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ABSTRACT

BACKGROUND

The relation between sodium intake and cardiovascular disease remains controver-
sial, owing in part to inaccurate assessment of sodium intake. Assessing 24-hour
urinary excretion over a period of multiple days is considered to be an accurate
method.

METHODS
We included individual-participant data from six prospective cohorts of generally
healthy adults; sodium and potassium excretion was assessed with the use of at
least two 24-hour urine samples per participant. The primary outcome was a cardio-
vascular event (coronary revascularization or fatal or nonfatal myocardial infarction
or stroke). We analyzed each cohort using consistent methods and combined the
results using a random-effects meta-analysis.

RESULTS

Among 10,709 participants, who had a mean (+SD) age of 51.5+12.6 years and of
whom 54.2% were women, 571 cardiovascular events were ascertained during a
median study follow-up of 8.8 years (incidence rate, 5.9 per 1000 person-years). The
median 24-hour urinary sodium excretion was 3270 mg (10th to 90th percentile,
2099 to 4899). Higher sodium excretion, lower potassium excretion, and a higher
sodium-to-potassium ratio were all associated with a higher cardiovascular risk in
analyses that were controlled for confounding factors (P<0.005 for all comparisons).
In analyses that compared quartile 4 of the urinary biomarker (highest) with quar-
tile 1 (lowest), the hazard ratios were 1.60 (95% confidence interval [CI], 1.19 to 2.14)
for sodium excretion, 0.69 (95% CI, 0.51 to 0.91) for potassium excretion, and 1.62
(95% CI, 1.25 to 2.10) for the sodium-to-potassium ratio. Each daily increment of
1000 mg in sodium excretion was associated with an 18% increase in cardiovas-
cular risk (hazard ratio, 1.18; 95% CI, 1.08 to 1.29), and each daily increment of
1000 mg in potassium excretion was associated with an 18% decrease in risk
(hazard ratio, 0.82; 95% CI, 0.72 to 0.94).

CONCLUSIONS
Higher sodium and lower potassium intakes, as measured in multiple 24-hour
urine samples, were associated in a dose-response manner with a higher cardio-
vascular risk. These findings may support reducing sodium intake and increasing
potassium intake from current levels. (Funded by the American Heart Association
and the National Institutes of Health.)
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IGH SODIUM CONSUMPTION, A MAJOR
cause of hypertension, is considered to
be a leading dietary risk factor for car-
diovascular disease worldwide.>* Population-wide
reduction in sodium intake has been suggested
as a cost-effective strategy to prevent hypertension
and cardiovascular disease.>* However, several co-
hort studies have linked both estimated lower (e.g.,
<3000 mg per day) and higher (e.g., >6000 mg per
day) sodium intakes, assessed mainly with the use
of spot urine samples, to increased cardiovascu-
lar risk.>® Methodologic limitations, including
inaccurate estimates of individual sodium intakes
and reverse causation related to coexisting con-
ditions or changes in health status, may play a
major part in these controversial findings.’
Accumulating evidence suggests that daily so-
dium intake as estimated from spot urine sam-
ples leads to a spuriously increased cardiovascu-
lar risk at lower estimated sodium intake levels
because of inherent systematic error in the esti-
mation formulas and is also subject to substantial
random error.”™ Furthermore, a single 24-hour
urine sample is not sufficiently representative of
a participant’s usual sodium intake owing to the
large day-to-day variations in sodium intake. In
addition, participants may reduce sodium intake
because of preexisting illness or frail status pre-
ceding major diseases and still be at an elevated
risk for cardiovascular disease, resulting in a spuri-
ous association between low sodium intake and
increased disease risk (i.e., reverse causation).’
Given the interrelationship of sodium and potas-
sium, it is also important to consider their as-
sociations jointly.”> We investigated the relation
between sodium and potassium intakes and car-
diovascular risk by combining individual-level data
from studies in healthy populations in which
multiple 24-hour urine samples, the most accu-
rate method for assessing sodium intake, were
obtained for each participant.

