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ABSTRACT

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 were 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 (27.00 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). 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, as compared
with either a higher or lower estimated level of intake. As compared with an estimate
potassium excretion that was less than 1.50 g per day, higher potassium excretion
was associated with a lower risk of death and cardiovascular events. (Funded by the
Population Health Research Institute and others.)
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OST 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).>2 Guidelines on cardiovascular disease pre-
vention recommend the consumption of less
than 2.0 g of sodium per day, but achieving this
target will require a substantial change in diet
for most people.>->

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.® Prospective cohort studies have
shown inconsistent associations between sodi-
um intake and rates of cardiovascular events and
death.®711 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,>1215 but most of these studies included
people at high cardiovascular risk,'2*> who were
not representative of the general population.31%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.%1°
Because of the need for data from large stud-

ies examining the association between sodium
intake and cardiovascular disease in general
populations,®'” 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.

METHODS

STUDY DESIGN AND PARTICIPANTS

The DProspective Urban Rural Epidemiology
(PURE) study was a large-scale epidemiologic
cohort study that enrolled 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, Bangladesh, Brazil, Canada,
Chile, China, Colombia, India, Iran, Malaysia,
Pakistan, Poland, South Africa, Sweden, Turkey,
United Arab Emirates, and Zimbabwe).2°-23 Selec-
tion of the participants is described in the Sup-
plementary Appendix, available with the full text
of this article at NEJM.org. Recruitment began in
January 2003. For the current 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, Hamilton 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 samples were shipped in am-
bient packaging with the use of STP-250 shipping
boxes (Saf-I-Pak) to the Clinical Research Labo-
ratory, Hamilton Health Sciences, Hamilton, On-
tario, Canada (the central laboratory for 15 coun-
tries), or to the regional laboratory in Beijing;
Bangalore, India; or Kocaeli, Turkey, for analyses
that used standardized methods. All the urine
samples were shipped at ambient temperature
with the use of the STP-250 ambient specimen
shipping box. A description of the methods used
for performing urinary analyses is provided in
the Supplementary Appendix. The Kawasaki for-
mula was used to estimate 24-hour urinary so-
dium and potassium excretion, and these esti-
mates were used as surrogates for intake.242> A
brief description of the validation of the Kawa-
saki formula is provided in the article by Mente
et al. in this issue of the Journal.2°

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 con-
ceived the study, supervised all the analyses, as-
sume responsibility for the analyses and the in-
terpretation of data, and wrote the first draft of
the manuscript. The study was funded by non-
profit, government, and industry sponsors. The
funders of the study had no role in its design or
conduct, in the collection, analysis, or interpreta-
tion of the data, or in the writing of the manu-
script or the decision to submit it for publication.
The study was approved by the research ethics
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committee at each participating center and at
Hamilton Health Sciences. All the study partici-
pants provided written informed consent.

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).?”
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,'? 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-estimation-
equation models (to account for clustering)?® 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) intake, 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
(ves or no) at baseline, which are 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 findings.?°

To further explore the potential effect of im-
balanced confounders, we performed propensity-
score—matched sensitivity analyses3° that com-
pared a high estimated sodium excretion (26.00 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).3* All analyses
were conducted with the use of SAS software,
version 9.2, for the UNIX operating system (SAS
Institute).

RESULTS

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
cardiovascular event occurred in 3317 participants
(3.3%): 1976 participants died (650 from cardio-
vascular causes), 857 had myocardial infarction,
872 had stroke, and 261 had heart failure. Par-
ticipants may have had more than one cardiovas-
cular 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
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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
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 (27.00 g
per day) and the primary composite outcome,
major cardiovascular events, and stroke resulting
in death or hospitalization was substantially at-
tenuated and was no longer significant after ad-
justment for blood pressure or prior diagnosis of
hypertension (Table 2, and Table S2 in the Sup-
plementary 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 re-
duction in the risks of death and cardiovascular
events on multivariable analysis (Fig. 2 and Table
3); this association was largely related to a reduc-
tion in the risk of death (Table S3 in the Supple-
mentary Appendix). There was no evidence of an
interaction between estimated potassium and
sodium excretion with respect to the primary
composite outcome (P=0.55) (Table S4 in the
Supplementary 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) (Ta-
ble S4 in the Supplementary Appendix), with a
significantly increased risk observed among par-
ticipants with baseline hypertension and an esti-
mated sodium excretion 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 significant 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 association of a lower,
but not higher, estimated sodium excretion with
the primary outcome remained significant (Ta-
bles 2 and 3). In a propensity-score-matched
analysis that included 21,220 participants, a low
estimated sodium excretion (<3.00 g per day), as
compared with a moderate level (3.00 to 5.99 g
per day), was associated with an increased risk
of the composite outcome (odds ratio, 1.26; 95%
CI, 1.09 to 1.46). In a similar analysis that in-
cluded 40,618 participants, a high estimated
sodium excretion (26.00 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 analy-
ses adjusted for regression dilution bias are pre-
sented in Figures S1 and S2 in the Supplemen-
tary Appendix. The results of the array-approach
sensitivity analysis are provided in Table S7 in
the Supplementary 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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Table 2. Association of Estimated Urinary Sodium Excretion with Death and Cardiovascular Events.*

