
original article

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 371;7 nejm.org august 14, 2014612

Urinary Sodium and Potassium Excretion, 
Mortality, and Cardiovascular Events

Martin O’Donnell, M.B., Ph.D., Andrew Mente, Ph.D., Sumathy Rangarajan, M.Sc.,  
Matthew J. McQueen, M.B., Ph.D., Xingyu Wang, Ph.D., Lisheng Liu, M.D.,  

Hou Yan, Ph.D., Shun Fu Lee, Ph.D., Prem Mony, M.D., Anitha Devanath, M.D.,  
Annika Rosengren, M.D., Patricio Lopez-Jaramillo, M.D., Ph.D., Rafael Diaz, M.D.,  
Alvaro Avezum, M.D., Ph.D., Fernando Lanas, M.D., Khalid Yusoff, M.B., B.S.,  

Romaina Iqbal, Ph.D., Rafal Ilow, Ph.D., Noushin Mohammadifard, M.Sc.,  
Sadi Gulec, M.D., Afzal Hussein Yusufali, M.D., Lanthe Kruger, Ph.D.,  

Rita Yusuf, Ph.D., Jephat Chifamba, M.Phil., Conrad Kabali, Ph.D.,  
Gilles Dagenais, M.D., Scott A. Lear, Ph.D., Koon Teo, M.B., Ph.D.,  

and Salim Yusuf, D.Phil., for the PURE Investigators*

The authors’ affiliations are listed in the 
Appendix. Address reprint requests to Dr. 
O’Donnell at the Population Health Re-
search Institute, David Braley Cardiac, 
Vascular, and Stroke Research Institute, 
McMaster University, 2nd Fl., Rm. C2-104, 
237 Barton St. E., Hamilton, ON L8L 2X2, 
Canada, or at odonnm@mcmaster.ca.

* A complete list of the Prospective Urban 
Rural Epidemiology (PURE) Investiga-
tors is provided in the Supplementary 
Appendix, available at NEJM.org.

This article was updated on August 14, 
2014, at NEJM.org.

N Engl J Med 2014;371:612-23.
DOI: 10.1056/NEJMoa1311889
Copyright © 2014 Massachusetts Medical Society.

A BS TR AC T

BACKGROUND

The optimal range of sodium intake for cardiovascular health is controversial.
METHODS

We obtained morning fasting urine samples from 101,945 persons in 17 countries 
and estimated 24-hour sodium and potassium excretion (used as a surrogate for in-
take). We examined the association between estimated urinary sodium and potassium 
excretion and the composite outcome of death and major cardiovascular events.
RESULTS

The mean estimated sodium and potassium excretion was 4.93 g per day and 2.12 g 
per day, respectively. With a mean follow-up of 3.7 years, the composite outcome 
occurred in 3317 participants (3.3%). As compared with an estimated sodium ex-
cretion of 4.00 to 5.99 g per day (reference range), a higher estimated sodium excre-
tion (≥7.00 g per day) was associated with an increased risk of the composite out-
come (odds ratio, 1.15; 95% confidence interval [CI], 1.02 to 1.30), as well as 
increased risks of death and major cardiovascular events considered separately. The 
association between a high estimated sodium excretion and the composite outcome 
was strongest among participants with hypertension (P = 0.02 for interaction), with 
an increased risk at an estimated sodium excretion of 6.00 g or more per day. As 
compared with the reference range, an estimated sodium excretion that was below 
3.00 g per day was also associated with an increased risk of the composite outcome 
(odds ratio, 1.27; 95% CI, 1.12 to 1.44). As compared with an estimated potassium 
excretion that was less than 1.50 g per day, higher potassium excretion was associ-
ated with a reduced risk of the composite outcome.
CONCLUSIONS

In this study in which sodium intake was estimated on the basis of measured uri-
nary excretion, an estimated sodium intake between 3 g per day and 6 g per day 
was associated with a lower risk of death and cardiovascular events than was either 
a higher or lower estimated level of intake. As compared with an estimated potassium 
excretion that was less than 1.50 g per day, higher potassium excretion was associ-
ated with a lower risk of death and cardiovascular events. (Funded by the Popula-
tion Health Research Institute and others.)
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Most of the global population 
consumes between 3.0 and 6.0 g of so-
dium per day (7.5 to 15.0 g of salt per 

day).1,2 Guidelines on cardiovascular disease pre-
vention recommend a maximum sodium intake 
of 1.5 to 2.4 g per day, but achieving this target 
will require a substantial change in diet for 
most people.3-5