METHODS

STUDY POPULATION

This study combined individual data from six co-
horts: the Health Professionals Follow-up Study
(HPES), the Nurses’ Health Study (NHS), the
Nurses’ Health Study II (NHS II), the Prevention of
Renal and Vascular End-Stage Disease (PREVEND)
study, and the Trials of Hypertension Prevention
(TOHP I and TOHP II) Follow-up Studies.>'®
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More details on the study design are provided in
Sections S1 and S2 and Figure S1 in the Supple-
mentary Appendix, available with the full text of
this article at NEJM.org.

The HPFS, NHS, and NHS II are ongoing
prospective cohort studies involving health pro-
fessionals and registered nurses in the United
States.’® A subgroup of 2282 participants collect-
ed two 24-hour urine samples between 2003 and
2007, and an additional subgroup of 1217 partici-
pants collected four 24-hour urine samples be-
tween 2010 and 2013."" The occurrence of car-
diovascular disease was tracked through January
2016 in the HPFS and through June 2017 in the
NHS and NHS II; death was tracked through
June 2020.

The PREVEND study was a prospective, pop-
ulation-based cohort of 8592 adults, in which
participants collected two consecutive 24-hour
urine samples between 1997 and 1998 and another
two consecutive 24-hour urine samples between
2001 and 2003."° The occurrences of cardiovas-
cular events and death during the study were
tracked through January 2011 and January 2017,
respectively. Our study excluded 1908 participants
in the PREVEND study who had preexisting chron-
ic kidney disease.

The TOHP Follow-up Studies are observational
follow-up extensions of TOHP I and TOHP II, in
which the effects of dietary supplements and life-
style interventions, including weight loss and re-
duction in sodium intake, were evaluated among
2182 participants in TOHP I and among 2382
participants in TOHP IL."*1® A total of five to seven
24-hour urine samples were obtained per partici-
pant in TOHP I (between 1987 and 1990) and three
to five 24-hour urine samples per participant in
TOHP II (between 1990 and 1995). In the TOHP
I and II Follow-up Studies, participants were fol-
lowed from the end of each trial through early
2005 for cardiovascular events and through De-
cember 2013 for death.” Participants who had
been randomly assigned to the sodium-reduction
groups in these two trials (327 participants in
TOHP I and 1191 in TOHP II) were excluded from
our current analysis.

For all these studies, baseline was defined as
the period during which the prespecified num-
bers of 24-hour urine samples were obtained. The
primary analysis excluded the first year of fol-
low-up because dietary information that was col-
lected close to the occurrence of a cardiovascular
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event or death may not reflect habitual sodium
intake. Among 11,435 participants who had at
least two eligible 24-hour urine samples at base-
line, 626 (5.5%) did not respond to the follow-up
regarding cardiovascular events, and another 100
participants (0.9%) had less than 1 year of follow-
up. Therefore, 10,709 participants were included
in the primary analysis. All the studies obtained
institutional review board approval and written
or oral informed consent from all the participants.
The first and last authors of the current study
vouch for the accuracy and completeness of the
data and for the fidelity of this study to the pro-
tocol.

24-HOUR URINARY SODIUM AND POTASSIUM
EXCRETION

Our primary exposure measures were the partici-
pants’ sodium and potassium excretions, which
were assessed by averaging the excretions in all
available 24-hour urine samples per participant.
To reduce measurement error that might arise
from the undercollection or overcollection of
24-hour urine samples, we excluded samples that
met at least one of the following criteria: the vol-
ume of the 24-hour urine sample was less than
500 ml or more than 5000 ml; the duration was
less than 20 hours or was more than 28 hours,
when the start and end times of urine collection
were available; or the volume loss was more than
100 ml if the estimated volume lost was reported.
Alternative exclusion criteria were used in the
sensitivity analyses.

OUTCOME ASCERTAINMENT

The primary outcome of our study was a cardio-
vascular event, which was defined as a composite
of coronary revascularization (coronary-artery by-
pass grafting or percutaneous coronary inter-
vention), fatal or nonfatal myocardial infarction,
or fatal or nonfatal stroke. Other deaths due to
cardiovascular causes were reported in the TOHP
I and II Follow-up Studies. Secondary outcomes
were stroke, death from any cause, and a compos-
ite of coronary revascularization or myocardial
infarction. The criteria that were used to ascer-
tain these outcomes have shown high validity in
the individual studies (Section S3).

