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Effective population-based interventions are required to reduce the global burden of cardiovascular disease (CVD). Reducing salt intake
has emerged as a leading target, with many guidelines recommending sodium intakes of 2.3 g/day or lower. These guideline thresholds
are based largely on clinical trials reporting a reduction in blood pressure with low, compared with moderate, intake. However, no
large-scale randomized trials have been conducted to determine the effect of low sodium intake on CV events. Prospective cohort
studies evaluating the association between sodium intake and CV outcomes have been inconsistent and a number of recent studies have
reported an association between low sodium intake (in the range recommended by current guidelines) and an increased risk of CV
death. In the largest of these studies, a J-shaped association between sodium intake and CV death and heart failure was found. Despite a
large body of research in this area, there are divergent interpretations of these data, with some advocating a re-evaluation of the current
guideline recommendations. In this article, we explore potential reasons for the differing interpretations of existing evidence on the
association between sodium intake and CVD. Similar to other areas in prevention, the controversy is likely to remain unresolved until
large-scale definitive randomized controlled trials are conducted to determine the effect of low sodium intake (compared to moderate
intake) on CVD incidence.
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Introduction
Population-based interventions to reduce the risk of cardiovascular
disease (CVD) should target a common risk factor, which is modi-
fiable through simple effective interventions and may be implemen-
ted in a range of settings and populations.1 Reducing excess sodium
intake presents a compelling target for population-based preven-
tion of CVD, given its association with blood pressure and that
interventions to reduce sodium intake may be targeted at individ-
ual, community, societal, and policy levels.2

In 2003, the World Heart Organization (WHO) recommended
that adults ingest ,2.0 g/day of sodium (which corresponds to 5 g
of salt/day), based on an assessment of the best available evidence.3

At that time, some epidemiological studies reported an association
between higher levels of sodium intake and CV events,4 – 6 and clin-
ical trials had demonstrated that reduced sodium intake to low
levels was associated with a reduction in blood pressure which
formed the basis for guideline thresholds.7– 10 Since then,
however, there have been a number of studies that have

questioned whether the recommended target of sodium intake is
optimal, with some recent studies reporting that intakes of
under 3 g/day may be associated with an increased risk of CV
death.11– 16 These recent studies, and the absence of a definitive
randomized controlled trial indicating that reducing sodium
intake to low levels will reduce CVD, have re-ignited the contro-
versy surrounding the optimal target for sodium intake.17,18

Despite a large number of studies evaluating the association
between sodium intake and blood pressure and CVD, there are
few areas in CVD prevention that evoke more diverse opinions.

In this article, we explore potential reasons for the differing
interpretations of existing evidence on the association between
sodium intake and CVD, such as differences in methods of meas-
urement, population characteristics, study designs, and outcome
measures. In addition, reduction in sodium intake may have differ-
ing effects on other dietary factors known to affect CV risk, which
may vary by population. We also contend that there may be a J-
shaped association between sodium intake and CVD, which is
the principal reason for different findings between studies.
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Finally, we present some approaches that are required to clarify
the uncertainty, and discuss what further research is required to
determine the optimal sodium intake range.

Variations in methods
of measuring sodium intake
There are two main approaches to estimate sodium intake, namely
measuring urinary excretion or dietary intake.19 For either method,
it is optimal to complete repeated measurements to capture ‘usual’
intake of sodium.

Urinary Methods: 24 h urinary sodium excretion is the reference
standard for sodium intake estimation, on the premise that the vast
majority (90–95%) of sodium ingested is excreted in the urine.
Limitations of this approach are incomplete collection of urine
for ,24 h, under-estimation of sodium intake in populations
with increased sodium excreted in sweat, and impracticality of col-
lecting 24 h collections in sufficiently large numbers of individuals
so that a large number of CVD events occur over a reasonable
follow-up period (e.g. 5 or 10 years), which will allow careful char-
acterization of the strength and nature of any relationship between
sodium intake and CVD incidence. A more convenient urinary
method is estimated urinary sodium excretion from early fasting
morning urine, which has been shown to be a valid group estimate
compared with 24 h urine.20

Dietary Methods: Dietary assessment may be measured using 24 h
dietary recall, food diaries, or food frequency questionnaire. Dietary
methods are more convenient than urinary methods, can be more
easily administered repeatedly, and have the advantage of also iden-
tifying the key sources of excess sodium in the diet and measuring
overall diet quality. However, limitations include recall bias, varia-
tions of sodium content of common food items (e.g. sodium
content of a slice of bread may vary considerably), lack of informa-
tion on sodium added at the table or cooking, and imprecision with
estimating portion size. In general, dietary methods of assessment
underestimate sodium intake, compared with 24 h urinary measures.

