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ABSTRACT
Background: Both excessive sodium intake and obesity are risk
factors for hypertension and cardiovascular disease. The association
between sodium intake and obesity is unclear, with few studies
assessing sodium intake using 24-h urine collection.
Objectives: Our objective was to assess the association between
usual 24-h sodium excretion and measures of adiposity among US
adults.
Methods: Cross-sectional data were analyzed from a sample of
730 nonpregnant participants aged 20–69 y who provided up to
2 complete 24-h urine specimens in the NHANES 2014 and had
data on overweight or obesity [body mass index (kg/m2) ≥25]
and central adiposity [waist circumference (WC): >88 cm for
women, >102 cm for men]. Measurement error models were used
to estimate usual sodium excretion, and multiple linear and logistic
regression models were used to assess its associations with measures
of adiposity, adjusting for sociodemographic, health, and dietary
variables [i.e., energy intake or sugar-sweetened beverage (SSB)
intake]. All analyses accounted for the complex survey sample
design.
Results: Unadjusted mean ± SE usual sodium excretion was
3727 ± 43.5 mg/d and 3145 ± 55.0 mg/d among participants
with and without overweight/obesity and 3653 ± 58.1 mg/d and
3443 ± 35.3 mg/d among participants with or without central
adiposity, respectively. A 1000-mg/d higher sodium excretion was
significantly associated with 3.8-units higher BMI (95% CI: 2.8,
4.8) and a 9.2-cm greater WC (95% CI: 6.9, 11.5 cm) adjusted
for covariates. Compared with participants in the lowest quartile
of sodium excretion, the adjusted prevalence ratios in the highest
quartile were 1.93 (95% CI: 1.69, 2.20) for overweight/obesity and
2.07 (95% CI: 1.74, 2.46) for central adiposity. The associations
also were significant when adjusting for SSBs, instead of energy, in
models.
Conclusions: Higher usual sodium excretion is associated with
overweight/obesity and central adiposity among US adults. Am
J Clin Nutr 2019;109:139–147.
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Introduction
Both excessive sodium intake and obesity are risk factors for

hypertension, and hypertension increases cardiovascular disease
risk (1–3). Several studies in developed countries suggest that
sodium intake and obesity are positively associated (4–11).
Previous studies in children and adolescents suggested an indirect
association between sodium intake and obesity through sugar-
sweetened beverage (SSB) intake, a major source of energy intake
in children. This may be via a mechanism of more sodium intake
triggering greater thirst (4, 12, 13). In addition, sodium intake is
highly correlated with energy intake (3). However, results from
several recent cross-sectional studies in both children and adults
indicated a direct association between sodium intake and obesity
that was independent of total energy or SSB intake (5–7, 9, 10,
14). One postulated mechanism for this association may be an
effect on body fat mass. High sodium intake has been reported to
increase white adipocyte mass and plasma leptin concentration in
rats (15) and has been associated with several adiposity measures
including fat mass and percentage body fat in humans (6, 8).

Among the studies in adults, some used self-reported dietary
measures to assess both sodium and energy intake (6, 7,
14, 16), which may be problematic due to recall bias and
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greater underreporting of intakes among overweight and obese
adults (17). Few studies have used 24-h sodium excretion, the
recommended gold standard, for assessment of sodium intake (7–
10). Among them, a longitudinal study in 215 Danish individuals
reported a significant association of 24-h sodium excretion
with body fat and fat-free mass, but not with body weight or
waist circumference (WC). The authors proposed that they may
have overlooked some association due to lack of power (8).
Studies from Japan and the United Kingdom indicated a positive
association of 24-h sodium excretion with overweight/obesity
and central adiposity, independent of total energy intake (7, 10).
Among adults living in New York City, 24-h sodium excretion
was positively associated with obesity, BMI, body weight, and
WC using diet quality as a proxy indicator to adjust for energy
intake (9). All of these studies used 1 d of 24-h sodium excretion
without accounting for within-person day-to-day variation, which
can attenuate the true association. Because up to 2 d of 24-
h urine samples were collected in the NHANES for the first
time in 2014, we were able to use measurement error models to
estimate usual urinary sodium excretion, which should provide a
better estimate of the true association with measures of adiposity.
Hence, the aim of this study was to examine the relation between
measures of adiposity and usual sodium excretion, independent of
energy or SSB intake, in a nationally representative sample of US
adults.