Although clinical trials have shown a reduc-
tion in blood pressure with a reduced sodium 
intake, to our knowledge, no large randomized 
trial has been conducted to document reductions 
in the risk of cardiovascular disease with low 
sodium intake.6 Prospective cohort studies have 
shown inconsistent associations between sodi-
um intake and rates of cardiovascular events and 
death.6-11 Several studies have shown an in-
creased risk of cardiovascular disease or death 
among people consuming less than 3.0 g of 
sodium per day, as compared with average in-
take,7,9,12-15 but many of these studies included 
people at high cardiovascular risk,13-15 who were 
not representative of the general population.16,17 
The association between sodium intake and car-
diovascular disease is complex and may be 
modified by other dietary factors, such as potas-
sium intake, which has also been associated 
with cardiovascular risk.18,19

Because of the need for data from large stud-
ies examining the association between sodium 
intake and cardiovascular disease in general 
populations,8,17 we conducted a prospective co-
hort study that included 101,945 people from 
five continents. We examined the association of 
urinary sodium and potassium excretion with 
death and incident cardiovascular events.

ME THODS

STUDY DESIGN AND PARTICIPANTS

The Prospective Urban Rural Epidemiology 
(PURE) study is a large-scale epidemiologic co-
hort study that enrolled and followed 156,424 
persons, 35 to 70 years of age, residing in 628 
urban and rural communities in 17 low-, middle-, 
and high-income countries (Argentina, Bangla-
desh, Brazil, Canada, Chile, China, Colombia, 
India, Iran, Malaysia, Pakistan, Poland, South Af-
rica, Sweden, Turkey, United Arab Emirates, and 
Zimbabwe).20-23 Selection of the participants is 
described in the Supplementary Appendix, avail-
able with the full text of this article at NEJM.org. 
Recruitment began in January 2003. For the cur-

rent analysis, we included 101,945 participants who 
collected early-morning fasting urine samples 
suitable for analysis. The study was coordinated by 
the Population Health Research Institute, Hamil-
ton Health Sciences, Hamilton, Ontario, Canada.

PROCEDURES

A morning fasting midstream urine sample was 
collected from each participant and frozen at 
−20°C to −70°C. All urine samples were shipped 
in ambient packaging with the use of STP-250 
shipping boxes (Saf-T-Pak) to the Clinical Re-
search Laboratory, Hamilton Health Sciences, 
Hamilton, Ontario, Canada (the central labora-
tory for 14 countries), or to the regional labora-
tory in Beijing; Bangalore, India; or Kocaeli, Tur-
key, for analyses that used standardized methods. 
A description of the methods used for perform-
ing urinary analyses is provided in the Supple-
mentary Appendix. The Kawasaki formula was 
used to estimate 24-hour urinary sodium and 
potassium excretion, and these estimates were 
used as surrogates for intake.24,25 A brief descrip-
tion of the validation of the Kawasaki formula is 
provided in the article by Mente et al. in this is-
sue of the Journal.26

Information on personal medical history and 
use of prescription medication was obtained by 
means of questionnaire. Standardized case-report 
forms were used to capture data on major car-
diovascular events and death during follow-up, 
which were adjudicated with the use of stan-
dardized definitions. A description of the ascer-
tainment and adjudication of the outcome events 
is provided in the Supplementary Appendix. For 
the current analysis, we included all adjudicated 
outcome events in the PURE study database 
through October 16, 2013.

STUDY OVERSIGHT

The first three authors and the last author conceived 
the study, supervised all the analyses, assume re-
sponsibility for the analyses and the interpretation 
of data, and wrote the first draft of the manuscript. 
The study was funded by nonprofit, government, 
and industry sponsors. The funders of the study had 
no role in its design or conduct, in the collection, 
analysis, or interpretation of the data, or in the writ-
ing of the manuscript or the decision to submit it 
for publication. The study was approved by the re-
search ethics committee at each participating cen-
ter and at Hamilton Health Sciences. All the study 
participants provided written informed consent.

A Quick Take 
animation is 
available at 
NEJM.org 
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STATISTICAL ANALYSIS

Differences in the baseline characteristics among 
the study participants in the different categories 
of estimated sodium and potassium excretion 
were compared with the use of the chi-square 
test for categorical variables and analysis of vari-
ance for continuous variables. We used restricted-
cubic-spline plots to explore the shape of the 
association between the estimated sodium and 
potassium excretion and the outcomes, fitting a 
restricted-cubic-spline function with four knots 
(at the 5th, 35th, 65th, and 95th percentiles).27 
Our primary outcome measure was the compos-
ite of death from any cause and major cardiovas-
cular events (defined as death from cardiovascu-
lar causes, stroke, myocardial infarction, or heart 
failure).