Variable

Death or cardiovascular event —

no. of participants (%)

Analysis — odds ratio (95% Cl)
Univariate analysist

Multivariate analysis

Primary analysisi:

Analysis including LDL:HDL
ratio

Analysis including dietary
factors§

Analysis including dietary
factors and blood
pressureq

Analysis excluding
cardiovascular disease
at baseline|

Analysis excluding cancer|
Very-low-risk cohort|**

Analysis excluding events
inyrl1]

Analysis excluding events
inyr1land2|

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

462 (4.3)

1.24 (1.09-1.41)

1.27 (1.12-1.44)
1.31 (1.15-1.48)

1.19 (1.04-1.35)

1.19 (1.05-1.36)

1.24 (1.07-1.42)

1.26 (1.11-1.43)
1.62 (1.29-2.05)
1.33 (1.17-1.52)

1.34 (1.14-1.57)

3.00-3.99 g/day
(N=21,131)

662 (3.1)

0.96 (0.89-1.05)

1.01 (0.93-1.09)
1.00 (0.92-1.09)

1.00 (0.92-1.09)

1.01 (0.93-1.10)

1.00 (0.91-1.10)

1.02 (0.93-1.11)
1.07 (0.90-1.26)
1.02 (0.93-1.13)

Estimated Sodium Excretion
4.00-5.99 g/day 6.00-6.99 g/day 27.00 g/day
(N =46,663) (N=12,324) (N=11,017)
1437 (3.1) 391 (3.2) 365 (3.3)
1.00 1.07 (0.96-1.19)  1.18 (1.05-1.32)
1.00 1.05 (0.94-1.17)  1.15 (1.02-1.30)
1.00 1.05 (0.94-1.18)  1.17 (1.03-1.32)
1.00 1.06 (0.95-1.18)  1.15 (1.02-1.30)
1.00 1.03 (0.92-1.15)  1.08 (0.96-1.22)
1.00 1.06 (0.95-1.19)  1.14 (1.01-1.29)
1.00 1.06 (0.95-1.18)  1.15 (1.02-1.29)
1.00 1.15 (0.98-1.35)  1.14 (0.95-1.36)
1.00 1.12 (0.99-1.27) 1.16 (1.01-1.33)
1.00 1.15 (1.00-1.32)  1.11 (0.96-1.28)

1.04 (0.93-1.16)

* Major cardiovascular events included death from cardiovascular causes, myocardial infarction, stroke, and heart failure.

7 The univariate analysis was performed with the use of a generalized-estimating-equation model to address clustering of data.

I 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.

9§ 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.
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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 patients with hypertension, was at-
tenuated after adjustment for blood pressure, sug-
gesting that the adverse effects of high sodium
intake may be mediated to some degree by the
effects of sodium intake on blood pressure.l® 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 that
sodium intake be restricted to less than 2.0 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 reductions in blood pressure.>* The pro-
jected benefits of low sodium intake with respect
to cardiovascular disease are derived from models
of data from these blood-pressure trials that
assume a linear relationship between blood
pressure and cardiovascular events.?33* Implicit

N ENGLJ MED 371;7 NEJM.ORG AUGUST 14, 2014
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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 par-
ticipants. All plots were adjusted for age, sex, educa-
tional level, ancestry (Asian vs. non-Asian), alcohol
intake, body-mass index, and status with respect to
diabetes mellitus, history of cardiovascular events, and
current smoking, with the use of logistic regression
and generalized-estimating-equation models. 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.

in these guidelines is the assumption that there
is no unsafe lower limit of sodium intake. How-
ever, sodium is known to play a critical role in
normal human physiology,?> and activation of
the renin—angiotensin—aldosterone system,3%37
which is harmful, occurs when sodium intake
falls below 3.0 g per day.