Methods

Data source and participants

The NHANES includes a series of cross-sectional, nationally
representative surveys, which use a complex, stratified, mul-
tistage, probability-sampling procedure to collect health and
nutritional data from a representative sample of the civilian,
noninstitutionalized US population. For the purpose of this study,
data from the 24-h urine collection component in NHANES
2014 were used, which are available through the National Center
for Health Statistics Research Data Center (http://www.cdc.go
v/rdc) and described in detail elsewhere (18). In 2014, 66% of
selected NHANES participants aged 20–69 y were examined
in a mobile examination center (MEC). Among those, 1103
nonpregnant participants were randomly selected to collect a 24-
h urine specimen and 827 provided a complete specimen for
the initial collection (completeness criteria defined below). This
resulted in an overall component response rate of 50% [75%
(24-h urine response rate) × 66% (examination response rate
for adults aged 20–69 y)] for the initial 24-h urine collection
(19). Of the 585 selected to complete a second 24-h urine
collection, 436 participants (75%) provided a second complete
specimen. The 24-h urine collection protocol was approved
by the National Center for Health Statistics Research Ethics
Review Board. All participants provided informed consent. For
this analysis, participants with unreliable initial dietary recalls or
whose recalls did not meet minimum criteria (n = 48) (20), those
with missing anthropometric measures (n = 18), or missing data
for covariates (n = 31) were sequentially excluded. This yielded
a final sample of 730 participants for the analyses (Supplemental
Figure 1).

Measures

Outcomes.

All anthropometric data were collected in the MEC using
standard procedures and equipment by trained health technicians,
as described in detail elsewhere (21). BMI was calculated as body
weight in kilograms divided by height in meters squared (kg/m2).
Obesity was defined as BMI ≥30, overweight as 25 ≤ BMI < 30;
overweight/obesity was defined as BMI ≥25 (22). We used WC
as a measure of central adiposity (defined as WC >88 cm for
women and >102 cm for men) (23).

Usual 24-h sodium excretion.

Detailed urine data collection procedures have been described
elsewhere (18, 24, 25). Briefly, a random half sample of
nonpregnant participants aged 20–69 y, examined in the MEC,
were selected to collect their urine for a 24-h period. Initially,
half of those who completed the initial 24-h urine collection
were randomly selected to collect a second 24-h urine specimen
3–10 d later, but later in the study, all those with a complete
initial 24-h urine collection were invited to participate. The 24-
h urine collection started and ended at a urine study MEC. The
completeness of 24-h urine collection was defined on the basis
of the following criteria: 1) the collection start and end times
were recorded; 2) the length of collection was ≥22 h; 3) the
total urine volume was ≥400 mL; 4) the participant reported no
more than a few drops of urine missed during collection; and
5) if the participant was a female, she reported not menstruating
during the urine collection. Data from ≤2 specimens/participant
were used in measurement error models (described below in the
“Statistical analyses” section) to adjust for within-person day-to-
day variability in sodium excretion.

Covariates.

Age, sex, race–Hispanic origin, other demographic charac-
teristics, and health behaviors were self-reported (26). Race–
Hispanic origin was categorized as non-Hispanic white, non-
Hispanic black, non-Hispanic Asian, Hispanic, and other (in-
cluding multiracial). Poverty-income ratio (PIR) was calculated
as family income relative to the 2014 Department of Health
and Human Services poverty guidelines and was categorized as
≤130% or >130% on the basis of commonly used thresholds
for federal assistance programs. Educational attainment was
categorized as ≤12 y of education or GED (general equivalency
diploma) compared with >12 y of education. Self-reported
physical activity was based on responses to a questionnaire
about work, transportation, and leisure-time activities in a
typical week, which is based on the Global Physical Activity
Questionnaire. Physical activity was defined as active (≥75
min/wk of vigorous intensity or ≥150 minutes/wk of moderate
or an equivalent combination of moderate and vigorous intensity
activity), intermediate (5–74 min/wk of vigorous intensity or
10–149 min/wk of moderate or an equivalent combination of
moderate and vigorous intensity activity), or inactive (27).
Smoking status was categorized as current smoker, former
smoker, or never smoked. Heavy alcohol use was defined as
consumption of ≥8 drinks/wk for women or ≥15 drinks/wk for
men.