STATISTICAL ANALYSIS
Our primary analysis evaluated the associations of
continuous urinary sodium and potassium excre-
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tion and the sodium-to-potassium ratio with sub-
sequent risk of a cardiovascular event. We as-
sessed the relations in each study independently
using consistent analytic methods and then syn-
thesized the results from each study using a ran-
dom-effects meta-analysis (i.e., two-stage pooled
analyses). For each study, hazard ratios were
estimated by Cox proportional-hazards models,
with adjustment for potential confounding fac-
tors, including age, sex, and race or ethnic group
in a partially adjusted model (model 1). The fully
adjusted model, which was the primary analytic
model (model 2), included additional adjustment
for educational level, height, baseline body-mass
index, smoking status, alcohol consumption, phys-
ical activity, history of diabetes and elevated
cholesterol status, and family history of cardio-
vascular disease, as well as the 24-hour urinary
potassium excretion (for sodium as the exposure)
and sodium excretion (for potassium as the ex-
posure). Details on the model specifications are
provided in Section S4.

Missing covariate values (which occurred in
<1% of the participants) were handled with the use
of missing indicators. Person-time was calculated
from 1 year after all the prespecified 24-hour
urine collections were obtained until the occur-
rence of a cardiovascular event or death or the end
of follow-up, whichever occurred first. The pro-
portional-hazard assumptions were tested and
verified by the inclusion of an interaction term
with time in the model. Results from individual
studies were pooled with the use of a random-
effects meta-analysis to account for the design
differences among these studies. Between-study
heterogeneity was statistically assessed with the
use of 2. Our primary analyses were based on a
priori hypotheses, but in order to account for the
hypothesis tests for three exposures, we present
P values that were corrected for multiple com-
parisons with the use of the Holm—Bonferroni
procedure.” All the 95% confidence intervals that
are presented for the secondary outcomes and
sensitivity analyses have not been corrected for
multiplicity and should not be used to infer sta-
tistical significance.

In the secondary analyses, we repeated the
analyses for study-specific quartile-based categor-
ical exposures. We also investigated the associa-
tions by combining all the individual-level data in
the same models with stratification according to
study (i.e., simple pooled analysis). To assess the
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Table 2. Association of Sodium and Potassium Excretion with Cardiovascular Risk.*
Hazard Ratio per
1000-mg Increase
Variable Quartile of Urinary Biomarker per Dayy P Value
Quartile 1 Quartile 2 Quartile 3 Quartile 4
24-Hr sodium excretion
Median 24-hr sodium excretion — mg 2212 2942 3588 4692 —
Cardiovascular event — no. of events/ 111/2677 139/2677 145/2679 176/2676 — —
no. of participants
Hazard ratio (95% Cl)
Model 1 Reference 1.15 1.25 1.40 1.12 —
(0.89-1.49)  (0.86-1.80)  (1.07-1.82) (1.04-1.21)
Model 2 Reference 1.25 1.44 1.60 1.18 <0.001
(0.96-1.63)  (0.93-2.23)  (1.19-2.14) (1.08-1.29)
24-Hr potassium excretion
Median 24-hr potassium excretion — mg 1755 2336 2784 3501 —
Cardiovascular event — no. of events/ 148/2682 156/2674 140/2677 1272676 — —
no. of participants
Hazard ratio (95% Cl)
Model 1 Reference 1.02 0.88 0.74 0.85 —
(0.81-1.29)  (0.69-1.11)  (0.57-0.95) (0.76-0.96)
Model 2 Reference 1.00 0.86 0.69 0.82 0.005
(0.78-126)  (0.67-1.11)  (0.51-0.91) (0.72-0.94)
Sodium-to-potassium ratio
Median ratio 1.5 2.0 2.4 3.4 —
Cardiovascular event — no. of events/ 113/2676 116/2678 152/2679 190/2676 — —
no. of participants
Hazard ratio (95% Cl)7
Model 1 Reference 1.02 1.43 1.76 1.27 —
(0.79-133)  (1.01-2.01)  (1.37-2.24) (1.16-1.40)
Model 2 Reference 1.02 1.40 1.62 1.24 <0.001
(0.78-1.33)  (0.99-1.99)  (1.25-2.10) (1.12-1.37)

