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STATE OF THE ART

Several months ago, in commenting on 
vitamin D, I  remarked that more ink 
had been spilled on the issue of the vita-
min D requirement than for any other 
nutrient, with the exception of sodium.1 
The issue of sodium intake continues 
to be a major focus of nutrition poli-
cymakers and regulators. Emerging 
evidence indicating that low sodium 
intakes might actually be harmful2–9 
caused the Institute of Medicine (IOM) 
to convene an expert panel to reevalu-
ate the 2005 Dietary Reference Intakes 
(DRIs) for sodium.10 That reevalua-
tion, just recently released,11 cautiously 
backs away from the stringent restric-
tions of the 2005 DRIs for sodium, not-
ing that the evidence “does not support 
reduction in sodium intake to below 
2,300 mg/day.” The one thing that seems 
clear in the discussions and contro-
versy swirling around this issue is that 
there is no policy consensus concerning 
what may be optimal sodium intake or 
what may be the balance of harm and 
benefit as a result of reducing sodium 
intake below the current US average 
(3,400–3,600 mg/day).

Primarily to refresh our collective 
memories about how nutrient require-
ments and nutrient intake recommen-
dations are to be formulated, it may be 
worth briefly reviewing the DRI pro-
cess. The general guidelines for formu-
lating DRIs are set forth in the IOM’s 

introductory volume to the DRI series12 
and have been applied to most nutrients 
following the formulation of the current 
approach in the mid-1990s. The refer-
ence intakes that are to be developed, 
where possible, are the estimated aver-
age requirement (EAR), the recom-
mended dietary allowance (RDA), the 
no observed adverse effect level, the tol-
erable upper intake level, and the low-
est observed adverse effect level. When 
data are deemed insufficient to define 
an EAR, the Food and Nutrition Board 
selects what it terms an “adequate intake” 
(AI). The latter is somewhat roughly 
defined as the approximate intake found 
in apparently healthy populations.12

Even brief acquaintance with the 
process as it has played out for the full 
array of nutrients reveals considerable 
inconsistency and even contradiction 
in the development of the correspond-
ing DRIs. For example, in practice the 
AI has been used more often for nutri-
ents with abundant data, whereas those 
with a paucity of data are nevertheless 
assigned EARs and RDAs. Both calcium 
and sodium have a vast literature relat-
ing intake to health outcomes, yet the 
Food and Nutrition Board assigns both 
only an AI. Magnesium, by contrast, 
suffers from an extreme shortage of 
relevant data, yet it is assigned both an 
EAR and an RDA.13

With sodium, in particular, the AI 
assigned by the IOM in 2005 corre-
sponded with no actual intake found in 
the populations of any first world nation, 
where the average intake of appar-
ently healthy adults is approximately 
3,500 mg/day.11 By contrast the IOM’s 
2005 AI is 1,500 mg/d up to age 50 years, 
1,300 mg/d for ages 50–70  years, and 
1,200 mg/d for ages >70  years, none of 
which is even remotely close to what 
the DRI process prescribes, and, given 
available foods, these levels have been 
found to be difficult if not impossible to 

achieve in a diet otherwise adequate in 
total nutrients.14,15

In defining these DRIs, the process 
consists first of the identification of 
harm associated with both too little and 
too much of the nutrient concerned. 
This approach is explicitly formu-
lated on page 12 of “Dietary Reference 
Intakes” in the form of a generalized 
U-shaped graph (Figure  1), depicting 
increased risk of harm at both extremes 
of intake.12 Across the full array of nutri-
ents for which DRIs have been devel-
oped, this upwardly directed, concave 
curve seems to be universal. Sometimes 
it is J-shaped (forward or reverse), with 
risk at one extreme of intake rising to 
a greater extent than the other, but for 
most nutrients, risk of harm rises at both 
extremes and is lowest (or absent) near 
the center of the plausible intake range. 
For example, with vitamin D, it is well 
recognized that, among other systemic 
expressions, deficiency increases risk 
of rickets and osteomalacia, and excess 
produces vitamin D intoxication (i.e., 
hypercalcemia and renal calcinosis). 
Once the hazard is defined, the strength 
of the evidence relating to these various 
harms is evaluated, and an attempt is 
made to find an intake range over which 
risk is apparently absent (the high end of 
which is the no observed adverse effect 
level) or is at least countered by an off-
setting benefit.