http://www.cdc.gov/rdc
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Usual dietary energy and SSB intake were examined as po-
tential confounding/mediating factors of the sodium excretion–
adiposity associations. Participants provided at least one 24-h
dietary recall. The first dietary recall was administered in person
at the MEC, followed by a second recall via telephone 3–10 d
later. Nutrient intakes from foods and beverages were estimated
by using the USDA’s Food and Nutrient Database for Dietary
Studies 2013–2014 (28). The definition of SSBs is consistent with
other reports and includes regular soda, fruit drinks (including
sweetened bottled waters and fruit juices and nectars with added
sugars), sports and energy drinks, sweetened coffees and teas,
and other SSBs (including horchata and sugar cane beverages)
(29). SSBs do not include diet drinks; 100% fruit juice; beverages
sweetened by the participant, including coffee and teas; alcohol;
or flavored milks. The USDA food codes for the beverages above
were used to aggregate data to calculate participants’ total SSB
intake (28). The amount of food or beverage consumed is listed
in grams by NHANES; therefore, SSB intake was calculated and
reported as grams per day.

Statistical analyses

Estimating usual sodium excretion and nutrient and
food intake.

In order to estimate participants’ usual sodium excretion or
usual dietary intakes of total energy and SSBs, we used a method
developed by the National Cancer Institute (NCI) to account for
within- and between-person variations in excretion/intake. The
NCI method for estimating usual excretion/intake uses 2 steps.
The first step is a 2-part model (MIXTRAN macro) for repeated
measures of nutrient data with correlated random effects. The first
part of the model estimates the probability of the consumption of
an episodically consumed dietary constituent (i.e., SSB). Because
nearly every participant consumed sodium and energy daily, for
these variables we used only the second part of the 2-part model
to specify the consumption-day amount, whereas for SSB intake
we used both parts of the model. The data on amount consumed
were transformed to approximate normality using Box-Cox
transformation. The second step in the NCI method calculates
the individual’s usual excretion/intake using estimated model
parameters from the first step (30). The NCI method requires that
at least some of the respondents have multiple days of nutrient
values to estimate the within- and between-individual variations
(30, 31). In our study, 390 (54.1%) participants provided two 24-
h urine collections and 672 participants (92.4%) had 2 reliable
dietary recalls.

For the baseline characteristics, the models included the
following covariates: an indicator of sequence number (first
compared with second day of urine collection or dietary recall),
day of the week when the 24-h urine or dietary recall was
collected [weekday compared with weekends (Friday–Sunday)],
age, sex, and race–Hispanic origin. For the association analyses,
along with the aforementioned covariates, we further included
physical activity, educational attainment, smoking status, alcohol
consumption, and either usual total energy or SSB intake based on
the adjusted covariates in each linear or logistic model (described
below).

Statistical tests and models.

To assess mean differences of continuous variables between
groups, t tests were used. Rao-Scott F-adjusted chi-square tests
were used for categorical variables. Multiple linear regression
was used to examine the association of the estimated usual
sodium excretion (independent variable) with continuous mea-
sures of BMI and WC (dependent variables). We used multiple
logistic regression with usual sodium excretion as a continuous
variable to assess its associations with overweight/obesity and
central adiposity. To present prevalence ratios (PRs) in a quartile
fashion, we calculated the estimated usual sodium excretion at
the middle value of each quartile: at the 87.5th percentile for
the highest quartile (quartile 4), the 62.5th percentile for quartile
3, the 37.5th percentile for quartile 2, and the 12.5th percentile
for the lowest quartile (quartile 1). We used the parameters from
the logistic regression models to estimate the adjusted PRs by
comparing the prevalences for the 87.5th, 62.5th, and 37.5th per-
centiles of usual sodium excretion as a continuous variable with
that for the 12.5th percentile (quartiles 4, 3, and 2 compared with
quartile 1).

For both linear and logistic regression analyses, we adjusted
for demographic variables including age, sex, and race–Hispanic
origin (model 1). Next, we further adjusted for physical activity,
educational attainment, smoking status, and alcohol consumption
(model 2). To examine potential mediation by usual total energy
intake or SSB intake, model 3 included all variables in model
2 and added usual energy intake, whereas model 4 included
all variables in model 3 but replaced energy intake with SSB
intake. Using the parameters from the multiple linear regression
(model 3), we also calculated the adjusted mean BMI and WC
across the middle value of the quartiles (12.5th, 37.5th, 62.5th,
and 87.5th percentiles) of estimated usual sodium excretion. We
examined the interaction between usual sodium excretion and
other covariates by including the interaction terms in the multiple
regression models. Bonferroni correction was used to correct
P values for multiple comparisons when examining potential
interactions.