* Sodium and potassium excretion was measured with the use of multiple 24-hour urine samples per participant. Model 1 was adjusted for

potential confounding factors, including age, sex, and race. Model 2, which was the primary analytic model, was defined as model 1 plus
adjustment for educational level, height, body-mass index, smoking status, alcohol consumption, physical activity, history of diabetes and
elevated cholesterol status, family history of cardiovascular disease, the 24-hour urinary potassium excretion (for sodium as the exposure)
and 24-hour sodium excretion (for potassium as the exposure), and total energy intake and the modified DASH (Dietary Approaches to
Stop Hypertension) diet quality score for the HPFS, NHS, and NHS Il. The 95% confidence intervals have not been adjusted for multiplicity.

i Hazard ratios for the sodium-to-potassium ratio correspond to the per-unit increase in the ratio as assessed on the basis of the sodium and

potassium excretion measured in millimoles.

deviation from linearity of the associations, we
used penalized splines for the exposures in the
simple pooled analysis.?! We also conducted pre-
specified stratified analyses and assessed the as-
sociation of urinary sodium and potassium excre-
tion with secondary outcomes, including total
coronary heart disease, total stroke, and death
from any cause, separately. The stratified analy-
ses and analyses for components of the primary
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outcome (i.e., coronary heart disease and stroke)
were conducted with the use of a simple pooled
analysis owing to small sample sizes in the in-
dividual studies. In a post hoc analysis, we used
a simple pooled analysis to assess the association
of urinary sodium excretion with death from car-
diovascular causes and death from noncardiovas-
cular causes separately. In sensitivity analyses, we
assessed the effect of measurement error, other

NEJM.ORG

The New England Journal of Medicine

Copyright © 2021 Massachusetts Medical

Downloaded from negim.org at 301 HOSPITAL OF CHINESE PLA on November 15, 2021. For personal use only. No other uses without permission.

Society. All rights reserved.



URINARY SODIUM AND POTASSIUM AND CARDIOVASCULAR RISK

Figure 1. Forest Plots for the Associations of 24-Hour
Urinary Sodium and Potassium Excretion and Sodium-
to-Potassium Ratio with Cardiovascular Risk.

In two-stage pooled analyses that combined individu-
al-participant data from six studies, each additional
1000 mg of 24-hour urinary sodium excretion (Panel
A) was associated with an 18% increase in cardiovas-
cular risk, and each additional 1000 mg of 24-hour uri-
nary potassium excretion (Panel B) was associated
with an 18% decrease in cardiovascular risk. The sodium-
to-potassium ratio (Panel C) was assessed on the ba-
sis of the sodium and potassium excretion measured
in millimoles. Data from six studies — the Health Pro-
fessionals Follow-up Study (HPFS), the Nurses’
Health Study (NHS), the Nurses’ Health Study Il
(NHS 1), the Prevention of Renal and Vascular End-
Stage Disease (PREVEND) study, and the Trial of Hy-
pertension Prevention (TOHP) | and Il Follow-up
Studies — are shown. Hazard ratios have been adjust-
ed for potential confounding factors, including age,
sex, race, educational level, height, body-mass index,
smoking status, alcohol consumption, physical activi-
ty, history of diabetes and elevated cholesterol status,
family history of cardiovascular disease, 24-hour uri-
nary potassium excretion (for sodium as the expo-
sure) and 24-hour sodium excretion (for potassium as
the exposure), and total energy intake and the modi-
fied DASH (Dietary Approaches to Stop Hyperten-
sion) diet quality score for the HPFS, NHS, and NHS
1. In each graph, the size of the squares indicates the
weight given to the study, and the width of the dia-
mond indicates the 95% confidence interval for the
overall association estimate. Arrows indicate that the
95% confidence interval extends beyond the scale
shown. Between-study heterogeneity was statistically
assessed with the use of /2.

potential confounding factors, missing covariate
values, nonresponse, and competing events on the
association.

