsaturated fatty acids and the risk of

primary cardiac arrest, JAMA 274 (1995) 1363–1367.
[71] R.C. Block, W.S. Harris, K.J. Reid, S.A. Sands, J.A. Spertus, EPA and DHA in blood

cell membranes from acute coronary syndrome patients and controls,
Atherosclerosis 197 (2007) 821–828.

[72] J.V. Pottala, S. Garg, B.E. Cohen, M.A. Whooley, W.S. Harris, Blood eicosapentae-
noic and docosahexaenoic acids predict all-cause mortality in patients with stable
coronary heart disease: the heart and soul study, Circ. Cardiovasc. Qual. Outcomes.
3 (2010) 406–412.

[73] D.T. Johnston, P.A. Deuster, W.S. Harris, H. Macrae, M.N. Dretsch, Red blood cell
omega-3 fatty acid levels and neurocognitive performance in deployed U.S.
Servicemembers, Nutr. Neurosci. 16 (2013) 30–38.

[74] I.S. van der Wurff, C. von Schacky, K. Berge, M.P. Zeegers, P.A. Kirschner, R.H. de
Groot, Association between blood omega-3 index and cognition in typically de-
veloping dutch adolescents, Nutrients 108 (2016) 22–29.

[75] K. Lukaschek, C. von Schacky, J. Kruse, K.H. Ladwig, Cognitive impairment is as-
sociated with a low omega-3 index in the elderly: results from the KORA-age study,
Dement. Geriatr. Cogn. Disord. 42 (2016) 236–245.

[76] J.V. Pottala, K. Yaffe, J.G. Robinson, M.A. Espeland, R. Wallace, W.S. Harris, Higher
RBC EPA+DHA corresponds with larger total brain and hippocampal volumes:
WHIMS-MRI study, Neurology 82 (2014) 435–442.

[77] S.J. Bigornia, W.S. Harris, L.M. Falcon, J.M. Ordovas, C.Q. Lai, K.L. Tucker, The
omega-3 index is inversely associated with depressive symptoms among individuals
with elevated oxidative stress biomarkers, J. Nutr. 146 (2016) 758–766.

[78] D. Baek, Y. Park, Association between erythrocyte n-3 polyunsaturated fatty acids
and biomarkers of inflammation and oxidative stress in patients with and without
depression, Prostaglandins Leukot. Essent. Fatty Acids 89 (2013) 291–296.

[79] Y. Park, M. Kim, D. Baek, S.H. Kim, Erythrocyte n-3 polyunsaturated fatty acid and
seafood intake decrease the risk of depression: case-control study in Korea,
Ann.Nutr.Metab 61 (2012) 25–31.

[80] T.C. Baghai, G. Varallo-Bedarida, C. Born, S. Hafner, C. Schule, D. Eser,
R. Rupprecht, B. Bondy, C. von Schacky, Major depressive disorder is associated
with cardiovascular risk factors and low omega-3 index, J. Clin. Psychiatry 72
(2010) 1242–1247.

[81] A.A. Amin, R.A. Menon, K.J. Reid, W.S. Harris, J.A. Spertus, Acute coronary syn-
drome patients with depression have low blood cell membrane omega-3 fatty acid
levels, Psychosom. Med. 70 (2008) 856–862.

[82] B.J. Meyer, M.K. Byrne, C. Collier, N. Parletta, D. Crawford, P.C. Winberg,
D. Webster, K. Chapman, G. Thomas, J. Dally, M. Batterham, I. Farquhar,
A.M. Martin, L. Grant, Baseline omega-3 index correlates with aggressive and at-
tention deficit disorder behaviours in adult prisoners, PLoS One 10 (2015)
e0120220.

[83] R.K. McNamara, J.A. Welge, Meta-analysis of erythrocyte polyunsaturated fatty
acid biostatus in bipolar disorder, Bipolar Disord. 18 (2016) 300–306.

[84] W.S. Harris, The omega-3 index: from biomarker to risk marker to risk factor, Curr.
Atheroscler. Rep. 11 (2009) 411–417.

W.S. Harris Prostaglandins, Leukotrienes and Essential Fatty Acids xxx (xxxx) xxx–xxx

7

http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0057
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0058
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0058
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0058
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0058
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0059
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0059
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0059
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0059
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0060
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0060
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0060
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0060
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0060
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0061
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0061
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0061
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0061
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0062
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0062
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0062
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0062
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0062
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0063
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0063
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0063
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0063
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0064
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0064
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0064
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0064
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0065
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0065
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0065
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0066
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0066
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0067
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0067
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0067
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0067
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0068
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0068
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0068
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0069
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0069
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0069
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0069
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0070
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0070
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0070
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0071
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0071
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0071
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0071
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0072
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0072
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0072
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0073
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0073
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0073
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0074
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0074
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0074
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0075
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0075
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0075
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0076
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0076
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0076
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0077
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0077
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0077
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0078
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0078
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0078
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0079
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0079
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0079
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0079
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0080
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0080
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0080
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0081
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0081
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0081
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0081
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0081
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0082
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0082
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0083
http://refhub.elsevier.com/S0952-3278(18)30067-X/sbref0083

	The Omega-6:Omega-3 ratio: A critical appraisal and possible successor
	Introduction
	The n-6:n-3 ratio is imprecise and non-specific
	Use of the n-6:n-3 ratio is based on invalid assumptions
	A possible successor to the n-6:n3 ratio?
	Conclusion
	Conflict of interest
	References




