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ABSTRACT

Background: Few studies have examined temporal trends in so-
dium intake in the US population. Collections of 24-h urine sodium
excretions are reliable markers for dietary sodium intake.
Objective: We examined temporal trends in 24-h urine sodium
excretions to estimate temporal trends in sodium intake in the US
population.

Design: We performed a systematic search of English-language
articles in MEDLINE for studies that reported collections of 24-h
urine sodium excretions in the United States. We estimated mean
urine sodium excretions over time for all studies and demographic
subgroups.

Results: We analyzed 38 studies, which dated from 1957 to 2003,
and estimated a mean (£SE) 24-h urine sodium excretion per per-
son of 3526 = 75 mg Na. In a multivariate random-effects model
with study year, sex, age, and race, the study year was not associ-
ated with any significant change in sodium excretions (coefficient =
154mgNa-24h™"'- 10y~ "', 95% CI: —140, 448 mgNa - 24 h ™" -
10 y~ 1. In subgroup analyses, there was no significant temporal
trend seen in male, female, black, or white study participants.
Conclusion: Sodium intake in the US adult population appears to
be well above current guidelines and does not appear to have de-
creased with time. Am J Clin Nutr 2010;92:1172-80.

INTRODUCTION

The prevalence of hypertension in the US population has
increased over the past 20 y in men, women, blacks, and whites
(1-3). Because greater dietary sodium intakes increase blood
pressure and the risk of hypertension (4, 5), a reduction in sodium
intake has been recommended for the US population (4—10). Two
recently published computer-simulation models concluded that
a population-wide reduction in sodium intake would decrease
cardiovascular disease and death and associated health care costs
(9, 11). However, some authors have questioned the basis for
reduction in sodium intake because only a few randomized
controlled trials with morbidity and mortality endpoints have
been conducted (12, 13).

Because the large majority of sodium in the US diet is added in
manufacturing and food services (14, 15), for many years the
food industry has been urged to reduce sodium in processed foods
(8). Whether sodium intake in the United States has changed over
time is unclear. The calculated intake of sodium appears to have
increased in the United States slightly over the last several
decades (16-18), but it is possible that changes in food-
composition databases have not fully captured changes in food
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processing. The collection of 24-h urine sodium excretion is the
principal biochemical indicator used in epidemiologic studies for
estimating daily sodium intake and reflects both changes in food
choices and processing (19). Collections of 24-h urine excretions
in subjects from the United Kingdom between 1984 and 2008
showed a narrow range of sodium excretion and no decline in
intake (13). To our knowledge, there have been no nationally
representative assessments of 24-h urinary sodium excretion in
the United States over time. Therefore, to estimate temporal
trends in sodium intake in the US population, we reviewed all
published studies in which collections of 24-h urine sodium
excretions were reported.

METHODS

We observed the preferred reporting items for systematic
reviews and meta-analyses guidelines for this systematic review
(20).

Studies used

We performed a search of peer-reviewed, published articles by
using the MEDLINE electronic database (http://www.ncbi.nlm.
nih.gov/pubmed). The search aimed to retrieve articles on urinary
sodium (by using terms such as sodium, salt, urination, or uri-
nalysis) and population trends in the United States (including
terms such as trends, epidemiology, and population). No re-
striction on the dates of publication was imposed, but the lan-
guage of publication was limited to English. The search was
performed on 26 March 2009 (see supplemental material under
“Supplemental data” in the online issue for search terms). Ad-
ditional citations were found from discussions with experts in
the fields of nutrition and epidemiology.
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The primary search identified >1000 publications. Pub-
lications were selected for secondary review if they reported
results of an observational study or clinical trial and if the study
subjects were adults living in the United States. There was no
restriction on disease status of, or medication use by, study
participants. Because none of the voluntary study participants in
any of the studies was acutely ill, and none of the participants
had their medications abruptly discontinued, all participants
were deemed to have reached a steady state of sodium balance
where intake equals output (21).

All articles meeting secondary inclusion criteria were
reviewed, as were their bibliographic references. Publications
and bibliographic references were selected for data extraction if
they reported 24-h urine sodium excretion amounts in text or
tables or if they reported sufficient information in figures to
estimate these amounts. Studies were excluded if we were unable
to arrive at precise point estimates for sodium excretion per 24 h.
Studies that reported the urine concentration of sodium (eg,
mmol/L or mEq/L) were excluded, as were articles with over-
night (8 or 9 h) urine samples. To reduce the bias in estimates of
24-h urine sodium excretions, articles that combined multiple
collections of urine samples of several hours into one 24-h
collection and articles that estimated 24-h urine sodium excretion
by multiplying a collection of urine samples of shorter duration
by a correction factor were also excluded. Spot urine samples
were excluded, as were studies that reported only 24-h urine
excretion amounts at the end of an experimental intervention.
Recognizing that laboratory techniques for measuring urine
sodium likely have evolved over the past 50 y, we did not restrict
our analysis to one particular type of technique (eg, ion-electrode
compared with flame photometry). There were 38 studies
retrieved.