We performed several sensitivity analyses, as follows:

1) Because there was a relatively large number of participants
with missing PIR (n = 41), we assessed the effect of PIR on
the associations of usual sodium excretion with adiposity
outcomes separately.

2) We categorized BMI as obesity (≥30.0) compared with
nonobesity (<30) and analyzed the association between
usual 24-h sodium excretion with obesity.

3) We categorized BMI as obesity (≥30.0), overweight (25.0–
29.9), and normal weight (<25) and conducted multinomial
logistic regression to investigate the association of usual
24-h sodium excretion with obesity and overweight,
respectively.

4) We stratified analyses by sex, given that higher sodium and
energy intakes have been observed in men than in women.

5) We replaced estimated usual sodium excretion with the
first 24-h sodium excretion to examine if the associations
still held when not accounting for within-person day-to-day
variability in excretion.

6) Among the 730 participants who provided a complete ini-
tial 24-h urine collection, we further excluded participants
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with potentially incomplete 24-h urine collection based on
both Joossens and Geboers’ (32) and Mage’s creatinine
criteria to determine whether incomplete urine collection
could explain our associations (33). No creatine criteria
are universally accepted. Although Joossens and Geboers’
criteria are more commonly used than Mage’s, Joossens
and Geboers’ criteria were developed and validated in
a mainly white population. Mage’s criteria adjust for
differences by race-ethnicity (34). Participants with an
observed-to-expected 24-h creatinine excretion ratio <0.7
were identified as having potentially incomplete 24-h urine
collection (34, 35) and were excluded.

All of the statistical analyses were conducted in SAS
(version 9.3; SAS Institute, Inc.) or SAS-callable SUDAAN (RTI
International) with 1-y 24-h urine sample weights to account
for nonresponse and the complex sampling design of NHANES.
All tests were 2-sided, and P values <0.05 were considered
significant.

Results
The weighted prevalences ± SEs of overweight/obesity

(n = 523) and central adiposity (n = 417) among US adults
aged 20–69 y were 72.5% ± 2.8% and 58.8% ± 3.1%,
respectively (Table 1, Supplemental Table 1). Participants who
were overweight/obese or who had central adiposity differed
from their counterparts in age, race–Hispanic origin, physical
activity, and educational levels (Table 1). Mean ± SE BMI and
WC for the study population were 30 ± 0.5 and 101 ± 1.2
cm, respectively. The mean usual sodium excretion estimated
from up to two 24-h urine sodium excretion was 3567 ± 40.0
mg/d. Persons with overweight/obesity or central adiposity had a
significantly higher estimated usual sodium excretion compared
with other adults. On the other hand, no difference in estimated
usual energy or SSB intakes was observed by overweight/obesity
or central adiposity status (Table 1).

Estimated usual sodium excretion was positively associated
with BMI and WC after adjustment for potential confounding
variables. As shown in Table 2, each 1000-mg/d higher usual
sodium excretion was significantly associated with a BMI that
was 3.8 units higher (95% CI: 2.8, 4.8 units; P < 0.001) and a WC
that was 9.2 cm greater (95% CI: 6.9, 11.5 cm; P < 0.001), after
adjusting for age, sex, race–Hispanic origin, physical activity, al-
cohol consumption, smoking, and education (model 2). The asso-
ciations were almost the same when we further adjusted for either
usual total energy intake (model 3) or usual SSB intake (model 4).

The adjusted mean BMI was significantly higher with greater
usual sodium excretion—that is, from 25.7 (95% CI: 25.0, 26.4)
at the 12.5th percentile of usual sodium excretion to 33.8 (95%
CI: 31.9, 35.7) at the 87.5th percentile (P-trend < 0.001) as shown
in Figure 1. A similar trend was observed for WC; adjusted mean
WC was greater with higher usual urinary sodium excretion (P-
trend < 0.001) from 91.0 cm (95% CI: 89.0, 93.1 cm) at the 12.5th
percentile to 110.6 cm (95% CI: 106.3, 114.8 cm) at the 87.5th
percentile.