RESULTS

STUDY POPULATION

The characteristics of the 10,709 participants are
presented according to cohort in Table 1 and
according to study-specific quartiles of 24-hour
urinary sodium excretion in Table S1. Overall,
the median 24-hour sodium excretion as assessed
in the 37,896 urine samples was 3270 mg (10th to
90th percentile, 2099 to 4899). Under the assump-
tion of nonrenal losses of 7% for sodium?® and
23% for potassium,? the estimated overall daily
sodium intake was 3516 mg (10th to 90th per-
centile, 2257 to 5268) and the estimated overall
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A Per 1000-mg Increase in 24-Hr Urinary Sodium Excretion

72=0; P=0.41

Study Hazard Ratio for Cardiovascular Disease (95% Cl)
HPFS —— 1.21 (1.00-1.46)
NHS : 1.44 (1.09-1.91)
NHS II ! 1.19 (0.77-1.83)
PREVEND — 1.04 (0.89-1.22)
TOHP | _.'_ 1.21 (1.00-1.48)
TOHP II — 1.30 (1.00-1.69)
I
I
Fixed-effect model - 1.18 (1.08-1.29)
Random-effects model . 1.18 (1.08-1.29)
Heterogeneity: =2%; 0,50 075 100 125 175

B Per 1000-mg Increase in 24-Hr Urinary Potassium Excretion

72=0; P=0.61

Study Hazard Ratio for Cardiovascular Disease (95% Cl)
HPFS e 0.93 (0.69-1.25)
NHS —— 0.58 (0.36-0.94)
NHS 11 : 1.02 (0.48-2.16)
PREVEND —a 0.86 (0.69-1.08)
TOHP | —_— 0.74 (0.55-1.01)
TOHP I . 0.77 (0.50-1.20)
1

Fixed-effect model + 0.82 (0.72-0.94)
Random-effects model . 0.82 (0.72-0.94)
Heterogeneity: <0%; 050 075 100 125 175

C  Per Unit Increase in Sodium-to-Potassium Ratio

72=0; P=0.49

Study Hazard Ratio for Cardiovascular Disease (95% Cl)
HPFS _ 1.15 (0.91-1.46)
NHS ——=——— 146 (1.13-1388)
NHS II ——=———  113(0.73-178)
PREVEND . 1.10 (0.91-1.32)
TOHP | —— 1.30 (1.06-1.61)
TOHPII —————— 140 (1.04-1.88)
1

Fixed-effect model + 1.24 (1.12-1.37)
Randome-effects model 1.24 (1.12-1.37)
Heterogeneity: %=0%; 50 075 100 125 175

daily potassium intake was 3292 mg (10th to 90th
percentile, 2162 to 4700).

During a median follow-up of 8.8 years (in-
terquartile range, 7.6 to 10.9), there were a total
of 571 cardiovascular events (incidence rate, 5.9
events per 1000 person-years), including 445
coronary heart disease events (232 myocardial
infarctions and 213 coronary revascularizations),
136 stroke events (of which 22 also involved
coronary heart disease), and 12 additional deaths
from cardiovascular causes (as reported in the
TOHP I and II Follow-up Studies). A total of
1100 deaths were recorded during a median
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A 24-Hr Urinary Sodium Excretion Figure 2. Spline Plots for the Associations of 24-Hour
4.0 Urinary Sodium and Potassium Excretion and Sodium-
P<0.001 for linearity to-Potassium Ratio with Cardiovascular Risk.

w
o
|

The spline analysis of pooled data supported a linear
association over the range of sodium excretion (Panel
2.09 A; 5th to 95th percentile, 1846 to 5520 mg) and potas-
sium excretion (Panel B; 5th to 95th percentile, 1462
to 3961 mg) within the overall study population. The
sodium-to-potassium ratio (Panel C) was assessed on
the basis of the sodium and potassium excretion mea-
sured in millimoles. Hazard ratios were estimated
from Cox models stratified according to study cohort

Hazard Ratio for Cardiovascular Disease

0.5 with adjustment for age, sex, race, educational level,
height, body-mass index, alcohol consumption, smok-
_____________ T ] ing status, physical activity, history of diabetes and el-

P5 P25 P50 P75 PoS evated cholesterol status, family history of cardiovas-

cular disease, and mutual adjustment for 24-hour
urinary potassium and sodium excretions. Shaded ar-
24-Hr Urinary Sodium Excretion (mg) eas indicate 95% confidence intervals, and the dashed

T T T T T
1000 2000 3000 4000 5000 6000

line at 1.0 indicates the reference. Box plots at the
bottom of the graphs show the distributions of the
4.0 L urinary biomarker. The vertical bar indicates the medi-
P=0.005 for linearity i R

an, and the ends of the box the interquartile range; the
whiskers (dashed lines) extend to values no farther
than 1.5 times the interquartile range (which may be
past the graphed area), and dots indicate values that
are farther than 1.5 times the interquartile range. The
5th, 25th, 50th, 75th, and 95th percentiles (PS5, P25,
P50, P75, and P95, respectively) are shown at the bot-
tom of each graph.