On the basis of our restricted-cubic-spline 
plots for the primary outcome and the results of 
previous analyses,13 we selected a level of 4.00 to 
5.99 g per day as the reference category for so-
dium excretion and a level of less than 1.50 g per 
day as the reference category for potassium ex-
cretion. We performed a multivariable logistic-
regression analysis with generalized estimating 
equation models (to account for clustering)28 in 
order to determine the association between esti-
mated urinary sodium and potassium excretion 
and death and cardiovascular events, using three 
sequential models. Model 1 (the primary model) 
was adjusted for age, sex, educational level, an-
cestry (Asian or non-Asian), alcohol intake (for-
mer use, current use, or no use), diabetes mel-
litus (yes or no), body-mass index (BMI), history 
of cardiovascular events (yes or no), and current 
smoking (yes or no), with an additional model 
that included the ratio of low-density lipoprotein 
cholesterol to high-density lipoprotein choles-
terol. Model 2 also included caloric intake, esti-
mated potassium (or sodium) excretion, and fruit 
and vegetable intake. In addition to the variables 
included in models 1 and 2, model 3 included 
systolic blood pressure, history of hypertension 
(yes or no), and use of antihypertensive therapy 
(yes or no) at baseline, because blood pressure is 
in the putative causal pathway.

To minimize the potential for reverse causa-
tion, we conducted analyses that excluded par-
ticipants with prior cardiovascular disease, those 
with cancer (at baseline or follow-up), and those 
with events in the first 2 years of follow-up. We 
tested for interactions of age, hypertension, sex, 
ancestry, history of cardiovascular disease, diabe-

tes, BMI, and estimated potassium excretion. 
We explored the potential influence of unmea-
sured confounders on our estimates of risk using 
an array-approach sensitivity analysis to deter-
mine how strong and imbalanced a confounding 
effect would need to be to alter the direction of 
findings.29

To further explore the potential effect of im-
balanced confounders, we performed propensity-
score–matched sensitivity analyses30 that com-
pared a high estimated sodium excretion (≥6.00 g 
per day) with a moderate level (3.00 to 5.99 g per 
day) and that compared a low estimated sodium 
excretion (<3.00 g per day) with the moderate 
level. In a secondary analysis, we examined the 
association between an estimated “usual” level 
of sodium or potassium excretion and death and 
cardiovascular disease, with correction for regres-
sion dilution bias (with the use of repeated mea-
surements in 448 participants).31 All analyses 
were conducted with the use of SAS software, 
version 9.2, for the UNIX operating system (SAS 
Institute).

R ESULT S

STUDY PARTICIPANTS AND OUTCOMES

The study included 101,945 participants, 42% of 
whom were from China. The mean estimated 24-
hour sodium excretion was 4.93 g, and the mean 
estimated 24-hour potassium excretion was 2.12 g 
(Table 1, and Table S1 in the Supplementary Ap-
pendix). The mean systolic and diastolic blood 
pressures were higher among participants with a 
higher estimated sodium excretion (P<0.001). The 
mean duration of follow-up was 3.7 years, with 
follow-up completed for 95% of the participants. 
The primary composite outcome of death or a 
major cardiovascular event occurred in 3317 par-
ticipants (3.3%): 1976 participants died (650 from 
cardiovascular causes), 857 had myocardial in-
farction, 872 had stroke, and 261 had heart fail-
ure. Participants may have had more than one 
cardiovascular event.

ESTIMATED SODIUM EXCRETION AND RISKS  
OF DEATH AND CARDIOVASCULAR EVENTS

As compared with an estimated sodium excretion 
of 4.00 to 5.99 g per day (the reference category), 
estimated excretion of 7.00 g per day or more was 
associated with increased risks of the primary 
composite outcome (odds ratio, 1.15; 95% confi-
dence interval [CI], 1.02 to 1.30), death from any 
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cause (odds ratio, 1.25; 95% CI, 1.07 to 1.48), a 
major cardiovascular event (odds ratio, 1.16; 95% 
CI, 1.01 to 1.34), death from cardiovascular causes 
(odds ratio, 1.54; 95% CI, 1.21 to 1.95), and 
stroke resulting in death or hospitalization (odds 
ratio, 1.29; 95% CI, 1.02 to 1.63) on multivariable 
analysis (Table 2 and Fig. 1, and Table S2 in the 
Supplementary Appendix). The association be-
tween a high estimated sodium excretion (≥7.00 g 
per day) and the primary composite outcome, 
major cardiovascular events, and stroke resulting 
in death or hospitalization was attenuated and 
was no longer significant after adjustment for 
blood pressure or prior diagnosis of hyperten-
sion but remained significant for death from any 
cause (Table 2, and Table S2 in the Supplemen-
tary Appendix).