Between-study differences in the methods of measuring sodium
intake make between-study comparisons difficult. For example,
dietary methods may underestimate sodium intake compared
with urinary methods, and, therefore, studies employing dietary
methods may observe lower absolute thresholds of sodium
intake associated with CV risk. One approach is to confine analysis
to studies that used reference standard (24 h urinary collections)
to estimate sodium intake. Of eight prospective cohort
studies,5,12– 14,21– 24 two reported a positive association, two
reported no association, and four reported an inverse association
between sodium intake and some CV events. All of these studies
were conducted in Europe, Australia or the USA.

Differences in the methods of measurement also present pro-
blems for implementation and monitoring of guideline recommen-
dations. For example, guideline thresholds are primarily based on
estimates from clinical trials (examining the effects of a sodium-
lowering diet on blood-pressure lowering) which used 24 h
urinary estimates of sodium intake. However, most population-
based surveys of sodium intake in communities have used dietary
recall methods. In studies that compared 24 h urinary sodium to

24 h dietary recall, correlations were poor to moderate.25

At present, there is no reliable method of standardizing between
methods, or estimating comparable levels of sodium based upon
urinary and dietary methods of estimating sodium intake. To this
end, future studies should ensure that both dietary and urinary
methods of sodium intake are measured.

Variations in population
characteristics

Geographical region and range of sodium
intake
A 2009 meta-analysis26 of 13 prospective cohort studies reported
a significant association between increased sodium intake and CV
events and stroke. In that meta-analysis, which compared highest
vs. lowest quantiles of sodium intake among studies, a 2 g/day in-
crease in sodium intake (5 g of salt) was associated with an
increased risk of stroke (RR 1.23; 1.06–1.43) and composite of
all CV events (RR 1.14; 0.99–1.32). However, for both outcomes,
there was statistically significant heterogeneity (I2 ¼ 61 and 80%,
Figures 1 and 2), with less than half of individual studies reporting
either no association or an inverse association. One potential
source of heterogeneity was differing ranges of sodium intake of
populations included among studies, in that an association
between sodium intake and CV disease appeared to be positive
in populations with high intakes (e.g. .4.5 g/day of sodium) but
not in those with moderate or low intakes.27 However, differences
in the methods of sodium intake measurement (24 h urine, food
frequency, 24 h dietary recall), and inconsistent reporting of
mean intake, precludes a precise exploration of whether this was
the only source of heterogeneity. An alternative indirect method
is to look at region/country where the study was conducted, as
some regions are known to have high sodium intake. Figures 1
and 2 show the same studies included in the meta-analysis by
Strazzullo et al.,26 but categorized by region (Asia, North
America, and Europe). For stroke, much of the heterogeneity
appears to be explained by region, with all studies in Asia reporting
an association between increased intake and risk of stroke (RR
1.68; 1.38–2.04; I2¼ 0%) but there is no significant association
for studies in Europe (RR 1.04; 0.93–1.17; I2¼ 0%) or North
America (RR 1.08; 0.81–1.42; I2¼ 61%), although heterogeneity
remained for studies in North America. Studies in Asia were con-
ducted in Japan and Taiwan, meaning that populations from many
other parts of Asia (China, South Asia, Southeast Asia, and the
Middle-east) are not represented in this analysis. Based on what
is known about estimates of sodium intake, it is reasonable to
suggest that most of the association between sodium intake and
CVD comes from regions known to have high intake, and no asso-
ciation, or an inconsistent association, in studies conducted in
countries with moderate intake levels.27 For the composite
outcome of all CVD (inconsistent definitions among studies),
only one study was conducted in Asia which reported a significant
association (Figure 2), and there was no significant association for
studies in Europe and North America. Since that meta-analysis,
other prospective cohort studies have been published.12–15,28 –30
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Of these, five were conducted in Europe/Australia/USA, of which
two reported a positive association, two reported an inverse asso-
ciation and one reported a J-shaped association between sodium
intake and some CV events or all-cause mortality and one con-
ducted in Japan which reported a positive association. Only one
study15 was conducted in an international population, and
reported a J-shaped association with CV death and hospital admis-
sion for congestive heart failure (Figure 3).

A limitation of current evidence is that all but one prospective
cohort study, evaluating the association between sodium intake
and CV events, has been conducted in a single country or
region. This indicates substantial gaps in our knowledge of the as-
sociation between sodium intake and CVD, with no information
currently available from several regions of the world, such as
Africa, South America, India, and Russia.

Cardiovascular risk
Patients with established CVD are expected to be most suscep-
tible to the effects of extremes of sodium intake (and conse-
quently the most to benefit if low sodium intake reduces
CVD). While most studies evaluating the association between

sodium intake and CV events have been conducted in primary preven-
tion populations, the most convincing evidence of a J-shaped associ-
ation between sodium intake and CV events comes from two
prospective cohorts in patients at increased CV risk (included partici-
pants with established CV disease or diabetes mellitus).13,15 Within
clinical trials,31 the only trials reporting an increased mortality with
low sodium intake included patients with established congestive
heart failure,32 while extended follow-up of some trials in primary
prevention populations suggest a potential benefit of low sodium
intake33 (although loss to follow-up was 23% in extended observa-
tional follow-up of the TOPH trials)24 (Figure 3). Baseline CV risk,
therefore, may be an important determinant of the association
between sodium intake and CV disease, which is important because
it is the high-risk populations that are most likely to receive recom-
mendations on sodium intake. In addition, studies of low-risk popula-
tions, especially small studies, have a low number of events and hence
reduced power, so the estimates may be less reliable.