Data analyses

With the use of piloted forms, we extracted the following
variables from the 38 studies: year of study (if the date of study
was not available, then the date of submission of the manuscript
was used; if this information was not available, then the year of
the article publication was used; if the study was conducted over
several years, then the study midpoint was used for our analysis),
number of study participants, mean age of participants, per-
centage of participants who were women, percentage of partic-
ipants who were black or African American, location of the study,
mean plus SD of systolic blood pressure and diastolic blood
pressure, and mean plus SD urinary sodium excretion per 24 h.
Millimoles or milliequivalents of urine sodium were converted to
milligrams (23 mg Na = 1 mmol Na or 1 mEq Na). For in-
tervention trials, baseline values were used, and if these values
were not available, then values for the run-in period or for the
control group were used. SDs were converted to SEs (SE = SD
divided by square root of the number of study participants). For
studies that did not report an overall SE but only the SEs among
study subgroups (eg, in men and women or blacks and whites),
the overall study SE was calculated by using the following
formula (22): SE for all groups in a particular study was equal to
the square root of 1/(w; + w,), where w; = 1/(SE of subgroup 1?2
and w, = 1/(SE of subgroup 2).

For each of the 38 studies, if a mean overall sodium excretion
for all study participants was not reported, then we estimated it by
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multiplying the mean of each demographic subgroup (eg, blacks
and whites or men and women) by the percentage contribution of
the subgroup to the total number of study participants and
summed up these values (thus, we weighted each subgroup by
their number of study participants). We arrived at a summary
estimate of the mean sodium excretion among all study partic-
ipants from all 38 studies by summing the means from all 38
studies, with each study weighted by the square root of the
number of study participants in each study. Similarly, we arrived
at the mean sodium excretion for men, women, blacks, and whites
and for studies with a mean age of participants <50 y and for
studies with a mean age >50 y by summing the means in each of
these subgroups, with each study weighted by the square root of
number of participants in each subgroup. We estimated a 95%
CI for the mean overall sodium excretion for all study partic-
ipants by random-effects meta-analysis (meta function, STATA
10; StataCorp, College Station, TX).

We looked at the mean sodium excretion among all study
participants and among demographic subgroups stratified by
decade (before 1980, 1981-1990, 1991-2000, and after 2000).
We tested for trends across time and calculated P values by using
weighted linear regression models with sodium excretion as the
continuous dependent variable and the year of the study as the
continuous independent variable. We did this for all studies and
for demographic subgroups, with each study weighted by the
square root of the number of study participants. We estimated
a power of 92% to detect a difference in urinary sodium ex-
cretion (an effect size) of 6 mg Na/24 h per year.

We further explored the association of sodium excretion with
the year of the study by using a random-effects regression model
with urine sodium as the continuous dependent variable and the
year of study as the continuous independent variable (metareg
function, STATA 10; StataCorp, College Station, TX). The
random-effects model accounts for the SEs of individual studies
and is used in meta-analysis to examine associations between
pooled relative risks or odds ratios and independent study var-
iables. We chose this random-effects model, rather than a fixed-
effects model, because of the variability among studies in terms
of design, date of participation, and demographic characteristics
of study participants. We used the model to perform a meta-
regression and explore the relation between the mean sodium
excretion and demographic variables of studies. We fit separate
univariate random-effects models with sodium excretion as the
continuous dependent variable and age (a binary variable for each
study that indicated if the mean age of the participants was
>50y), race (percentage of participants in each study who were
black or African American), and sex (percentage of participants
in each study who were men) as independent variables. We also
fit a multivariate random-effects model with continuous sodium
excretion as the dependent variable and the year of the study
plus all demographic variables included as independent varia-
bles. Studies that did not report an SE and for which we could
not derive one from the subgroups were not included in the
meta-regression.

RESULTS

We located 38 studies that dated from 1957 to 2003, with
analyzable data on sodium excretion from 26,271 study partic-
ipants in populations living across the United States (Table 1)
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FIGURE 1. Mean (95% CI) 24-h urinary sodium excretion (mg/24 h) by study year.