As compared with an estimated sodium excre-
tion of 4.00 to 5.99 g per day, an estimated ex-
cretion of less than 3.00 g per day was also 
associated with increased risks of the primary 
composite outcome (odds ratio, 1.27; 95% CI, 
1.12 to 1.44), death from any cause (odds ratio, 
1.38; 95% CI, 1.15 to 1.66), a major cardiovascu-
lar event (odds ratio, 1.30; 95% CI, 1.13 to 1.50), 
death from cardiovascular causes (odds ratio, 1.77; 
95% CI, 1.36 to 2.31), and stroke resulting in 
death or hospitalization (odds ratio, 1.37; 95% CI, 
1.07 to 1.76) (Table 2, and Table S2 in the Supple-
mentary Appendix). These associations remained 
significant after adjustment for blood pressure 
or prior diagnosis of hypertension.

ESTIMATED POTASSIUM EXCRETION AND RISKS  
OF DEATH AND CARDIOVASCULAR EVENTS

As compared with an estimated potassium excre-
tion of less than 1.50 g per day, a higher estimated 
excretion of potassium was associated with a reduc-
tion in the risks of death and cardiovascular events 
on multivariable analysis (Fig. 2 and Table 3); this 
association was largely related to a reduction in 
the risk of death (Table S3 in the Supplementary 
Appendix). There was no evidence of an inter-
action between estimated potassium and sodium 
excretion with respect to the primary composite 
outcome (P = 0.55) (Table S4 in the Supplemen-
tary Appendix).

SUBGROUP AND SENSITIVITY ANALYSES

Hypertension at baseline (defined as a prior di-
agnosis of hypertension or blood pressure 
>140/90 mm Hg) modified the association be-
tween a high estimated sodium excretion and 

the composite outcome (P = 0.02 for interaction) 
(Table S4 in the Supplementary Appendix). In fur-
ther analysis, there was significantly increased 
risk observed among participants with baseline 
hypertension and an estimated sodium excre-
tion of 6.00 to 6.99 g per day (odds ratio, 1.14; 
95% CI, 1.00 to 1.30) or 7.00 g per day or more 
(odds ratio, 1.21; 95% CI, 1.05 to 1.40), whereas 
there was no significant association among those 
without hypertension. There were no other sig-
nificant subgroup interactions (Tables S4 and S5 
in the Supplementary Appendix).

The exclusion of participants with cardiovas-
cular disease (at baseline) or cancer (at baseline 
or follow-up) or those who had events in the first 
year of follow-up did not materially affect the 
findings from the sodium and potassium analy-
ses. When participants with events in the first 
2 years were excluded, the associations of a lower 
(<3.00 g per day) and higher (6.00 to 6.99 g per 
day) estimated sodium excretion with the primary 
outcome were significant (Tables 2 and 3). In a 
propensity-score–matched analysis that included 
21,220 participants, a low estimated sodium ex-
cretion (<3.00 g per day), as compared with a 
moderate level (3.00 to 5.99 g per day), was as-
sociated with an increased risk of the composite 
outcome (odds ratio, 1.26; 95% CI, 1.09 to 1.46). 
In a similar analysis that included 40,618 par-
ticipants, a high estimated sodium excretion 
(≥6.00 g per day), as compared with a moderate 
level, was associated with an increased risk of 
the composite outcome (odds ratio, 1.19; 95% CI, 
1.06 to 1.34) (Table S6 in the Supplementary 
Appendix). The results of analyses adjusted for 
regression dilution bias are presented in Fig-
ures S1 and S2 in the Supplementary Appendix. 
The results of the array-approach sensitivity 
analysis are provided in Table S7 in the Supple-
mentary Appendix.