Dietary patterns
Sodium intake is embedded as part of an entire pattern of con-
sumption of other dietary factors which may complicate, and

Figure 1 Prospective cohort studies evaluating the association between sodium intake and stroke categorized by region (Asia, North
America, and Europe) included in meta-analysis by Strazzullo et al. Comparison between highest and lowest quantiles of sodium intake.
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confound, the association between sodium intake and CVD in a
number of ways, especially in high-moderate income countries
where some 80% of dietary sodium intake is from non-
discretionary sources.19 First, dietary patterns (and sources of
sodium intake) differ by region, country, and communities
within countries. Dietary factors (e.g. fruit and vegetable intake)
and dietary patterns (e.g. prudent diet, Mediterranean diet)
have been associated with marked changes in the risk of
CVD.34– 36 Therefore, some diets may be high in sodium
content but also high in other cardioprotective factors (e.g.
salted fish and vegetables), while other diets may be high in
sodium content and low in cardioprotective factors (e.g. fast
foods, some processed foods), which might contribute to
between-study differences in findings. In one Japanese study, a
traditional dietary pattern with the highest sodium intake (and
blood pressure) was associated with the lowest risk of CV
disease, attributed to the diet also being rich in fish and vegeta-
bles.37 Second, the ‘knock-on’ effect of lowering sodium intake
on other dietary factors may differ by dietary pattern and
region. In most clinical trials, evaluating the effect of sodium re-

Figure 2 Prospective cohort studies evaluating the association between sodium intake and composite of CV events categorized by region
(Asia, North America, and Europe) included in meta-analysis by Strazzullo et al. Comparison between highest and lowest quantiles of
sodium intake.

Figure 3 Estimated 24 h urinary excretion of sodium and com-
posite of cardiovascular death, stroke, myocardial infarction, and
hospitalization for congestive heart failure.15
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duction on blood pressure, the sodium reduction intervention
was carefully implemented within a balanced dietary regimen.
However, in the real world, the effect of an ‘isolated’ recommen-
dation on sodium restriction on other dietary factors is less pre-
dictable and more inconsistent, and may have unintended adverse
effects on the diet.38 Third, there is evidence that some dietary
factors may modify the association between sodium intake,
blood pressure, and CVD, of which the most prominent is potas-
sium intake.39 In this regard, there is some indirect evidence to
suggest that the blood pressure lowering effect of sodium restric-
tion is dependent on whether the dietary reduction is embedded
within a multi-component intervention.

Epidemiological studies have also reported that increased potas-
sium intake is associated with reduced risk of CVD, most notably
for stroke,40,41 but also that the association between sodium intake
and CVD may be mitigated by increased potassium intake. In
the ONTARGET/TRANSCEND study,15 we observed that the
lowest rate of CV events occurred in the group with moderate

sodium intake and high potassium intake. The relationship
between sodium and potassium intake also complicates interpret-
ation of some studies, which target both electrolytes. One study,42

often referenced as robust evidence to support sodium restriction,
replaced sodium with potassium and reported a reduction in CV
events.43 In that trial, relative increases in objective measures of
potassium intake were greater than reductions in sodium intake,
and makes it impossible to determine whether the reported ben-
efits were attributed to sodium reduction or potassium supple-
mentation. Potassium intake is also a surrogate for a healthy CV
diet,44 as many of the foods associated with reduced CV risk are
rich in potassium, especially fruits and vegetables.

Salt sensitivity
Salt sensitivity describes the observation that certain populations,
or individuals, may be at increased risk of the CV risk associated
with sodium intake. Clinical data show marked heterogeneity in
blood pressure change in response to sodium reduction.45,46

Ethnicity, hypertensive status, and obesity have been reported to
modify the association between sodium intake and CVD (or
blood pressure) in some studies but there have not been consist-
ent observations in studies. Genetic underpinnings for salt
sensitivity, and their direct association with specific genetic poly-
morphisms for hypertension,47 remain to be determined, but
may be of importance in explaining inter-regional differences in
the association between sodium intake and CV risk.

Variations in outcome measures

Blood pressure
Meta-analysis of clinical trials and observational studies have
reported a generally consistent association between reduced
sodium intake and lowering of blood pressure in both primary
and secondary prevention populations.10,48 The INTERSALT
study,49 a cross-sectional study (n ¼ 10 079) from 52 centres
around the world, was the first large study to report an association
between sodium intake and blood pressure. In that study, sodium
intake was estimated from 24 h urine excretion, and ranged from
0.2 mmol/24 h (Yanomamo Indians, Brazil) to 242 mmol/24 h
(North China). Overall, there was a significant association

Figure 4 Extended Follow-up clinical trials evaluating reduction in sodium intake from moderate to low levels (Note: Data for 2 trials, and
overall summary estimate, differs from that reported by He et al, following independent data abstraction).