B 24-Hr Urinary Potassium Excretion

3.0

Hazard Ratio for Cardiovascular Disease

o2 follow-up of 14.8 years (interquartile range, 13.7
------------- o 0 16.7).
5 P25 P50 P75 P95
1000 20100 30IOO 40I00 SODIUM AND POTASSIUM EXCRETION AND
24-Hr Urinary Potassium Excretion (mg) CARDIOVASCULAR RISK

Table 2 shows a graded association between
sodium excretion and cardiovascular risk (haz-
P<0.001 for linearity ard ratio for quartile 4 of the urinary biomarker
[highest] vs. quartile 1 [lowest] in the fully ad-
justed model, 1.60; 95% confidence interval [CI],
1.19 to 2.14). Each additional 1000 mg of daily
sodium excretion was associated with an 18% in-
crease in cardiovascular risk (adjusted hazard
ratio, 1.18; 95% CI, 1.08 to 1.29) (Fig. 1). The
spline analysis with pooled data further support-
ed a linear association over the range of sodium
0.5 excretion within this population (P<0.001 for lin-
________ N I T earitY) (Flg 2A).

Higher potassium excretion was associated
T T T T with lower cardiovascular risk in the comparison
' of quartile 4 with quartile 1 (adjusted hazard
ratio, 0.69; 95% CI, 0.51 to 0.91) (Table 2). Each

C  24-Hr Urinary Sodium-to-Potassium Ratio
4.0

3.0

Hazard Ratio for Cardiovascular Disease

24-Hr Urinary Sodium-to-Potassium Ratio
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Figure 3. Subgroup Analyses for the Associations of A Per 1000-mg Increase in 24-Hr Urinary Sodium Excretion
24-Hour Urinary Sodium and Potassium Excretion and No. of Events/ Hazard Ratio for
Sodium-to-Potassium Ratio with Cardiovascular Risk. Subgroup No. of Person-Yr Cardiovascular Disease (95% Cl)
Normal weight was defined as a body-mass index Age
(BMI; the weight in kilograms divided by the square of <65 yr 404/81,389 M
the height in meters) of 18.5 to 24.9. Overweight or 265 yr 167/15,013 —
obesity was defined as a BMI of 25 or higher. In the Sex
subgroup analyses that were stratified according to el 380/42,783 MR
the length of study follow-up, events that were cen- Fernale 191/53,619 —
sored within the first year of follow-up (which were ex- Baseline hypertension
cluded in the primary analysis) were included. Hazard No 370/75,614 —
ratios were estimated from Cox models with stratifica- Vs 201/20,788 — -
tion according to study cohort with adjustment for Weight status
age, sex (except for the analyses stratified according Neiel 158/36,909 — e
to sex), race, educational level, height, BMI, alcohol Overweight or obese  408/58,617 —
consumption, smoking status, physical activity, histo- Years of follow-up
ry of diabetes and elevated cholesterol status, family Syr 318/51,485 L
history of cardiovascular disease, and mutual adjust- =5 yr 302/93,566 —
ment for 24-hour urinary potassium and sodium ex- T T T L
q a . . 0.6 0.8 1.0 12 14 16
cretions. The sodium-to-potassium ratio was assessed
on the basis of the sodium and potassium excretion . . . .
. — B Per 1000-mg Increase in 24-Hr Urinary Potassium Excretion
measured in millimoles.
No. of Events/ Hazard Ratio for
Subgroup No. of Person-Yr Cardiovascular Disease (95% Cl)
. . . . Age
additional 1000 mg of daily potassium excretion <65 yr 404/81,389 —_——
was associated with an 18% lower cardiovascu- 265 yr 167/15,013 —_—
lar risk (hazard ratio, 0.82; 95% CI, 0.72 to 0.94) Sex
(Fig. 1). The spline plot also showed a linear trend Male SR0/a2I28 —_—
. o . . Female 191/53,619 +———=—
(Fig. 2B). There was a 24% increase in cardiovas- . )
N L. . K Baseline hypertension
cular risk for each unit increase in the sodium- No 370/75,614 —
to-potassium ratio, which was calculated on the Yes 201/20,788 —
basis of sodium and potassium excretion mea- Weight status
sured in millimoles (hazard ratio, 1.24; 95% CI, Normal . Lo8/B6:200
.. . Overweight or obese  408/58,617 ]
1.12 to 1.37). The associations were consistent verweis /
. Years of follow-up
across subgroups defined according to age, sex, Syr 318/51,485 e
baseline hypertension, weight status, and years >5yr 302/93,566 (S
. ) . . T T T T 1
of follow-up (Fig. 3). Sex-specific associations 0.6 08 10 12 14 16