DISCUSSION

In this large, international, prospective cohort 
study, we investigated the association between 
estimated sodium and potassium excretion (used 
as surrogates for intake) and the composite of 
death and cardiovascular outcomes. The lowest 
risk of death and cardiovascular events was seen 
among participants with an estimated sodium 
excretion between 3 g per day and 6 g per day. 
Both higher and lower levels of estimated sodium 
excretion were associated with increased risk, 
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resulting in a J-shaped association curve. The as-
sociation between a high estimated sodium ex-
cretion and increased risk, which was significant 
only among participants with hypertension, was 
attenuated after adjustment for blood pressure, 
suggesting that the adverse effects of high sodi-
um intake may be mediated to some degree by the 
effects of sodium intake on blood pressure.9,10 By 
contrast, the association between a low estimat-
ed sodium excretion and increased risk, which 
was seen among both patients with hypertension 
and those without hypertension, was unaffected 
by adjustment for blood pressure, suggesting that 

mechanisms other than blood-pressure effects 
may play a role.

Current guidelines, which recommend a max-
imum sodium intake of 1.5 to 2.4 g per day, are 
based on evidence from largely short-term clinical 
trials showing that reducing sodium intake from 
a moderate to a low level results in modest reduc-
tions in blood pressure.3,4 The projected benefits 
of low sodium intake with respect to cardiovascu-
lar disease are derived from models of data from 
these blood-pressure trials that assume a linear 
relationship between sodium intake and blood 
pressure and between blood pressure and cardio-

Table 2. Association of Estimated Urinary Sodium Excretion with Death and Major Cardiovascular Events.*

Variable Estimated Sodium Excretion

<3.00 g/day
(N = 10,810)

3.00–3.99 g/day
(N = 21,131)

4.00–5.99 g/day
(N = 46,663)

6.00–6.99 g/day
(N = 12,324)

≥7.00 g/day
(N = 11,017)

Death or cardiovascular event —  
no. of participants (%)

462 (4.3) 662 (3.1) 1437 (3.1) 391 (3.2) 365 (3.3)

Analysis — odds ratio (95% CI)

Univariate analysis† 1.24 (1.09–1.41) 0.96 (0.89–1.05) 1.00 1.07 (0.96–1.19) 1.18 (1.05–1.32)

Multivariate analysis

Primary analysis‡ 1.27 (1.12–1.44) 1.01 (0.93–1.09) 1.00 1.05 (0.94–1.17) 1.15 (1.02–1.30)

Analysis including LDL:HDL 
ratio

1.30 (1.15–1.48) 1.00 (0.92–1.09) 1.00 1.06 (0.94–1.19) 1.18 (1.04–1.33)

Analysis including dietary 
factors§

1.19 (1.04–1.35) 1.00 (0.92–1.09) 1.00 1.06 (0.95–1.18) 1.15 (1.02–1.30)

Analysis including dietary 
factors and blood 
pressure¶

1.19 (1.05–1.36) 1.01 (0.93–1.10) 1.00 1.03 (0.92–1.15) 1.08 (0.96–1.22)

Analysis excluding 
cardiovascular disease  
at baseline‖

1.24 (1.07–1.42) 1.00 (0.91–1.10) 1.00 1.06 (0.95–1.19) 1.14 (1.01–1.29)

Analysis excluding cancer‖ 1.26 (1.11–1.43) 1.02 (0.93–1.11) 1.00 1.06 (0.95–1.18) 1.15 (1.02–1.29)

Very-low-risk cohort‖** 1.62 (1.29–2.05) 1.07 (0.90–1.26) 1.00 1.15 (0.98–1.35) 1.14 (0.95–1.36)

Analysis excluding events  
in yr 1‖

1.33 (1.17–1.52) 1.02 (0.93–1.13) 1.00 1.12 (0.99–1.27) 1.16 (1.01–1.33)

Analysis excluding events  
in yr 1 and 2‖

1.34 (1.14- 1.57) 1.04 (0.93–1.16) 1.00 1.15 (1.00–1.32) 1.11 (0.96–1.28)

* Major cardiovascular events included death from cardiovascular causes, myocardial infarction, stroke, and heart failure.
† The univariate analysis was performed with the use of a generalized-estimating-equation model to address clustering of data.
‡ The primary model included age, sex, educational level, ancestry (Asian vs. non-Asian), alcohol intake, body-mass index, and status with 

respect to diabetes mellitus, a history of cardiovascular events, and current smoking. Additional sensitivity analyses with physical activity 
(measured in metabolic equivalents per week) included in the model did not materially alter estimates of association (in the cohort with 
physical-activity data available).

§ Dietary variables included caloric intake, potassium intake, and fruit and vegetable intake.
¶ Blood-pressure variables included baseline systolic blood pressure, history of hypertension (yes or no), and use of antihypertensive therapy 

(yes or no).
‖ The analysis was adjusted for the variables in the primary model.
** The very-low-risk cohort included 57,988 participants and excluded participants who had prior cardiovascular disease, who had been pre-

scribed medications for cardiovascular disease, who had a history of cancer or a diagnosis of cancer on follow-up, who were smokers, or 
who had diabetes.