(23-61). Over this 46-y period, the overall mean 24-h urine
sodium excretion was 3526 mg, with an SEM of 75 mg. The
studies fell within a fairly narrow range as follows (Figure 1):
the 25th percentile was 3266 mg Na/24 h and the 75th percentile
was 3818 mg Na/24 h. With the use of a meta-analysis random-
effects model, we calculated a mean 24-h urine sodium excre-
tion of 3417 mg Na (95% CI: 3395, 3440 mg Na). One study
from 1968 with only 5 participants reported a sodium excretion
<2000 mg Na.

We observed a trend toward a higher sodium excretion over
time when we looked at all studies; however, the association did
not reach statistical significance with the weighted regression
model (Table 2). There was a trend of increased sodium excre-
tion among those studies with a mean age of participants >50 y
(P for trend: 0.02).

Over the entire 46-y observation period, we observed that
black study participants did not have significantly different so-
dium amounts per 24 h than did white participants (3645 and

3801 mg Na, respectively, with P = 0.90 by analysis of variance).
Studies with a mean age of participants >50 y had significantly
lower excretion amounts than studies with a mean age of par-
ticipants <50 y (3369 compared with 3616 mg Na/24 h; P =
0.002), and men had significantly higher excretion amounts than
did women (3911 compared with 3084 mg Na/24 h; P <0.001).

In the univariate and multivariate random-effects models, we
observed no significant association between year, race, or age and
24-h urinary sodium excretion (Table 3). Male sex was associated
with higher sodium excretion in the univariate and multivariate
models. The coefficient for age was negative in the univariate
analysis but positive in multivariate analyses. On further exami-
nation, we observed that the age variable coefficient changed di-
rection when either race or sex was added to the multivariate
model but not when the study year was added. The coefficient for
sex was significant in the univariate analysis and in the multi-
variate analysis, although in the multivariate analysis the 95% CI
became wider. Upon further analysis, we observed that the 95% CI

TABLE 2
Urinary sodium excretion (mg/24 h) by decade’
Group 1957-2003° Before 1980 1981-1990 1991-2000 After 2000 P for trend’
All groups 3526 (38) 3319 (8) 3418 (10) 3499 (14) 3849 (6) 0.14
Age
<50y 3616 (21) 3356 (5) 3758 (6) 3548 (8) 3792 (2) 0.73
>50y 3369 (13) — 2975 (3) 3420 (6) 3978 (4) 0.02
Sex
Male 3911 (13) 3868 (2) 3548 (3) 4052 (6) 4149 (2) 0.30
Female 3084 (12) 2921 (1) 2577 (2) 3203 (7) 3242 (2) 0.16
Race
Black or African American 3645 (9) 3021 (2) 4048 (1) 3618 (4) 3889 (2) 0.22
White 3801 (11) 3519 (1) 4232 (1) 3755 (7) 4024 (2) 0.81

T All values are means; number of studies in parentheses. For estimation of values of all groups, each study was weighted by the square root of the
number of participants; for analysis of demographic subgroups, each study was weighted by the square root of the number of subgroup participants (eg, the
number of blacks or whites in each study); 4 studies [ie, INTERSALT (International Cooperative Study on the Relation of Blood Pressure to Electrolyte
Excretion in Populations) (48, 49), Schachter (55), Gros et al (59), and Veverbrants and Arky (60)] did not provide precise ages of study participants.

2 Difference in values between subgroups: <50 compared with >50 y (P = 0.002, ANOVA), men compared with women (P < 0.001, ANOVA), and

blacks or African Americans compared with whites (P = 0.90, ANOVA).

% Calculated with weighted linear regression model by using sodium excretion as a continuous dependent variable and the year of the study as
a continuous independent variable, with each study weighted by the square root of the number of study participants or subgroup participants.
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TABLE 3

BERNSTEIN AND WILLETT

Random-effects models of urinary sodium excretion (mg/24 h) as a function of study year and study participant

characteristics’

Univariate model P value Multivariate model’ P value
Study year (10-y increments) 146 (—44, 337) 0.13 154 (=140, 448) 0.29
Mean age of study participants >50 y -61 (—495, 372) 0.78 248 (—239, 736) 0.30
Male sex’ 879 (132, 1626) 0.02 1281 (89, 2473) 0.04
Black or African American race? —415 (—1223, 393) 0.30 234 (—781, 1250) 0.63

T All values are coefficients; 95% Cls in parentheses.