Positive associations of estimated usual sodium excretion
with overweight/obesity and central adiposity were observed and
are summarized in Table 3. The adjusted PR comparing the
prevalence of overweight/obesity among adults in the highest

quartile of sodium excretion with those in the lowest quartile
was 1.93 (95% CI: 1.69, 2.20), after adjusting for age, sex,
race–Hispanic origin, physical activity, alcohol consumption,
smoking, education, and usual total energy intake (Table 3, model
3). When usual SSB intake was substituted for usual total energy
intake, the positive association with overweight/obesity was not
meaningfully altered (adjusted PR: 1.86; 95% CI: 1.64, 2.11)
(Table 3, model 4). Similarly, the predicted prevalence of central
adiposity was ∼2 times higher in the highest quartile of sodium
excretion compared with the lowest quartile after adjusting for
potential confounding/mediating variables including either usual
total energy intake in model 3 (adjusted PR: 2.07; 95% CI: 1.74,
2.46) or usual SSB intake in model 4 (adjusted PR: 1.99; 95% CI:
1.68, 2.36).

In sensitivity analyses, we examined whether PIR modified
the associations of usual sodium excretion with measures of
adiposity in separate analyses (Supplemental Tables 2 and 3).
The significant associations were not altered by adding PIR
in the models; therefore, we did not include PIR in our main
analyses. With BMI categorized as obesity (BMI ≥30) compared
with nonobesity (BMI <30) (Supplemental Table 4) or obesity
(BMI ≥30), overweight (25.0–29.9), and normal weight (BMI
<25) (Supplemental Table 5), the positive associations between
usual sodium excretion and obesity remained robust. There were
no significant interactions between usual sodium excretion with
the covariates in all multiple linear and logistic models after
Bonferroni correction for multiple comparison (data not shown).
Significant positive associations between usual sodium excretion
and both overweight/obesity and central adiposity were observed
among both male and female participants in stratified analyses
(Supplemental Table 6).

When we used only the first 24-h urine sodium excretion
(instead of estimated usual excretion based on measurement
error models using up to two urine collections) to examine the
association with adiposity outcomes, we observed weaker, but
still significant, positive associations (Supplemental Tables 7
and 8). Last, in analyses excluding participants with potentially
incomplete 24-h urine collection using an expected creatinine
excretion ratio <0.7 based on both Joossens and Geboers’ (32)
and Mage’s (33) definitions, the associations did not substantially
change (Supplemental Tables 9–12).

Discussion
In the present study with the use of 24-h urine collections

in a nationally representative sample of US adults for the
first time, we found that higher usual sodium excretion was
associated with higher BMI, greater WC, and higher prevalences
of overweight/obesity and central adiposity. These associations
remained significant after further adjusting for usual total energy
or SSB intake, which is consistent with previous studies.

A direct positive association between sodium intake and
obesity has been reported in several studies (5–7, 9, 10,
14), although the magnitude of the association differs. The
heterogeneity between studies may potentially be related to
differences in methods used to assess sodium intake and study
population and design. Among studies that used 24-h sodium
excretion to assess sodium intake, a study in 1043 young Japanese
women found that greater 24-h urinary sodium excretion was
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TABLE 1 Sociodemographic and other characteristics by overweight/obesity and central adiposity among US adults aged 20–69 y, NHANES 20141

Overweight/obesity Central adiposity

Characteristics All participants Yes No P Yes No P

All,2 % 72.5 ± 2.8 27.5 ± 2.8 58.8 ± 3.1 41.2 ± 3.1
Age, y 43 ± 1.0 44 ± 1.0 41 ± 1.6 0.03 46 ± 1.0 40 ± 1.2 <0.0001
Male, % 49.5 ± 2.2 51.6 ± 2.1 43.8 ± 4.8 0.15 42.1 ± 3.1 59.9 ± 4.0 0.004
Race–Hispanic origin,3 % 0.01 0.01

Non-Hispanic white 65.1 ± 5.7 63.9 ± 5.8 68.2 ± 7.0 65.9 ± 6.0 64.0 ± 5.9
Non-Hispanic black 11.2 ± 3.2 12.0 ± 3.3 9.2 ± 3.0 11.7 ± 3.6 10.5 ± 2.8
Non-Hispanic Asian 4.9 ± 1.5 3.0 ± 0.9 10.1 ± 3.2 2.3 ± 0.9 8.7 ± 2.5
Hispanic 15.8 ± 2.9 18.6 ± 3.2 8.6 ± 3.0 17.8 ± 3.5 13.1 ± 2.5