The New England Journal of Medicine 
Downloaded from nejm.org on August 14, 2014. For personal use only. No other uses without permission. 

 Copyright © 2014 Massachusetts Medical Society. All rights reserved. 



Urinary Sodium and Potassium Excretion

n engl j med 371;7 nejm.org august 14, 2014 619

O
dd

s 
R

at
io

3.60

2.20
2.60

1.80

1.40

1.00

0.80

1.20

0.60

0.40
2.00 4.00 6.00 8.00 10.00 12.00

Sodium Excretion (g/day)

B Estimated Sodium Excretion and Risk of Death from Any Cause

A Estimated Sodium Excretion and Risk of Death or Cardiovascular Events

No. of Events
No. at Risk

1,023
30,124

0

101
1817

1,437
46,663

597
18,395

126
3885

25
756

O
dd

s 
R

at
io

3.60

2.20
2.60

1.80

1.40

1.00

0.80

1.20

0.60

0.40
2.00 4.00 6.00 8.00 10.00 12.00

Sodium Excretion (g/day)

No. of Events
No. at Risk

642
30,124

0

68
1817

826
46,663

340
18,395

79
3885

16
756

C Estimated Sodium Excretion and Risk of Major Cardiovascular Events

O
dd

s 
R

at
io

3.60

2.20
2.60

1.80

1.40

1.00

0.80

1.20

0.60

0.40
2.00 4.00 6.00 8.00 10.00 12.00

Sodium Excretion (g/day)

No. of Events
No. at Risk

602
30,124

0

57
1817

869
46,663

369
18,395

75
3885

13
756

Figure 1. Association of Estimated 24-Hour Urinary 
 Sodium Excretion with Risk of Death and Major 
 Cardiovascular Events.

Panel A shows a restricted-cubic-spline plot of the as-
sociation between estimated 24-hour urinary sodium 
excretion and the composite outcome of death from 
any cause and major cardiovascular events. The spline 
curve is truncated at 12.00 g per day (event rate among 
participants with sodium excretion >12.00 g per day, 
8 events in 305 participants). Panel B shows a restricted-
cubic-spline plot of the association between estimated 
sodium excretion and death. The event rate among par-
ticipants with sodium excretion of more than 12.00 g 
per day was 5 events in 305 participants. Panel C shows 
a restricted-cubic-spline plot of the association between 
estimated sodium excretion and major cardiovascular 
events (defined as death from cardiovascular causes, 
myocardial infarction, stroke, or heart failure). The event 
rate among participants with sodium excretion of more 
than 12.00 g per day was 6 events in 305 participants. 
All plots were adjusted for age, sex, geographic region, 
educational level, ancestry (Asian vs. non-Asian), alco-
hol  intake, body-mass index, and status with respect to 
 diabetes mellitus, history of cardiovascular events, and 
current smoking. Dashed lines indicate 95% confidence 
intervals. The median sodium excretion (4.72 g per day) 
was the reference standard, indicated by the red line. 
To convert the values for estimated sodium excretion to 
salt intake in grams per day, multiply by 2.5.

vascular events.33,34 Implicit in these guidelines 
is the assumption that there is no unsafe lower 
limit of sodium intake. However, sodium is known 
to play a critical role in normal human physiol-
ogy,35 and activation of the renin–angiotensin–
aldosterone system36,37 occurs when sodium in-
take falls below approximately 3.0 g per day.

A J-shaped association between sodium intake 
and cardiovascular disease or death has been 
shown in previous studies.7,9,13,14 However, some 
of these studies included participants at high car-
diovascular risk13,14 and were vulnerable to biases 
from reverse causation. Reverse causation may 
occur when persons with prior cardiovascular 
disease or increased cardiovascular risk reduce 
their sodium intake owing to illness or medical 
recommendations. In the PURE study, the vast 
majority of participants did not have a history of 
cardiovascular disease. Although diabetes and 
history of cardiovascular disease were more com-
mon in the group of participants with a low esti-
mated sodium excretion, these participants had 
a similar overall mean INTERHEART Modifiable 
Risk Score,32 as compared with those who had a 
moderate estimated sodium excretion. Moreover, 

the exclusion of participants with prior cardio-
vascular disease or cancer, diabetes, or current 
smoking and the exclusion of those who had 
events in the first 2 years of follow-up did not 
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materially alter our findings. Nonetheless, we ac-
knowledge that reverse causation cannot be com-
pletely ruled out and may account in part for the 
increased risk observed in the group of partici-
pants with a low estimated sodium excretion.17