Figure 5 Estimated 24 h urinary excretion of sodium and
stroke.15
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between increasing sodium intake and increasing blood pressure.
Even in recent prospective studies reporting an inverse or J-
shaped association between low sodium intake and increased CV
risk, a positive association between sodium intake and blood pres-
sure has been shown.12,15 The assumption that underlies most
guidelines is that reductions in blood pressure, due to sodium re-
duction, will translate into reductions in CVD.2,3 However, the
results of some recent randomized controlled trials have chal-
lenged whether reducing blood pressure in patients with mild
hypertension results in subsequent reduction of CVD.50– 52 In add-
ition, different classes of antihypertensive are associated with dif-
fering risk reduction for CV events, and some of the benefit of
certain antihypertensive classes appears to be independent of
blood pressure lowering. In particular, drugs that inhibit the
RAAS reduce the risk of CVD, independent of blood pressure low-
ering.53 In contrast, low sodium intake reduces blood pressure but
increases RAAS activity.54 Therefore, the proposed model that
reduced sodium intake results in reduced blood pressure, which
in turn, results in the reduction in CV disease is overly simplistic
and is likely dependent on the mechanism through which blood
pressure is reduced and the baseline blood pressure of the popu-
lation. In addition, the association between high sodium intake and
increased CV risk is only partly explained by blood pressure, and
other mechanisms proposed to mediate the association, such as
fluid balance, may also contribute to the observed increase in
CV risk with high intake.

Cardiovascular outcomes
Sodium intake may have differing effects on individual CV out-
comes, namely CV death, myocardial infarction, stroke, and con-
gestive heart failure.15 This makes between-study comparisons
difficult, as there is inter-study variation in the outcome that is
reported (and studies may be subject to reporting bias). The
most consistent outcome reported in studies is CV death, and
for this outcome, a J-shaped association exists, based on the total-
ity of data.11,15,55,56 For myocardial infarction, only one study has
reported an inverse association22 and no study has reported an
inverse association for stroke. In the ONTARGET/TRANSCEND
cohort,15 we observed a J-shaped association for CV death and
congestive heart failure but not for myocardial infarction or
stroke. Therefore, some of the differences between study findings
may relate to what outcomes were measured and selected, and
may contribute to the heterogeneity reported in meta-analyses
of these studies (Figure 2). However, epidemiological associations
can never be free of confounding despite extensive adjustments,
but, for the time being, at levels of sodium intake below around
4–5 g/day, there is no consistent positive relationship between
sodium intake and any CVD event.27

What is the safe lower threshold
for sodium intake?
A minimal level of sodium intake is a necessary requirement for
normal physiological processes. With very few exceptions for spe-
cific populations,57 guidelines do not report a lower recommended
intake. This approach is based on the assumption that there is no

unsafe lower limit or, that it is not possible to ingest sodium levels
that are associated with harm.58 It is proposed by some that
humans require about 0.5 g/day (or less),44 based largely on
studies in Yanomamo Indians who consumed ,0.5 g/day and
had very low prevalence of hypertension59 (although life expect-
ancy in this tribe was very low; mean of about 40 years, and
increased renin activity is reported in this population60). In con-
trast, other studies report that adverse effects on some physio-
logical parameters occur when intake levels fall below about
2.0 g/day, such as activation of RAAS, increased cathecholamies,
dyslipidaemia, and dysglycaemia. Therefore, some of the contro-
versy relates to differing interpretations of what is an adequate
intake of sodium for normal physiological function. Establishing a
safe lower threshold for sodium intake, associated with low CV
risk, remains an unanswered question, and a priority to resolve.
It is expected that minimum daily sodium requirements may
differ by population characteristics (e.g. background diet, level of
exercise) and climate.