A J-shaped association between sodium intake
and cardiovascular disease or death has been
shown in previous studies.”®*314 However, these
studies mostly included participants at high car-
diovascular risk*>'* 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
smoking were more common in the group of
participants with a low estimated sodium excre-
tion, these participants had a higher intake of
fruit and vegetables and a similar overall mean
INTERHEART Modifiable Risk Score,3? as com-

N ENGLJ MED 371;7 NEJM.ORG

A Estimated Sodium Excretion and Risk of Death or Cardiovascular Events
3.60

2.60
2.20

1.80
1.404
1.204
1.00

0.80

Odds Ratio

0.60

0.40 ;

T T T T 1
0 2.00 4.00 6.00 8.00 10.00 12.00

Sodium Excretion (g/day)

1,023 597
30,124 18,395

101
1817

126 25
3885 756

No. of Events
No. at Risk

1,437
46,663

B Estimated Sodium Excretion and Risk of Death from Any Cause
3.60+

2.60
2.20

1.80+
1.40+
1.204
1.00

0.80

Odds Ratio

0.60

0.40

T T T T 1
4.00 6.00 8.00 10.00 12.00

Sodium Excretion (g/day)

642 826 340 79 16
30,124 46,663 18,395 3885 756

T
0 2.00

No. of Events 68
No. at Risk 1817

C Estimated Sodium Excretion and Risk of Major Cardiovascular Events
3.60+

2.60
2.20

1.80+

1.40+
1.20+

1.00
0.80

Odds Ratio

0.60

0.40

T T T T 1
4.00 6.00 8.00 10.00 12.00

Sodium Excretion (g/day)

869
46,663

T
0 2.00

369 75 13
18,395 3885 756

602
30,124

No. of Events 57
No. at Risk 1817

pared with those who had a moderate estimated
sodium excretion. Moreover, the exclusion of
participants with prior cardiovascular disease or
cancer, diabetes, or current smoking and the
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A Estimated Potassium Excretion and Risk of Death or Cardiovascular Events
3.60+
2.60
2.204
1.80
L
5 1.40+
= 1.20]
3 100
o
0.80+
0.60+
040 T T T T T T T 1
0 050 1.00 150 200 250 3.00 350 4.00
Potassium Excretion (g/day)
No. of Events 0 92 481 1,050 942 522 173 41
No. at Risk 6 1730 12,526 31,466 30,956 17,171 6128 1507
B Estimated Potassium Excretion and Risk of Death from Any Cause
3.60
2.60
2.204
1.80
L
5 1404
= 1.20]
3 1.00
o
0.80+
0.60+
0.40 T T T T T T T 1
0 050 1.00 150 200 250 3.00 350 4.00
Potassium Excretion (g/day)
No. of Events 0 75 362 641 537 261 71 24
No. at Risk 6 1730 12,526 31,466 30,956 17,171 6128 1507
C Estimated Potassium Excretion and Risk of Major Cardiovascular Events
3.60+
2.60
2.204
1.80
L
S 1.40-
% 120
3 100
o
0.80+
0.60+
040 T T T T T T T 1
0 050 1.00 150 200 250 3.00 350 4.00
Potassium Excretion (g/day)
No. of Events 0 41 241 623 586 334 129 23
No. at Risk 6 1730 12,526 31,466 30,956 17,171 6128 1507

exclusion of those who had events in the first
2 years of follow-up did not materially alter our
findings. Nonetheless, we acknowledge that re-
verse causation cannot be completely ruled out

618 N ENGL ) MED 371;7

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, educational level, ancestry
(Asian vs. non-Asian), alcohol intake, body-mass index,
and status with respect to diabetes mellitus, history of
cardiovascular events, and current smoking, with the
use of logistic regression and generalized-estimating-
equation models. 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.

and may account in part for the increased risk
observed in the group of participants with a low
estimated sodium excretion.”