We also found that a higher estimated potas-
sium excretion was associated with a lower risk 
of the composite of death and major cardiovas-
cular events. A small, cluster-randomized, con-
trolled trial, in which participants increased 
potassium consumption and reduced high sodi-
um consumption through the use of potassium-
enriched salt, showed a reduction in cardiovas-
cular mortality among those assigned to the 
higher-potassium group and could serve as a 
template for larger, definitive trials.38 An in-
creased potassium intake may reduce the risk of 
death and cardiovascular disease through its 
effects on blood pressure, or it may simply be a 
marker of healthy dietary patterns that are rich 
in potassium (e.g., high consumption of fruit 
and vegetables).39 In our analysis, the associa-
tion between potassium excretion and the com-
posite outcome was attenuated after adjustment 
for fruit and vegetable intake and blood pressure.

One potential limitation of our study is that 
our validated method of estimating sodium and 
potassium intake used a formula-derived estimate 
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Figure 2. Association of Estimated 24-Hour Urinary 
 Potassium Excretion with Risk of Death and Major 
 Cardiovascular Events.

Panel A shows a restricted-cubic-spline plot of the asso-
ciation between estimated 24-hour urinary potassium 
excretion and the composite of death from any cause 
and major cardiovascular events. The spline curve was 
truncated at 4.00 g per day (event rate among participants 
with potassium excretion >4.00 g per day, 13 events in 
397 participants). Data on potassium excretion were 
missing for 58 participants (0.1%). Therefore, the sam-
ple included in the analysis for the composite outcome 
of death and major cardiovascular events was 101,887 
participants with 3314 events. Panel B shows a restricted-
cubic-spline plot of the association between estimated 
potassium excretion and death from any cause. The 
event rate among participants with potassium excre-
tion of more than 4.00 g per day was 4 events in 397 
participants. Panel C shows a restricted-cubic-spline 
plot of the association between estimated potassium 
excretion and major cardiovascular events (defined as 
death from cardiovascular causes, myocardial infarction, 
stroke, or heart failure). The event rate among partici-
pants with potassium excretion of more than 4.00 g 
per day was 11 events in 397 participants. All plots 
were adjusted for age, sex, geographic region, educa-
tional level, ancestry (Asian vs. non-Asian), alcohol in-
take, body-mass index, and status with respect to dia-
betes mellitus, history of cardiovascular events, and 
current smoking. Dashed lines indicate 95% confidence 
intervals. The median level of potassium excretion 
(2.07 g per day) was the reference standard, indicated 
by the red line.
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Table 3. Association of Estimated Urinary Potassium Excretion with Death and Major Cardiovascular Events.*

Variable Estimated Potassium Excretion

<1.50 g/day
(N = 14,262)

1.50–1.99 g/day
(N = 31,466)

2.00–2.49 g/day
(N = 30,956)

2.50–3.00 g/day
(N = 17,171)

>3.00 g/day
(N = 8032)

Death or cardiovascular event — no. of 
participants (%)

573 (4.0) 1050 (3.3) 942 (3.0) 522 (3.0) 227 (2.8)

Analysis — odds ratio (95% CI)

Univariate analysis† 1.00 0.92 (0.81–1.04) 0.89 (0.78–1.01) 0.91 (0.79–1.05) 0.83 (0.71–0.98)

Multivariate analysis

Primary analysis‡ 1.00 0.86 (0.77–0.97) 0.81 (0.73–0.91) 0.86 (0.75–0.98) 0.78 (0.67–0.91)

Analysis including LDL:HDL ratio 1.00 0.86 (0.77–0.97) 0.81 (0.72–0.91) 0.84 (0.74–0.96) 0.80 (0.68–0.94)

Analysis including dietary factors§ 1.00 0.89 (0.79–1.00) 0.84 (0.74–0.94) 0.88 (0.77–1.00) 0.81 (0.69–0.96)

Analysis including dietary factors 
and blood pressure¶

1.00 0.89 (0.80–1.00) 0.86 (0.77–0.97) 0.92 (0.80–1.05) 0.86 (0.73–1.02)

Analysis excluding cardiovascular 
disease at baseline‖

1.00 0.87 (0.77–0.98) 0.79 (0.70–0.90) 0.87 (0.75–1.00) 0.76 (0.63–0.91)