It is, in a sense, odd that the empha-
sis in this process should be placed on 
harm rather than benefit, for nutrition 
is, in the last analysis, about benefit. 
Nevertheless, the facts are that this is 
the approach that is taken officially. 
This same negative focus is expressed 
in diverse ways throughout the regula-
tory system, such as in the nutrition 
facts panel required on all manufac-
tured foods, where the mandated, major 
emphasis is on nutrients whose intake is 
to be avoided, minimized, or concerned 
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about. This attitude would seem to be a 
vestige of medicine’s century-old, opera-
tive paradigm to the effect that disease 
is caused by external agents—micro-
bial or toxic for the most part—hence 
the emphasis on nutrients as poten-
tially harmful. Sodium, cholesterol, and 
saturated fat have for a long time been 
the poster children in this “usual list of 
suspects.”

In the case of sodium, the ultimate 
harm is generally considered to be car-
diovascular disease and its associated 
morbidity and mortality.10 The proxy 
used for these outcomes has been blood 
pressure, which, in observational stud-
ies, is recognized to be associated with 
risk of cardiovascular disease, but 
which, in its recent reevaluation,11 the 
IOM acknowledged as not tracking with 
health outcomes across the full range 

of sodium intakes. It is generally recog-
nized that lowering elevated blood pres-
sure by pharmacologic means reduces 
risk, and it is assumed, in the case of 
sodium, that a reduction in blood pres-
sure produced by a decrease in sodium 
intake would produce similar benefits. 
In such a calculus, it has generally been 
further assumed that there are no offset-
ting harmful effects of reducing sodium 
intake beyond a certain level. It is this 
assumption that has recently been called 
into question by studies3,7,9 report-
ing health outcomes after substantially 
reduced sodium intake.

In effect, the process actually used to 
develop sodium intake recommenda-
tions has implicitly used not a U-shaped 
or J-shaped model, standard for virtu-
ally all other nutrients, but an effectively 
linear model (Figure  2). In doing so it 

would seem that the real benefit pro-
duced by lowering sodium intake from, 
e.g., 8 g/d to 6 g/d has been applied to a 
reduction from a basal sodium intake 
of, e.g., 3.5 g/d to 1.5 g/d. In short, all 
reductions of sodium intake, irrespec-
tive of starting point, were deemed to 
be beneficial. Indeed, some reduction 
in blood pressure is usually found with 
such changes. However, recent system-
atic reviews and population-based stud-
ies have shown risk curves that are quite 
consistent with that of other nutrients 
(i.e., with an upswing in risk of cardio-
vascular morbidity and mortality as one 
begins to approach the lower end of the 
plausible sodium intake continuum).7,9 
In the studies concerned, the least risk 
of serious adverse outcomes has been 
found to fall in the intake range between 
3.0 and 5.5 g sodium per day.
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Figure 1. Relationship of risk and nutrient intake, showing the location of the 3 principal Dietary Reference Intakes. EAR, estimated average require-
ment; RDA, recommended dietary allowance; UL, tolerable upper intake level. Redrawn from Figure 1 in Dietary Reference Intakes.12 Copyright Robert 
P. Heaney, MD, 2013. All rights reserved. Used with permission.

Intake

R
is

k

A

B

Figure 2. Contrast between a J-shaped curve and a linear curve of risk on intake. Curve A  is the curve recently reported for sodium7,9 and gener-
ally accepted for most other nutrients; curve B is the curve implicitly employed in the setting of sodium Dietary Reference Intakes. Copyright Robert 
P. Heaney, MD, 2013. All rights reserved. Used with permission.
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It is worth noting that, wherever that 
zone of minimum risk may be located, 
the data on which such conclusions are 
drawn consist of studies of adverse car-
diac outcomes associated with, or pro-
duced by, particular sodium intakes. 
Such an approach is in keeping with the 
recent emphasis on “evidence-based” 
methods. Evidence-based medicine is 
of unquestioned value in the evaluation 
of medical interventions where rand-
omized controlled trials alone provide 
evidence of efficacy. However, such 
approaches are not well suited to the 
evaluation of nutrients, where efficacy 
is not in question. All nutrients are, by 
definition, efficacious—otherwise they 
would not be nutrients. Rather it is 
quantity that is the critical variable, and 
randomized controlled trials are poorly 
suited to answer quantitative questions 
except in a very coarse way. There are 
many reasons for this, principal among 
which are two: (i) it is ethically prob-
lematic to test a hypothesis of harm in 
humans; and (ii) the approach to “nor-
mal” with nutrients is asymptotic. As a 
result, as intake approaches adequacy, 
the difference in outcomes becomes 
smaller and smaller, easily exceeding 
the sensitivity of a plausible randomized 
controlled trial to detect the difference.