are presented in Figure S2.
C  Per Unit Increase in Sodium-to-Potassium Ratio

SECONDARY ANALYSES No. of Events/ Hazard Ratio for
.. .. . . . Subgroup No. of Person-Yr Cardiovascular Disease (95% Cl)

Similar associations with sodium and potassium A

. . . . ge
excretion and the sod1um—to—pota§s1um ratio were 65 yr 404/81,389
also observed for coronary heart disease (Table S2). =65 yr 167/15,013 ——
The estimates for stroke showed a similar linear Sex
trend but with wider confidence intervals, prob- Male 380/42,783 =

Female 191/53,619 ——

ably owing to the small number of cases (Table S3).

. . . Baseline hypertension
The secondary analysis with simple pooled anal- i

No 370/75,614 —
yses yielded estimates that were almost identical Yes 201/20,788 — -

to those from the two-stage pooled analysis for Weight status

cardiovascular events (Table S4). Sodium excretion Normal 158/36,909 I —
was not associated with death from any cause Yez‘;e::gﬁ:;‘_’::bese 408/58,617 _
(hazard ratio per 1000-mg increase, 1.02; 95% CI, <Syr 318/51,485 -

0.95 to 1.10), but both higher potassium excretion 5oy 302/93,566 —

and a lower sodium-to-potassium ratio were as- 06 08 10 12 14 16

sociated with a lower risk of death from any cause
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(Table S5 and Fig. S3). The linear trend of the
association of sodium excretion with death from
cardiovascular causes (which accounted for 22%
of the deaths from any cause) was consistent with
the results regarding the incidence of cardiovas-
cular events (Table S6 and Fig. S4).

SENSITIVITY ANALYSES

The association of sodium excretion with cardio-
vascular risk was attenuated (hazard ratio per
daily 1000-mg increase, 1.10; 95% CI, 1.03 to 1.17)
when only one 24-hour urine sample per partici-
pant was used, although the association was at-
tenuated to a lesser degree after the exclusion of
urine samples that met the prespecified exclusion
criteria (Table S7). The linear association of so-
dium excretion with cardiovascular risk remained
essentially unchanged in the following sensitiv-
ity analyses: analyses with additional adjustment
for baseline hypertension status, urinary creati-
nine excretion, other dietary factors, and neigh-
borhood socioeconomic status separately; analy-
ses that excluded participants who had diabetes
or were underweight or that excluded coronary
revascularization from the study end points re-
garding cardiovascular events; analyses for which
data for missing covariates were imputed with
the use of multiple imputation; analyses that ac-
counted for nonresponse to follow-up with the
use of inverse probability weighting; and analy-
ses that assessed competing risk of death with
the use of subdistribution hazard models (Ta-
ble S8). The results of the sensitivity analyses for
potassium excretion and the sodium-to-potassi-
um ratio were similar to those from the primary
results (Tables S9 and 10).

DISCUSSION

In a study involving 10,709 adults whose data
were pooled from six prospective cohort studies
across the United States and Europe, with a me-
dian follow-up of 8.8 years, we found that higher
sodium intake, measured by multiple 24-hour
urine samples, was significantly associated with
higher cardiovascular risk in a dose-response man-
ner with a daily sodium intake of approximately
2000 to 6000 mg. Lower potassium intake and
higher sodium-to-potassium ratio were also as-
sociated with higher cardiovascular risks.
Several meta-analyses of prospective cohort
studies and randomized trials have shown a