Family poverty-income ratio,4 % 0.32 0.17
≤130% 26.9 ± 3.1 27.9 ± 3.0 24.3 ± 4.3 29.0 ± 2.9 24.0 ± 4.1
>130% 73.1 ± 3.1 72.1 ± 3.0 75.7 ± 4.3 71.0 ± 2.9 76.0 ± 4.1

Physical activity,5 % 0.03 0.003
Active 62.4 ± 3.2 59.6 ± 3.4 69.7 ± 4.7 57.3 ± 3.2 69.6 ± 4.4
Intermediate 15.8 ± 2.6 15.4 ± 2.0 16.8 ± 5.3 16.7 ± 1.9 14.6 ± 4.0
Inactive 21.8 ± 2.3 25.0 ± 2.5 13.5 ± 2.5 26.1 ± 2.7 15.8 ± 2.4

Education, % <0.001 0.004
≤12 y or GED 39.8 ± 3.2 44.8 ± 3.4 26.6 ± 2.7 45.0 ± 3.4 32.4 ± 3.4
>12 y 60.2 ± 3.2 55.2 ± 3.4 73.4 ± 2.7 55.0 ± 3.4 67.6 ± 3.4

Smoking status, % 0.50 0.13
Current smoker 22.4 ± 1.7 21.8 ± 1.6 24.0 ± 3.8 22.6 ± 1.9 22.2 ± 2.8
Former smoker 19.8 ± 2.5 21.1 ± 2.7 16.5 ± 3.6 22.4 ± 3.3 16.1 ± 2.5
Never smoked 57.8 ± 2.7 57.1 ± 2.9 59.5 ± 5.3 55.1 ± 2.9 61.6 ± 3.5

Heavy user of alcohol,6 % 9.6 ± 1.5 8.4 ± 1.6 12.6 ± 3.5 0.31 8.7 ± 1.7 10.8 ± 2.8 0.55
Twenty-four-hour sodium excretion,

mg/d
3567 ± 40.0 3727 ± 43.5 3145 ± 55.0 <0.0001 3653 ± 58.1 3443 ± 35.3 0.01

BMI, kg/m2 30 ± 0.5 33 ± 0.4 22 ± 0.1 <0.0001 34 ± 0.5 24 ± 0.2 <0.0001
Waist circumference, cm 101 ± 1.2 108 ± 1.2 81.9 ± 0.6 <0.0001 111 ± 1.1 86 ± 0.6 <0.0001
Energy intake, kcal/d 2157 ± 33.4 2182 ± 38.0 2091 ± 62.0 0.22 2102 ± 38.9 2236 ± 61.2 0.08
SSB intake,7 g/d 418 ± 17.8 435 ± 18.2 369 ± 39.9 0.15 408 ± 23.3 434 ± 30.1 0.52

1Values are weighted means ± SEs for continuous variables or weighted percentages ± SEs for categorical variables. Overweight/obesity was defined as
BMI (kg/m2) ≥25; central adiposity was defined as waist circumference >102 cm for men and >88 cm for women. For categorical variables, we used
Rao-Scott F-adjusted chi-square test; t test was used to examine whether the mean of continuous variables varied by groups. All tests were 2-sided. GED,
general equivalency diploma; SSB, sugar-sweetened beverage.

2Row percentages are presented in this line; column percentages are presented in all other lines. Unweighted sample sizes are provided in Supplemental
Table 1.

3Estimates from participants who reported other non–Hispanic races including non–Hispanic multiracial are not presented separately.
4Family poverty-income ratio was defined as total family income divided by 2014 Department of Health and Human Services poverty guidelines

multiplied by 100. Participants with missing income (n = 46) were not included.
5Active: ≥150 min/wk at moderate intensity or ≥75 min/wk at vigorous intensity or ≥150 min/wk at moderate + vigorous intensity. Intermediate:

10–149 min/wk at moderate intensity or 5–74 min/wk at vigorous intensity or 10–149 min/wk at moderate + vigorous intensity.
6Heavy user of alcohol was defined as self-reported consumption of ≥8 drinks/wk for women or ≥15 drinks/wk for men.
7Analysis was conducted in a subsample of participants who consumed SSBs on either dietary recall day because 38.9% (n = 284) of participants did

not report consuming any SSBs on the day of survey, which resulted in left-skewed distribution of SSBs.

associated with a higher odds of overweight/obesity (adjusted OR
comparing quartile 4 with quartile 1: 2.49; 95% CI: 1.15, 5.42)
and central adiposity (adjusted OR comparing quartile 4 with
quartile 1: 1.77; 95% CI, 1.00, 3.16) (7). A study from the United
Kingdom showed that a 1-g/d higher intake of salt was associated
with higher odds of overweight/obesity (OR: 1.26; 95% CI:
1.16, 1.37) and central adiposity (OR: 1.22; 95% CI: 1.14, 1.32)
independent of energy intake (10). Similarly, in adults living in
New York City, 24-h sodium excretion was positively associated
with obesity (OR: 1.26; 95% CI, 1.11, 1.42), BMI, and WC;
however, it was not certain if the association was independent of
energy intake because energy intake data were not available and
diet quality was used as a proxy for caloric intake (9).