Study design and level of evidence
Large randomized controlled trials showing a reduction in clinical-
ly important CV events are required to test interventions that are
proposed to be effective, especially where uncertainty exists
about whether the benefits outweigh harm or expense. For
some recommendations (e.g. smoking cessation), large rando-
mized controlled trials are not required because of the over-
whelming observational evidence and very large excess risks
(e.g. smoking 20 or more cigarettes per day increases the risk
of lung cancer 20-fold and increases the risk of vascular events
by 2.5–3-fold) to support benefit and the absence of evidence
to suggest harm. Many believe that the epidemiological data is suf-
ficient to advocate a public health policy for sodium reduction in
the entire population, across all levels of intake. However, as sum-
marized earlier, the association between sodium intake and CVD
is unclear in populations consuming moderate-low intake (,4–
5 g/day). While it may be appropriate to recommend reducing
sodium intake in populations whose average consumption is
over 5 g/day (either in individuals with high intake or in popula-
tions with high intake), whether further reducing intake from mod-
erate (where most Western populations reside) to lower levels
(,3 g/day) results in more benefit than harm is uncertain.
While most randomized controlled trials have reported a
benefit in surrogate outcome (blood pressure) by reducing
sodium intake from moderate to low levels, most prospective
cohort studies in countries with moderate sodium intake have
either reported no association or an inverse association
between reduced intake and CV death. Some of the controversy
relates to differing opinions on whether ‘best evidence’ comes
from clinical trials of surrogate outcomes (BP) or prospective
cohort studies of CV outcomes. Since original guidelines were
developed, a new body of evidence has established clinical uncer-
tainty about the benefits of low sodium intake. This uncertainty is
reflected in differing opinions and interpretations of the evi-
dence.27,61 At present, no high-quality trial has been completed in-
dicating that low sodium intake reduces CVD incidence.
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Other observations contributing
to uncertainty
Given that CVD is the major cause of death globally,1 it appears
inconsistent that some of the countries with the highest sodium
intake (e.g. Japan, Finland) have been those with the highest life ex-
pectancy. In countries such as the USA, there have been’ marked
reductions in stroke rates over the last 25 years although the
levels of sodium intake appear to have remained constant
(perhaps due to the difficulties in implementing a society wide
strategy).62

Other considerations
There are many determinants of elevated blood pressure. In add-
ition to higher sodium intake, a low level of potassium intake, low
levels of fruit and vegetable intake, obesity, and lack of physical ac-
tivity have major effects on blood pressure. It is likely that a strat-
egy that tries to influence multiple factors that influence blood
pressure is more likely to be effective than a strategy focused
solely on sodium intake.

Conclusions and future directions
(1) High sodium intake

(a) What is Known? There is strong and convincing evidence of
an association between high sodium intake (.5 g/day) and
CVD, and no evidence that reducing sodium from high
intakes to moderate intakes causes harm.

(b) What Should be Done? Efforts to reduce sodium intake
should target people who consume high sodium or be tai-
lored to the average levels of sodium intake in the popu-
lation. For example, in countries such as those with
moderate sodium intake, avoidance of high intake should
be a goal. In contrast, in countries with high average
intake (e.g. China) this should be complemented with
population-based strategies to reduce sodium intake in
the population as a whole, by targeting key sources of
excess sodium in the diet (e.g. processed food and fast
food outlets). Recommendations on sodium reduction
should be embedded within general recommendations
on healthy dietary patterns, such as increased consump-
tion of fruits and vegetables etc.

(2) Moderate sodium intake

(a) What is Known? There is no convincing evidence that mod-
erate intake sodium (3–5 g/day) is associated with an
increased risk of CVD compared with lower levels of
sodium consumption. While there is convincing evidence
(from studies in high-risk individuals) that reducing
sodium intake from moderate to lower levels has a
modest effect on blood pressure from clinical trials,
there is also evidence that low intake may be associated
with an increased risk of CV death and hospitalization
for heart failure from prospective cohort studies.

(b) What Should be Done? The only definitive way of clarifying
the uncertainty is to conduct a large-scale randomized
controlled trial evaluating the effect of reducing sodium

intake from moderate to low levels on CVD outcomes.
While there are logistical difficulties to undertaking such
trials, the challenge of getting entire populations to
consume low sodium diets is monumentally greater.

Conflict of interest: A.M. received a $500 honorarium from the
American Society of Nutrition in June 2012.

References
1. Anand SS, Yusuf S. Stemming the global tsunami of cardiovascular disease. Lancet

2011;377:529–532.
2. Appel LJ, Frohlich ED, Hall JE, Pearson TA, Sacco RL, Seals DR, Sacks FM,

Smith SC Jr, Vafiadis DK, Van Horn LV. The importance of population-wide
sodium reduction as a means to prevent cardiovascular disease and stroke: a
call to action from the American Heart Association. Circulation 2011;123:
1138–1143.

3. World Health Organisation. Diet, Nutrition and the prevention of chronic diseases.
Report of tha Joint WHO/FAO Expert Consultation. Geneva: World Health
Organisation, 2003 (WHO Technical Report Series, No 916).

4. Hu HH, Sheng WY, Chu FL, Lan CF, Chiang BN. Incidence of stroke in Taiwan.
Stroke 1992;23:1237–1241.

5. Tuomilehto J, Jousilahti P, Rastenyte D, Moltchanov V, Tanskanen A, Pietinen P,
Nissinen A. Urinary sodium excretion and cardiovascular mortality in Finland: a
prospective study. Lancet 2001;357:848–851.

6. He J, Ogden LG, Vupputuri S, Bazzano LA, Loria C, Whelton PK. Dietary sodium
intake and subsequent risk of cardiovascular disease in overweight adults. JAMA
1999;282:2027–2034.