Analysis excluding cancer‖ 1.00 0.87 (0.78–0.97) 0.81 (0.72–0.90) 0.86 (0.75–0.98) 0.78 (0.66–0.92)

Very-low-risk cohort‖** 1.00 0.72 (0.60–0.85) 0.71 (0.59–0.86) 0.77 (0.61–0.96) 0.70 (0.53–0.92)

Analysis excluding events in yr 1‖ 0.89 (0.79–1.00) 0.80 (0.71–0.91) 0.81 (0.70–0.94) 0.77 (0.65–0.92)

Analysis excluding events in yr 1 
and 2‖

1.00 0.85 (0.74–0.98) 0.74 (0.63–0.86) 0.79 (0.67–0.94) 0.75 (0.62–0.92)

* Data on potassium excretion were missing for 58 participants (0.1%). Therefore, the sample included in the analysis for the composite 
outcome of death and major cardiovascular events was 101,887 participants with 3314 events. Major cardiovascular events included death 
from cardiovascular causes, myocardial infarction, stroke, and heart failure.

† The univariate analysis was performed with the use of a generalized-estimating-equation model to address clustering of data.
‡ The primary model included age, sex, educational level, ancestry (Asian vs. non-Asian), alcohol intake, body-mass index, and status with 

respect to diabetes mellitus, a history of cardiovascular events, and current smoking. Data regarding the characteristics of the study partici-
pants at baseline and missing data, according to estimated potassium excretion, are provided in Table S1 of the Supplementary Appendix. 
Additional sensitivity analyses with physical activity (measured in metabolic equivalents per week) included in the model did not materially alter 
estimates of association (in the cohort with physical-activity data available).

§ Dietary factors included the addition of caloric intake, sodium intake, and fruit and vegetable intake.
¶ Blood-pressure variables included baseline systolic blood pressure, history of hypertension, or use of antihypertensive therapy.
‖ The analysis was adjusted for the variables in the primary model.
** The very-low-risk cohort included 57,954 participants and excluded participants who had prior cardiovascular disease, who had a history of 

cancer or a diagnosis of cancer on follow-up, who had been prescribed medication for cardiovascular disease, who were smokers, or who 
had diabetes.

of 24-hour urinary excretion and not actual 24-hour 
urinary collection. This issue, which also applies 
to the study by PURE investigators Mente et al.26 
regarding the association between estimated so-
dium excretion and blood pressure, is discussed 
further in that article. Our approach is probably 
less reliable for estimating potassium intake than 
for estimating sodium intake, since a lower pro-
portion of consumed potassium, as compared 
with sodium, is excreted in the urine.40

Another potential limitation of our study is 
that a true probability-sampling approach was 
not undertaken to select our study population. 
Such a method was not deemed to be feasible, 
given the many practical constraints of study-
ing sodium excretion in a wide range of coun-
tries and settings. The fact that sampling was 

not random should be considered when inter-
preting the generalizability of our findings but 
should not compromise the internal validity of 
our findings.

An additional potential limitation of our 
study, as with all observational studies, is the 
possibility of residual confounding from unmea-
sured or poorly measured variables. However, our 
array-approach analysis showed that a confounder 
effect would need to be quite large to alter the 
direction of association in the primary multivari-
able model, especially for the increased risk with 
low sodium intake. For example, even a strong 
confounder effect (odds ratio, ≥2.0) would need 
to be considerably imbalanced (a difference of 
>30 percentage points) between the low and mod-
erate sodium-intake categories to result in an ad-
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justed odds ratio below 1.0, although a smaller 
imbalance (a difference of 20 percentage points) 
would alter the direction of the association for 
high sodium intake.

Finally, our study provides an epidemiologic 
comparison of groups that consume different 
levels of sodium, and it does not provide infor-
mation on the effect on clinical outcomes of re-
ducing sodium intake. Therefore, our findings 
should not be interpreted as evidence that the 
intentional reduction of sodium intake would al-
ter the risk of death or cardiovascular disease.

In conclusion, we investigated the association 
of estimated sodium and potassium excretion 
with the risk of death and cardiovascular events 
in a large, international, prospective cohort study. 
An estimated sodium intake between 3 g per day 
and 6 g per day was associated with a lower risk 
of death and cardiovascular events than either a 
higher or lower estimated level of sodium in-
take. As compared with an estimated potassium 
excretion of less than 1.50 g per day, higher 
potassium excretion was associated with a reduc-
tion in the risk of the composite outcome.
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