For those reasons, nutritional science 
needs other means of approaching how 
much of a nutrient is adequate, optimal, 
and safe.16 One such, applicable to nutri-
ents that are components of negative 
feedback control loops, is the assessment 
of the adaptive response produced by 
varying intakes, taking as “normal” an 

intake that requires the least adaptation 
or compensation. Thus, at low calcium 
intakes parathyroid hormone secretion 
is elevated, and, assuming adequate 
vitamin D status, a calcium intake that 
minimizes (but not abolishes) parathy-
roid hormone response would arguably 
be the physiologically “normal” calcium 
intake. Thus, if we substitute “compen-
satory response” for “risk of deficiency” 
in Figure 1, we portray graphically how 
determination of the required intake 
might be approached. Moreover, doing 
so substitutes a directly measurable 
physiological variable for an indirect 
measure (i.e., risk). (Incidentally, this 
use of the afferent arm of the feedback 
loop is the standard approach in clinical 
endocrinology to regulate thyroid hor-
mone replacement therapy.)

Something similar applies to sodium 
intake. Insufficient sodium intake 
evokes a response from the renin-angi-
otensin-aldosterone-system (RAAS), in 
the absence of which (as in Addison’s 
disease) blood pressure and extracellu-
lar fluid volume cannot be maintained 
at normal levels at low sodium intakes. 
“Insufficient” in this sense is defined 
precisely by the fact that it evokes a com-
pensatory response to sustain homeo-
stasis. The RAAS response, which, 
among other effects, conserves sodium 
in urine and sweat and constricts blood 
vessels, compensates for what would 
otherwise be a disabling reduction in 
blood volume and renal blood flow. It is 
worth noting that blood pressure does 
continue to decline (albeit slowly) as 
sodium intake falls in the intake region 

over which RAAS is activated, just as, 
with reduced calcium intake, serum cal-
cium falls slightly, despite compensatory 
parathyroid activity. This behavior is 
depicted diagrammatically in Figure  3, 
which proposes 4 zones of response to 
nutrient intake (or, in this case, sodium 
intake): zone T, at the highest intakes, 
with elevated blood pressure and its 
associated cardiovascular morbidity; 
zone N, “normal” intake, in which blood 
pressure is effectively constant irrespec-
tive of changes in sodium intake; zone 
C, a “deficient” intake over which blood 
pressure falls slightly despite compensa-
tion by RAAS; and zone F, a very low 
intake over which RAAS fails and blood 
pressure cannot be maintained.

Studies from Laragh’s laboratory 
>30 years ago17 showed that both plasma 
renin activity and aldosterone began to 
rise at sodium intakes <150 mmol/d and 
<120  mmol/d, respectively (Figure  3, 
zone C). Furthermore, studies pub-
lished >20  years ago established that 
higher plasma renin activity was asso-
ciated with a striking increase in risk 
of myocardial infarctions.18,19 These 
increases in risk are independent of salt 
intake, as elevated renin secretion can 
be produced in many ways. In the con-
text of the sodium intake recommenda-
tion, however, it suffices simply to note 
that low salt intake is one, and perhaps 
the most common, cause of elevated 
plasma renin activity and aldosterone 
levels. Inescapably, therefore, compen-
satory responses to low sodium intake, 
although necessary and even life-saving 
in the short-term as responses to central 
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Figure 3. Diagrammatic representation of blood pressure over 4 zones of sodium intake. Zone F is severe deficiency; zone C is moderate deficiency; 
zone N is normal; and zone T is toxicity. Copyright Robert P. Heaney, MD, 2013. All rights reserved. Used with permission.
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volume contraction, appear to incur risk 
of harm if the response is sustained.

Hence, it would seem that an intake 
that minimized RAAS response would 
be not only a measure of the “normal” 
sodium intake but also a guarantor of 
minimal cardiovascular disease risk. 
It may be argued that compensatory 
adjustments are a part of normal physi-
ology, and, certainly, they are. Without 
them, homeostasis would be impossible. 
But a regimen that evokes and literally 
depends upon constant activation of a 
“rescue” mechanism seems distinctly 
unphysiological.

In closing, it is worth noting that the 
zone of minimal RAAS response is vir-
tually identical to the zone of lowest risk 
found in clinical mortality and morbid-
ity data. The convergence of these 2 very 
different approaches must be considered 
reassuring.

DISCLOSURE

The author declared no conflict of 
interest.

REFERENCES

 1. Heaney RP. Vitamin D: basal status and effec-
tive dose. N Engl J Med 2012; 367:77–78.

 2. Cohen HW, Hailpern SM, Fang J, Alderman 
MH. Sodium intake and mortality in the 

NHANES II follow-up study. Am J Med 2006; 
119:275.e7–275.e14.

 3. Paterna S, Gaspare P, Fasullo S, Sarullo FM, 
Pasquale PD. Normal-sodium diet compared 
with low-sodium diet in compensated conges-
tive heart failure: is sodium an old enemy or a 
new friend. Clin Sci 2008; 114:221–230.