7. Sacks FM, Svetkey LP, Vollmer WM, Appel LJ, Bray GA, Harsha D, Obarzanek E,
Conlin PR, Miller ER III, Simons-Morton DG, Karanja N, Lin PH. Effects on blood
pressure of reduced dietary sodium and the Dietary Approaches to Stop Hyper-
tension (DASH) diet. DASH-Sodium Collaborative Research Group. N Engl J Med
2001;344:3–10.

8. Whelton PK, Kumanyika SK, Cook NR, Cutler JA, Borhani NO, Hennekens CH,
Kuller LH, Langford H, Jones DW, Satterfield S, Lasser NL, Cohen JD. Efficacy of
nonpharmacologic interventions in adults with high-normal blood pressure:
results from phase 1 of the Trials of Hypertension Prevention. Trials of Hyperten-
sion Prevention Collaborative Research Group. Am J Clin Nutr 1997;65(2 Suppl):
652S–660S.

9. Whelton PK, Appel LJ, Espeland MA, Applegate WB, Ettinger WH Jr, Kostis JB,
Kumanyika S, Lacy CR, Johnson KC, Folmar S, Cutler JA. Sodium reduction and
weight loss in the treatment of hypertension in older persons: a randomized con-
trolled trial of nonpharmacologic interventions in the elderly (TONE). TONE
Collaborative Research Group. JAMA 1998;279:839–846.

10. He FJ, MacGregor GA. Effect of modest salt reduction on blood pressure: a
meta-analysis of randomized trials. Implications for public health. J Hum Hypertens
2002;16:761–770.

11. Cohen HW, Hailpern SM, Fang J, Alderman MH. Sodium intake and mortality
in the NHANES II follow-up study. Am J Med 2006;119:275–14.

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

13. Thomas MC, Moran J, Forsblom C, Harjutsalo V, Thorn L, Ahola A, Waden J,
Tolonen N, Saraheimo M, Gordin D, Groop PH. The association between
dietary sodium intake, ESRD, and all-cause mortality in patients with type 1 dia-
betes. Diabetes Care 2011;34:861–866.

14. Ekinci EI, Clarke S, Thomas MC, Moran JL, Cheong K, MacIsaac RJ, Jerums G.
Dietary salt intake and mortality in patients with type 2 diabetes. Diabetes Care
2011;34:703–709.

15. O’Donnell MJ, Yusuf S, Mente A, Gao P, Mann JF, Teo K, McQueen M, Sleight P,
Sharma AM, Dans A, Probstfield J, Schmieder RE. Urinary sodium and potassium
excretion and risk of cardiovascular events. JAMA 2011;306:2229–2238.

16. Paterna S, Parrinello G, Cannizzaro S, Fasullo S, Torres D, Sarullo FM, Di PP.
Medium term effects of different dosage of diuretic, sodium, and fluid administra-
tion on neurohormonal and clinical outcome in patients with recently compen-
sated heart failure. Am J Cardiol 2009;103:93–102.

17. Alderman MH. Reducing dietary sodium: the case for caution. JAMA 2010;303:
448–449.

18. Campbell N, Correa-Rotter R, Neal B, Cappuccio FP. New evidence relating to
the health impact of reducing salt intake. Nutr Metab Cardiovasc Dis 2011;21:
617–619.

M.J. O’Donnell et al.1040
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/34/14/1034/471289 by guest on 20 M
arch 2024



19. Brown IJ, Tzoulaki I, Candeias V, Elliott P. Salt intakes around the world: implica-
tions for public health. Int J Epidemiol 2009;38:791–813.

20. Kawasaki T, Itoh K, Uezono K, Sasaki H. A simple method for estimating 24 h
urinary sodium and potassium excretion from second morning voiding urine spe-
cimen in adults. Clin Exp Pharmacol Physiol 1993;20:7–14.

21. Tunstall-Pedoe H, Woodward M, Tavendale R, A’Brook R, McCluskey MK. Com-
parison of the prediction by 27 different factors of coronary heart disease and
death in men and women of the Scottish Heart Health Study: cohort study.
BMJ 1997;315:722–729.

22. Alderman MH, Madhavan S, Cohen H, Sealey JE, Laragh JH. Low urinary sodium is
associated with greater risk of myocardial infarction among treated hypertensive
men. Hypertension 1995;25:1144–1152.

23. Geleijnse JM, Witteman JC, Stijnen T, Kloos MW, Hofman A, Grobbee DE.
Sodium and potassium intake and risk of cardiovascular events and all-cause mor-
tality: the Rotterdam Study. Eur J Epidemiol 2007;22:763–770.

24. Cook NR, Cutler JA, Obarzanek E, Buring JE, Rexrode KM, Kumanyika SK,
Appel LJ, Whelton PK. Long term effects of dietary sodium reduction on cardio-
vascular disease outcomes: observational follow-up of the trials of hypertension
prevention (TOHP). BMJ 2007;334:885–888.

25. Espeland MA, Kumanyika S, Wilson AC, Reboussin DM, Easter L, Self M,
Robertson J, Brown WM, McFarlane M. Statistical issues in analyzing 24-h
dietary recall and 24-h urine collection data for sodium and potassium intakes.
Am J Epidemiol 2001;153:996–1006.