Although our findings are consistent with these previous
studies, the magnitude of the observed association was stronger
in the present study. The stronger association in our study may
be due to our use of measurement error models to estimate usual
sodium excretion to account for day-to-day variability in sodium
excretion. When we used only data from the first 24-h urine
collection in sensitivity analyses, substantial attenuation occurred
in the association between sodium excretion with all measures of
adiposity (Supplemental Tables 7 and 8). Studies have shown that
within-person day-to-day variation in 24-h sodium excretion was
equal or greater than between-person variability (36). None of
the aforementioned studies accounted for day-to-day variability
in sodium excretion.
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TABLE 2 Association of usual 24-h sodium excretion (independent variable) with BMI and WC (dependent variable) among US adults aged 20–69 y,
NHANES 20141

BMI WC

Usual sodium excretion β-Coefficient (95% CI) P β-Coefficient (95% CI) P

Model 1 3.8 (2.8, 4.8) <0.001 9.1 (6.6, 11.6) <0.001
Model 2 3.8 (2.8, 4.8) <0.001 9.2 (6.9, 11.5) <0.001
Model 3 3.8 (2.8, 4.8) <0.001 9.2 (6.9, 11.5) <0.001
Model 4 3.8 (2.8, 4.7) <0.001 9.2 (7.0, 11.4) <0.001

1The unweighted sample size in each model is 730. β-Coefficients for usual sodium excretion represent change in BMI or WC (centimeters) associated
with per 1000-mg/d higher usual sodium excretion. Model 1 adjusted for age, sex, and race–Hispanic origin; model 2 adjusted for age, sex, race-Hispanic
origin, physical activity, alcohol consumption, smoking status, and educational attainment; model 3 adjusted for covariates of model 2 plus usual total energy
intake; model 4 adjusted for covariates of model 2 plus usual sugar-sweetened beverage intake. All tests were 2-sided and based on Satterthwaite adjusted F
test. WC, waist circumference.

Several mechanisms may explain the association of sodium
intake with obesity. One possibility could be that excessive
sodium intake is the result of a higher intake of energy-dense food
or higher intake of SSBs. It is well accepted that a high dietary

salt intake induces thirst, which may lead to increased intake
of SSBs and may thereby contribute to obesity (37). However,
recent experimental studies in humans showed that increasing
salt intake induced body osmolyte-free water accrual that actually

FIGURE 1 Adjusted mean BMI (A) and waist circumference (B) by midvalue of the quartile of the estimated usual 24-h sodium excretion: NHANES
2014. Adjusted variables were age, sex, race–Hispanic origin, physical activity, alcohol consumption, smoking status, educational attainment, and usual total
energy intake. The midpoint values for usual sodium excretion in each quartile are as follows: quartile 1, 2554 mg/d; quartile 2, 3192 mg/d; quartile 3, 3775
mg/d; quartile 4, 4770 mg/d. P values indicate tests for trend from the survey-adjusted regression models. Q, quartile.
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TABLE 3 Association between usual sodium excretion (independent variable) and overweight/obesity status (dependent variable) among US adults aged
20–69 y, NHANES 20141

Midvalue of quartiles of estimated usual sodium excretion, PR (95% CI)

Q1: 12.5th
percentile

Q2: 37.5th
percentile

Q3: 62.5th
percentile

Q4: 87.5th
percentile P-trend

Usual sodium excretion,2 mg 2505 3176 3753 4662
Overweight/obesity

Model 1 Ref 1.33 (1.24, 1.43) 1.61(1.44, 1.79) 1.86 (1.64, 2.12) <0.001
Model 2 Ref 1.36 (1.26, 1.46) 1.60 (1.44, 1.79) 1.87 (1.65, 2.13) <0.001
Model 3 Ref 1.38 (1.28, 1.49) 1.65 (1.48, 1.85) 1.93 (1.69, 2.20) <0.001
Model 4 Ref 1.35 (1.26, 1.45) 1.60 (1.44, 1.77) 1.86 (1.64, 2.11) <0.001