 4. Paterna S, Fasullo S, Parrinello G, Cannizzaro 
S, Basile I, Vitrano G, Terrazzino G, 
Maringhini G, Ganci F, Scalzo S, Sarullo FM, 
Cice, G, Pasquale PD. Short-term effects of 
hypertonic saline solution in acute heart 
failure and long-term effects of a moderate 
sodium restriction in patients with com-
pensated heart failure with New York Heart 
Association class  III (class  C) (SMAC-HF 
Study). Am J Med Sci 2011; 342:27–37. 
doi:10.1097/MAJ.0b013e31820f10ad.

 5. Paterna S, Parrinello G, Cannizzaro S, 
Fasullo S, Torres D, Sarullo FM, Pasquale 
PD. Medium term effects of different dosage 
of diuretic, sodium, and fluid administration 
on neurohormonal and clinical outcome in 
patients with recently compensated heart fail-
ure. Am J Cardiol 2009; 103:93–102.

 6. Stolarz-Skrzypek K, Kuznetsova T, Thijs 
L, Tikhonoff V, Seidlerová J, Richart T, Jin 
Y, Olszanecka A, Malyutina S, Casiglia E, 
Filipovský J, Kawecka-Jaszez K, Nikitin Y, 
Staessen JA. Fatal and nonfatal outcomes, 
incidence of hypertension, and blood pressure 
changes in relation to urinary sodium excre-
tion. JAMA 2011; 305:1777–1785.

 7. Thomas MC, Moran J, Forsblom C, Harjutsalo 
V, Thorn L, Ahola A, Waden J, Tolonen N, 
Saraheimo M, Gordin D. The association 
between dietary sodium intake, ESRD, and 
all-cause mortality in patients with type 1 
diabetes. Diabetes Care 2011; 34:861–866. 
doi:10.2337/dc10-1722.

 8. Bayer R, Johns DM, Gales S. Salt and public 
health: contested science and the challenge 
of evidence-based decision making. Health 
Affairs 2012; 31:2738–2746.

 9. O’Donnell MJ, Mente A, Smyth A, Yusuf 
S. Salt intake and cardiovascular disease: 

why are the data inconsistent? Eur Heart J  
2012; 34:1034–1040. doi:10.1093/eurheart/ 
ehs409.

 10. Insitute of Medicine. Dietary Reference Intakes 
for Water, Potassium, Sodium, Chloride, 
and Sulfate. Institute of Medicine, National 
Academies Press: Washington, DC, 2005.

 11. Institute of Medicine. Sodium Intake in 
Populations: Assessment of Evidence. Institute 
of Medicine, National Academies Press: 
Washington, DC, 2013.

 12. Institute of Medicine. Dietary Reference 
Intakes. Institute of Medicine, National 
Academies Press: Washington, DC, 2006.

 13. Institute of Medicine. Dietary Reference 
Intakes for Calcium, Magnesium, Phosphorus, 
Vitamin D, and Fluoride. Food and Nutrition 
Board, Institute of Medicine, National 
Academy Press: Washington, DC, 1997.

 14. Maillot M, Drewnowski A. A conflict between 
nutritionally adequate diets and meeting the 
2010 Dietary Guidelines for Sodium. Am J 
Prev Med 2012; 42:174–179.

 15. Maillot M, Monsivais P, Drewnowski A. Food 
pattern modeling shows that the 2010 Dietary 
Guidelines for Sodium and Potassium can-
not be met simultaneously. Nutr Res 2013; 33: 
188–194.

 16. Heaney RP. The nutrient problem. Nutr Rev 
2012; 70:165–169.

 17. Brunner HR, Laragh JH, Baer L, Newton MA, 
Goodwin FT, Krakoff LR, Bard RH, Bühler 
FR. Essential hypertension: renin and aldos-
terone, heart attack and stroke. N Engl J Med 
1972; 286:441–449.

 18. Alderman MH, Madhavan S, Ooi WL, Cohen 
H, Sealey JE, Laragh JH. Association of the 
renin-sodium profile with the risk of myocar-
dial infarction in patients with hypertension. 
N Engl J Med 1991; 324:1098–1104.

 19. Alderman MH, Ooi WL, Cohen H, Madhavan 
S, Sealey JE, Laragh JH. Plasma renin activity:  
a risk factor for myocardial infarction in 
hypertensive patients. Am J Hypertens 1997;  
10:1–8.

 by guest on Septem
ber 20, 2013

http://ajh.oxfordjournals.org/
D

ow
nloaded from

 

http://ajh.oxfordjournals.org/