26. Strazzullo P, D’Elia L, Kandala NB, Cappuccio FP. Salt intake, stroke, and cardio-
vascular disease: meta-analysis of prospective studies. BMJ 2009;339:b4567.

27. Alderman MH, Cohen HW. Dietary sodium intake and cardiovascular mortality:
controversy resolved? Curr Hypertens Rep 2012;14:193–201.

28. Gardener H, Rundek T, Wright CB, Elkind MS, Sacco RL. Dietary sodium and risk
of stroke in the Northern Manhattan study. Stroke 2012;43:1200–1205.

29. Takachi R, Inoue M, Shimazu T, Sasazuki S, Ishihara J, Sawada N, Yamaji T,
Iwasaki M, Iso H, Tsubono Y, Tsugane S. Consumption of sodium and salted
foods in relation to cancer and cardiovascular disease: the Japan Public Health
Center-based Prospective Study. Am J Clin Nutr 2010;91:456–464.

30. Yang Q, Liu T, Kuklina EV, Flanders WD, Hong Y, Gillespie C, Chang MH,
Gwinn M, Dowling N, Khoury MJ, Hu FB. Sodium and potassium intake and mor-
tality among US adults: prospective data from the Third National Health and Nu-
trition Examination Survey. Arch Intern Med 2011;171:1183–1191.

31. Taylor RS, Ashton KE, Moxham T, Hooper L, Ebrahim S. Reduced dietary salt for
the prevention of cardiovascular disease: a meta-analysis of randomized con-
trolled trials (Cochrane review). Am J Hypertens 2011;24:843–853.

32. Dinicolantonio JJ, Pasquale PD, Taylor RS, Hackam DG. Low sodium versus
normal sodium diets in systolic heart failure: systematic review and meta-analysis.
Heart 2012. Advance Access published August 21, 2012.

33. He FJ, MacGregor GA. Salt reduction lowers cardiovascular risk: meta-analysis of
outcome trials. Lancet 2011;378:380–382.

34. Iqbal R, Anand S, Ounpuu S, Islam S, Zhang X, Rangarajan S, Chifamba J,
Al-Hinai A, Keltai M, Yusuf S. Dietary patterns and the risk of acute myocardial
infarction in 52 countries: results of the INTERHEART study. Circulation 2008;
118:1929–1937.

35. O’Donnell MJ, Xavier D, Liu L, Zhang H, Chin SL, Rao-Melacini P, Rangarajan S,
Islam S, Pais P, McQueen MJ, Mondo C, Damasceno A, Lopez-Jaramillo P,
Hankey GJ, Dans AL, Yusoff K, Truelsen T, Diener HC, Sacco RL, Ryglewicz D,
Czlonkowska A, Weimar C, Wang X, Yusuf S. Risk factors for ischaemic and
intracerebral haemorrhagic stroke in 22 countries (the INTERSTROKE study):
a case-control study. Lancet 2010;376:112–123.

36. Mente A, de Koning L, Shannon HS, Anand SS. A systematic review of the evi-
dence supporting a causal link between dietary factors and coronary heart
disease. Arch Intern Med 2009;169:659–669.

37. Shimazu T, Kuriyama S, Hozawa A, Ohmori K, Sato Y, Nakaya N, Nishino Y,
Tsubono Y, Tsuji I. Dietary patterns and cardiovascular disease mortality in
Japan: a prospective cohort study. Int J Epidemiol 2007;36:600–609.

38. Morris CD. Effect of dietary sodium restriction on overall nutrient intake. Am J
Clin Nutr 1997;65(Suppl.):687S–691S.

39. Morris RC Jr, Schmidlin O, Frassetto LA, Sebastian A. Relationship and interaction
between sodium and potassium. J Am Coll Nutr 2006;25(Suppl.):262S–270S.

40. Khaw KT, Barrett-Connor E. Dietary potassium and stroke-associated mortality.
A 12-year prospective population study. N Engl J Med 1987;316:235–240.

41. Bazzano LA, He J, Ogden LG, Loria C, Vupputuri S, Myers L, Whelton PK. Dietary
potassium intake and risk of stroke in US men and women: National Health and

Nutrition Examination Survey I epidemiologic follow-up study. Stroke 2001;32:
1473–1480.

42. Chang HY, Hu YW, Yue CS, Wen YW, Yeh WT, Hsu LS, Tsai SY, Pan WH. Effect
of potassium-enriched salt on cardiovascular mortality and medical expenses of
elderly men. Am J Clin Nutr 2006;83:1289–1296.

43. Whelton PK. Urinary sodium and cardiovascular disease risk: informing guidelines
for sodium consumption. JAMA 2011;306:2262–2264.

44. Mente A, Irvine EJ, Honey RJ, Logan AG. Urinary potassium is a clinically useful
test to detect a poor quality diet. J Nutr 2009;139:743–749.