2 Covariates were study year, mean age of study participants (< or >50 y), sex (percentage of study participants who
are men), and race (percentage of study participants who are black or African American).

3 Percentage of men (continuous variable; 1-unit increase in coefficient = 100%).

4 Percentage of blacks or African Americans (continuous variable; 1-unit increase in coefficient = 100%).

for sex widened when the variable for race was added to the re-
gression model. We did not see evidence of strong collinearity
between sex and race (Spearman’s correlation: —0.32; variance
inflation factor: 1.26 for sex and 1.18 for race). Thus, sex and race
were both left in the multivariate model.

DISCUSSION

From 38 studies conducted in the United States between 1957
and 2003, the mean 24-h urine sodium excretion per person was
3526 mg Na (95% CI: 3380, 3672 mg Na). Because 95% of daily
dietary sodium intake is excreted in the urine (62), this excre-
tion amount corresponds to an intake of ~3712 mg Na/d. We
observed no suggestion of a decrease in sodium excretion over
time.

The National Health and Nutrition Examination Survey
(NHANES) regularly estimates the sodium intake of the US
population by using 24-h dietary recalls. These data suggest that
over the past 20 y (16, 17), and perhaps over the past 35 y (18),
there has been an increase in sodium intake. However, dietary
recall data may be biased because of errors in self-reporting and
inaccurate or incomplete food databases (62). Although 24-h
collections of urinary sodium excretions are also subject to error
and bias (eg, because of individual sodium losses through sweat
and feces and laboratory error), they have been shown to have
a higher coefficient of reliability among repeated measures than
do 24-h food recalls (62).

Our results are similar to those reported by McCarron et al (13)
from the United Kingdom: the mean (*SD) in the United King-
dom from 1984 to 2008 was 150 =7 mmol Na/24 h (= 3450 *=
161 mg Na/24 h), whereas in our analyses, the mean (*=SE) was
153 = 3 mmol Na/24 h (= 3526 = 75 mg/24 h). As in our
analyses, the UK study showed little variation in sodium ex-
cretion over time. Moreover, despite different food cultures, the
mean observed in our study was similar to the mean observed
worldwide in the International Cooperative Study on the Re-
lation of Blood Pressure to Electrolyte Excretion in Populations
(INTERSALT) study (mean * 2 SD: 162 = 22 mmol Na/24 h,
which is equal to 3726 = 506 mg Na/24 h) (13).

The mean amount of sodium excretion in our analysis appears
to be well above levels recommended by the Institute of Med-
icine: 1500 mg Na/d for young adults, 1300 mg Na/d for adults
aged 50-70y, and 1200 mg Na/d for adults aged >71 y (63). Our
estimates were also >2300 mg Na/d, which is the upper limit
suggested by the American Heart Association for individuals

who are not at an elevated risk of hypertension (5) and the
amount recommended by the 2005 US Department of Agri-
culture’s Dietary Guidelines (6). It has been suggested that so-
dium intake is physiologically set at the current intakes (13), but
a set point would not explain why other populations have sub-
stantially different sodium intakes (48, 49).

Sodium intake is one of multiple etiologic factors in the
development of hypertension, and therefore it is not surprising
that the prevalence of hypertension is increasing in the US
population despite the absence of a significant temporal rise in
sodium intake. A recent study by Forman et al (64) suggested
that the largest population attributable risks for hypertension
were due to overweight and obesity, regular nonnarcotic an-
algesic use, physical inactivity, and not adhering to a low-
sodium diet [ie, the Dietary Approaches to Stop Hypertension
(DASH) diet]. Thus, despite the increase in processed foods in
the US marketplace over the past 50 y, total caloric imbalance
and the resultant epidemic of obesity may be a more important
determinant of the increased prevalence of hypertension than
sodium intake.

Our analyses were limited because the studies reviewed were
not a random sample taken from across the United States. Not all
studies reported sex or race, and although states from across the
United States were represented, many studies took place in
northeast or southern states. Yet despite these limitations, the
mean values in our analysis were within a quite narrow range and
approximate those calculated by the NHANES and in the United
Kingdom. Moreover, although it is possible that sodium intake
has decreased since 2003 because of changes to processed foods,
it has been reported that more salt is now being added to poultry,
meat, and fish (8, 14). Future research should track trends in 24-h
urinary sodium intakes since 2003.

In conclusion, on the basis of studies conducted over a 46-y
period, the sodium intake in the United States appears well above
recommended intakes and without evidence of a temporal
decrease.
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