N ENGL J MED

linear relationship between sodium intake and
cardiovascular risk,?*?® whereas a few other me-
ta-analyses and more recent cohort studies have
shown that both low and high sodium intakes
were associated with higher risk (i.e., a J-shaped
association).>®? A key limitation of previous
studies is the assessment of sodium intake by
methods that are prone to measurement errors,
such as questionnaires, spot urine samples, and
single 24-hour urine samples.*® The J-shaped as-
sociation is probably due to confounding vari-
ables that were used in the equations to estimate
the 24-hour urinary sodium excretion from spot
urine samples (e.g., age, sex, body weight, and
urinary creatinine concentration), all of which
are related to cardiovascular risk and may con-
tribute in part to the increased cardiovascular
risk that has been associated with lower sodium
intake in observational studies.?’ Another meth-
odologic issue of previous studies is the inclu-
sion of participants with existing chronic dis-
eases such as heart failure,> which resulted in
the potential for reverse-causation bias.

To overcome these limitations, we combined
data from six prospective cohorts involving gen-
erally healthy participant populations for which
multiple 24-hour urine samples were available
from the participants. There was no evidence of
heterogeneity in the results across individual stud-
ies, although the estimates were weaker in the
PREVEND study than in the other studies. The
participants in the PREVEND study had lower
sodium and higher potassium intakes than
those in other cohorts. In addition, the propor-
tion of participants with albuminuria was high
in the PREVEND study; in our study, we exclud-
ed participants with chronic kidney disease. Al-
though we found a strong and consistent asso-
ciation of sodium excretion with cardiovascular
events and the association with death from car-
diovascular causes showed a consistent linear
trend, sodium excretion was not associated with
death from any cause, which we speculate may
be due to the occurrence of deaths from noncar-
diovascular causes diluting the relation between
sodium intake and mortality. In contrast, the
Salt Substitute and Stroke Study (SSaSS)** showed
that use of a salt substitute that contained re-
duced sodium and increased potassium led to
significantly lower rates of cardiovascular disease
and death from any cause in a high-risk popula-
tion in China, in which death from cardiovascu-
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lar causes accounted for nearly 60% of the deaths;
in our study, 22% of the deaths were from cardio-
vascular disease.

Our study offers new insights concerning
current methodologic challenges in sodium as-
sessment. For example, when a single 24-hour
urine sample per participant was used, the mag-
nitude of the linear association with cardiovas-
cular risk was attenuated, a finding that is con-
sistent with results of a previous report3* A
single measurement is not sufficient to reflect a
person’s usual sodium intake owing to large
day-to-day variations in sodium consumption
and excretion."** When sodium and potassium
were considered together, higher sodium excre-
tion and lower potassium excretion were associ-
ated with a higher cardiovascular risk, which
suggests an additive role of higher sodium in-
take and lower potassium intake in increasing
cardiovascular risk.!? By combining individual-
level data from cohort studies with multiple 24-
hour urine samples, our study constitutes a large
study on cardiovascular risk and sodium intake
as assessed by a very reliable method. By study-
ing generally healthy populations, we also reduced
confounding and potential reverse-causation bias.
The use of individual-level data and the same
methods for covariate adjustments and model-
ing renders our findings robust.

Our study has several limitations. First, al-
though we were able to reduce the degree of
heterogeneity by the use of consistent analytic
approaches in individual studies, between-study
heterogeneity that is inherent in the design of
the original studies exists — for example, health
profiles of participants, numbers and intervals
of 24-hour urine samples, and available informa-
tion on covariates. Second, this observational

study does not allow us to rule out potential
residual confounding, such as other dietary fac-
tors, energy intake, and socioeconomic status,
for which data were available in only some of the
included studies. Third, given within-participant
variation in sodium excretion, the observed asso-
ciation may have underestimated the true asso-
ciation. Fourth, our study was based on study
populations that comprised mainly generally
healthy White participants (Table S11), so the
generalizability of our results to other racial and
ethnic groups and to other patients with spe-
cific conditions is not possible.

Our study showed a significant linear asso-
ciation between sodium intake, as measured with
the use of multiple 24-hour urine samples, and
cardiovascular risk in a dose-response manner
with a daily sodium intake of approximately 2000
to 6000 mg. Higher potassium intake was associ-
ated with a lower cardiovascular risk. These find-
ings may support reducing sodium intake and
increasing potassium intake from current levels.
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