45. Luft FC, Rankin LI, Bloch R, Weyman AE, Willis LR, Murray RH, Grim CE,
Weinberger MH. Cardiovascular and humoral responses to extremes of
sodium intake in normal black and white men. Circulation 1979;60:697–706.

46. Luft FC, Weinberger MH. Observations and influences on sodium sensitivity of
blood pressure in humans. Adv Nephrol Necker Hosp 1991;20:237–245.

47. Sanada H, Jones JE, Jose PA. Genetics of salt-sensitive hypertension. Curr Hyper-
tens Rep 2011;13:55–66.

48. Frost CD, Law MR, Wald NJ. By how much does dietary salt reduction lower
blood pressure? II–Analysis of observational data within populations. BMJ 1991;
302:815–818.

49. Intersalt: an international study of electrolyte excretion and blood pressure.
Results for 24 h urinary sodium and potassium excretion. Intersalt Cooperative
Research Group. BMJ 1988;297:319–328.

50. Yusuf S, Diener HC, Sacco RL, Cotton D, Ounpuu S, Lawton WA, Palesch Y,
Martin RH, Albers GW, Bath P, Bornstein N, Chan BP, Chen ST, Cunha L,
Dahlof B, De Keyser J, Donnan GA, Estol C, Gorelick P, Gu V, Hermansson K,
Hilbrich L, Kaste M, Lu C, Machnig T, Pais P, Roberts R, Skvortsova V, Teal P,
Toni D, VanderMaelen C, Voigt T, Weber M, Yoon BW. Telmisartan to
prevent recurrent stroke and cardiovascular events. N Engl J Med 2008;359:
1225–1237.

51. Cushman WC, Evans GW, Byington RP, Goff DC Jr, Grimm RH Jr, Cutler JA,
Simons-Morton DG, Basile JN, Corson MA, Probstfield JL, Katz L, Peterson KA,
Friedewald WT, Buse JB, Bigger JT, Gerstein HC, Ismail-Beigi F. Effects of intensive
blood-pressure control in type 2 diabetes mellitus. N Engl J Med 2010;362:
1575–1585.

52. Lithell H, Hansson L, Skoog I, Elmfeldt D, Hofman A, Olofsson B, Trenkwalder P,
Zanchetti A. The Study on Cognition and Prognosis in the Elderly (SCOPE): prin-
cipal results of a randomized double-blind intervention trial. J Hypertens 2003;21:
875–886.

53. Yusuf S, Sleight P, Pogue J, Bosch J, Davies R, Dagenais G. Effects of an
angiotensin-converting-enzyme inhibitor, ramipril, on cardiovascular events in
high-risk patients. The Heart Outcomes Prevention Evaluation Study Investiga-
tors. N Engl J Med 2000;342:145–153.

54. Graudal NA, Hubeck-Graudal T, Jurgens G. Effects of low sodium diet versus high
sodium diet on blood pressure, renin, aldosterone, catecholamines, cholesterol,
and triglyceride. Cochrane Database Syst Rev 2011;CD004022.

55. Kagan A, Popper JS, Rhoads GG, Yano K. Dietary and other risk factors for stroke
in Hawaiian Japanese men. Stroke 1985;16:390–396.

56. Cohen HW, Hailpern SM, Alderman MH. Sodium intake and mortality follow-up
in the Third National Health and Nutrition Examination Survey (NHANES III).
J Gen Intern Med 2008;23:1297–1302.

57. Levin A, Hemmelgarn B, Culleton B, Tobe S, McFarlane P, Ruzicka M, Burns K,
Manns B, White C, Madore F, Moist L, Klarenbach S, Barrett B, Foley R,
Jindal K, Senior P, Pannu N, Shurraw S, Akbari A, Cohn A, Reslerova M,
Deved V, Mendelssohn D, Nesrallah G, Kappel J, Tonelli M. Guidelines for the
management of chronic kidney disease. CMAJ 2008;179:1154–1162.

58. Michell AR. Physiological aspects of the requirement for sodium in mammals. Nutr
Res Rev 1989;2:149–160.

59. Mancilha-Carvalho JJ, de Oliveira R, Esposito RJ. Blood pressure and electrolyte
excretion in the Yanomamo Indians, an isolated population. J Hum Hypertens
1989;3:309–314.

60. Oliver WJ, Cohen EL, Neel JV. Blood pressure, sodium intake, and sodium related
hormones in the Yanomamo Indians, a ‘no-salt’ culture. Circulation 1975;52:146–151.

61. Cappuccio FP, Ji C. Less salt and less risk of stroke: further support to action.
Stroke 2012;43:1195–1196.

62. Bernstein AM, Willett WC. Trends in 24-h urinary sodium excretion in the
United States, 1957–2003: a systematic review. Am J Clin Nutr 2010;92:
1172–1180.

Salt intake and cardiovascular disease 1040a
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/34/14/1034/471289 by guest on 20 M
arch 2024



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /JPXEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /JPXEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