Central adiposity
Model 1 Ref 1.30 (1.20, 1.40) 1.59 (1.40, 1.81) 1.97 (1.66, 2.34 <0.001
Model 2 Ref 1.33 (1.23, 1.43) 1.60 (1.41, 1.81) 2.00 (1.69, 2.37) <0.001
Model 3 Ref 1.35 (1.25, 1.46) 1.65 (1.45, 1.88) 2.07 (1.74, 2.46) <0.001
Model 4 Ref 1.32 (1.22, 1.43) 1.60 (1.41, 1.81) 1.99 (1.68, 2.36) <0.001

1The unweighted sample size in each model is 730. P values for trend across percentiles of estimated usual sodium intake based on Satterthwaite
adjusted F test; all tests were 2-sided. Model 1 adjusted for age, sex, and race–Hispanic origin; model 2 adjusted for age, sex, race-Hispanic origin, physical
activity, alcohol consumption, smoking status, and educational attainment; model 3 adjusted for covariates of model 2 plus usual total energy intake; model 4
adjusted for covariates of model 2 plus usual sugar-sweetened beverage intake. PR, prevalence ratio; Q, quartile; Ref, reference.

2This row shows midvalues of quartiles of estimated usual sodium excretion.

reduced thirst and fluid intake (38). When we included total
energy or SSB intake in our models, the associations were not
altered, which raises the possibility that high sodium intake
could directly be associated with obesity. However, biological
mechanisms for a direct association are unclear. A recent human
study indicated that a high-salt diet increased fasting ghrelin,
which regulates appetite, glucose homeostasis, and fat deposition,
and may contribute to the progression of obesity (39). In addition,
salty food itself has been suggested as an obesogenic mechanism
by which sodium intake is associated with obesity (40). In
this hypothesis, salty foods stimulate the brain’s reward and
pleasure centers, thus producing an addiction to these foods,
augmenting the incidence of overeating and obesity. In animal
studies, a high-salt diet enhanced the adipocyte insulin sensitivity
for glucose uptake and the insulin-induced glucose metabolism,
promoting adipocyte hypertrophy and increasing the mass of
white adipose tissue and leptin production in rats (15, 41). High
salt intake induced leptin resistance and obesity in mice through
endogenous fructose production (42). Several epidemiologic
studies also showed that salt intake, independent of energy intake,
was positively associated with abdominal adipose tissue, leptin
concentrations, and percentage of body fat, indicating that higher
sodium intake somehow alters body fat metabolism (8, 43, 44).

Our study has several strengths. To our knowledge, it is
the first study to assess the association between 24-h sodium
excretion and obesity among a nationally representative sample
of US adults. We used 24-h urine collection, a recommended
gold-standard method for assessing population sodium intake,
which avoids the potential bias from underreporting that is often
observed in dietary recalls (17) and captures sodium intake
from all food sources including discretionary salt use (45, 46).
Furthermore, we used a measurement error model to estimate
usual sodium excretion from up to two 24-h urine collections to
account for within-person day-to-day variation. Nevertheless, our
study had several limitations. First, the collection of self-reported
dietary data, which were used to derive usual energy and SSB

intakes, was not concurrent with urine collection and may have
been affected by recall bias, especially among overweight and
obese persons (17). Second, although we adjusted for multiple
confounding variables, the effects of residual or other unknown
confounding factors cannot be excluded. Finally, due to the
cross-sectional nature of the study, our results do not support
causality. In order to determine whether this is a causal relation,
longitudinal studies of high quality (i.e., large sample size),
with repeated measures of 24-h sodium excretion, energy intake,
and anthropometry measures, followed by interventional studies
where sodium intake is reduced in adults are needed, along with
further investigations of the biological mechanisms underlying
the possible relation.

Our study, which used a nationally representative sample of
adults aged 20–69 y in the US population, showed significant
positive associations between usual sodium intake on the basis
of 24-h sodium excretion and various measures of adiposity,
independent of energy or SSB intake. Our findings, together with
others, provide important evidence suggesting that high sodium
intake may play a role in obesity. Further interventional studies
might lead to a better understanding of whether reduction in
sodium intake could help reduce weight or the risk of developing
obesity.
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