We also found that a higher estimated potas-
sium excretion was associated with a lower risk
of death and major cardiovascular events. A small,
cluster-randomized, controlled trial, in which
participants increased potassium consumption
and reduced high sodium consumption through
the use of potassium-enriched salt, showed a
reduction in cardiovascular mortality among
those assigned to the higher-potassium group
and could serve as a template for larger, defini-
tive trials.® An increased potassium intake may
reduce the risk of death and cardiovascular dis-
ease through its effects on blood pressure, or it
may simply be a marker of healthy dietary pat-
terns that are rich in potassium (e.g., high con-
sumption of fruit and vegetables).>® In our
analysis, the association between potassium ex-
cretion and outcomes was attenuated after ad-

NEJM.ORG AUGUST 14, 2014
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Table 3. Association of Estimated Urinary Potassium Excretion with Death and Cardiovascular Events.*

Estimated Potassium Excretion

Variable
<1.50 g/day
(N=14,262)
Death or cardiovascular event — no. of 573 (4.0)
participants (%)
Analysis — odds ratio (95% Cl)
Univariate analysist 1.00
Multivariable analysis 1.00
Primary analysisi: 1.00
Analysis including LDL:HDL ratio 1.00
Analysis including dietary factors§ 1.00
Analysis including dietary factors 1.00
and blood pressure€|
Analysis excluding cardiovascular 1.00
disease at baseline||
Analysis excluding cancer|| 1.00
Very-low-risk cohort||** 1.00
Analysis excluding events in yr 1] 1.00

1.50-1.99 g/day  2.00-2.49 g/day  2.50-3.00 g/day
(N=31,466) (N=30,956) (N=17,171)
1050 (3.3) 942 (3.0) 522 (3.0)
0.92 (0.81-1.04)  0.89 (0.78-1.01)  0.91 (0.79-1.05)
0.86 (0.77-0.97)  0.81 (0.73-0.91)  0.86 (0.75-0.98)
0.86 (0.77-0.96)  0.81 (0.72-0.90)  0.84 (0.73-0.96)
0.89 (0.79-1.00)  0.84 (0.74-0.94)  0.88 (0.77-1.00)
0.89 (0.80-1.00)  0.86 (0.77-0.97)  0.92 (0.80-1.05)
0.87 (0.77-0.98)  0.79 (0.70-0.90)  0.87 (0.75-1.00)

0.87 (0.78-0.97)

0.72 (0.60-0.85)
0.89 (0.79-1.00)
0.85 (0.74-0.98)

0.81 (0.72-0.90)

0.71 (0.59-0.86)
0.80 (0.71-0.91)
0.74 (0.63-0.86)

0.86 (0.75-0.98)

0.77 (0.61-0.96)
0.81 (0.70-0.94)
0.79 (0.67-0.94)

>3.00 g/day
(N=8032)

227 (2.8)

0.83 (0.71-0.98)
0.78 (0.67-0.91)
0.79 (0.67-0.93)
0.81 (0.69-0.96)
0.86 (0.73-1.02)

( )

0.76 (0.63-0.91
0.78 (0.66-0.92)

0.70 (0.53-0.92)
0.77 (0.65-0.92)
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.

T The univariate analysis was performed with the use of a generalized-estimating-equation model to address clustering of data.

i 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 for individual variables in the primary model

were missing as follows: educational level (for 0.4% of the study population), alcohol intake (for 0.4%), body-mass index (for 0.4%), and status
with respect to a history of cardiovascular events (for 0.1%). Additional sensitivity analyses with physical activity (measured in metabolic equiv-

alents per week) included in the model did not materially alter estimates of association (in the cohort with physical-activity data available).

—_a

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.

3

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.

justment for fruit and vegetable intake and blood
pressure.

One potential limitation of our study is that
our method of estimating sodium and potassi-
um intake used a formula-derived estimate 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.2°
regarding the association between estimated
sodium excretion and blood pressure, is dis-
cussed further in that article. Our approach is
probably less reliable for estimating potassium
intake than for estimating sodium intake, since
a lower proportion of consumed potassium, as
compared with sodium, is excreted in the urine,
with variation among populations.*°

Another potential limitation of our study is

N ENGLJ MED 371;7 NEJM.ORG

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 studying
sodium excretion in a wide range of countries
and settings. The fact that sampling was not
random may limit the generalizability of our
findings but should not compromise the inter-
nal 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, especially for the in-
creased risk with low sodium intake. For exam-

AUGUST 14, 2014
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ple, 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 moderate sodium-intake categories
to result in an adjusted odds ratio below 1.0,
although a smaller imbalance (a difference of 20
percentage points) would alter 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 in-
crease 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.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.
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