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Abstract
Higher intakes of Namay contribute to weight gain. The primary aim of this systematic review andmeta-analysis was to examine the relationship
between dietary Na intake andmeasures of adiposity in children and adults. Given the previous link between Na intake and the consumption of
sugar-sweetened beverages (SSB), which are a known risk factor for obesity, a secondary aim examining the relationship betweenNa intake and
SSB consumptionwas assessed. A systematic literature search identified cross-sectional and longitudinal studies and randomised controlled trials
(RCT) which reduced dietary Na (≥3months). Meta-analysis was performed for outcomes with ≥3 studies. Cross-sectionally higher Na intakes
were associated with overweight/obesity in adults (five studies; n 11 067; OR 1·74; 95 % CI 1·43, 2·13) and in children (three studies; n 3625,
OR 3·29; 95 % CI 2·25, 4·80), and abdominal obesity (five studies; n 19 744; OR 2·04; 95 % CI 1·72, 2·42) in adults. Overall, associations remained
in sensitivity analyses which adjusted for energy. Findings from longitudinal studies were inconsistent. RCT in adults indicated a trend for lower
bodyweight on reduced-Na comparedwith control diets (fifteen studies;n 5274;−0·29 kg; 95 %CI−0·59, 0·01; P= 0·06); however, it is unclear if
energy intakes were also altered on reduced-Na diets. Among children higher Na intakes were associated with higher intake of SSB (four studies,
n 10 329, b= 22, 16 and 26 g/d); no studies were retrieved for adults. Overall, there was a lack of high-quality studies retrieved. While cross-
sectional evidence indicates Na intake was positively associated with adiposity, these findings have not been clearly confirmed by longitudinal
studies or RCT.
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Globally, the high prevalence of overweight and obesity among
children and adults presents a major public health burden(1).
Excess body weight (BW) is linked to a range of detrimental
health and psychological outcomes(2) and while the causes are
complex and multifactorial, an unhealthy dietary pattern high
in energy intake is a major contributing factor(3,4). Although
the key factor driving obesity is the consumption of energy
intake in excess of requirements, there is emerging evidence that
the consumption of dietary Na in excess of requirements in
the form of salt is implicated in excess weight gain among
children(5–7) and adults(8–12). Firstly, the addition of sodium chlo-
ride (salt) increases the palatability of many foods and encour-
ages greater energy intake(13). Secondly, population-based
studies in children have indicated that a diet high in Na may
encourage the consumption of energy-rich sugar-sweetened
beverages (SSB)(14–16), probably via the effects of Na on thirst

and resultant fluid intake(17,18). Although the underlying mecha-
nisms which may link Na intake to adiposity remain to be eluci-
dated given the ubiquity of Na in the food supply(19), it is
important to understand if there are additional health concerns
of a high-Na diet, which go beyond the traditional concerns of
blood pressure(20) and cardiovascular health(21). This information
can be used to inform obesity prevention strategies. To date, the
emerging literature surrounding Na intake and adiposity out-
comes in children and adults has not been systematically
reviewed. The collation of this information can be used by health
care providers and policy makers.

To provide insight beyond cross-sectional associations of
increased Na intake and obesity(22), three levels of evidence
are included: cross-sectional, longitudinal studies and rando-
mised controlled trials (RCT). The primary aim of this systematic
review and meta-analysis was to examine the relationship

Abbreviations: BW, body weight; NOS, Newcastle–Ottawa Scale; RCT, randomised controlled trial; SSB, sugar-sweetened beverage; WC, waist circumference.
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between dietary Na intake and measures of adiposity in children
and adults. The primary outcome for RCT was change in BW fol-
lowing a reduced-Na diet; for observational studies, it was BMI
andweight category (i.e. ‘healthyweight’ v. ‘overweight/obese’).
Secondary outcomes for adiposity measures in observational
studies included BW, abdominal obesity and body composition.
Across these three levels of evidence, it was hypothesised that
cross-sectionally Na intake would be positively associated with
measures of adiposity, longitudinally Na intake would predict
increased measures of adiposity and within RCT a reduced-Na
diet would result in a reduction in BW. Because SSB consump-
tion has previously been identified as a potential dietary factor
that may mediate the relationship between higher Na intakes
and adiposity outcomes(14,16,18), a secondary aim of this review
was to examine the relationship betweenNa intake and SSB con-
sumption. Findings from this aim can aid in the interpretation of
potential pathways linking Na intake with adiposity outcomes.

Methods

The protocol for this research has been published(23) and regis-
tered with the International Prospective Register of Systematic
Reviews (PROSPERO) (registration number CRD42015016440).
The conduct and reporting of this review adhere to the
Preferred Reporting Items for Systematic Review and Meta-
Analysis (PRIMSA) guidelines(24). No ethical approval was
required for this research.

Search strategy

An electronic search was conducted in October 2015 using
Medline Complete (EBSCO Host), CINAHL (EBSCO Host),
Scopus, Embase and Cochrane central register of controlled trials
(CENTRAL)(23). We searched for articles which included a mea-
sure of dietary Na/salt intake, for example, ‘sodium intake’ OR
‘salt intake’ OR ‘sodium, dietary’ and an adiposity related out-
come, for example, ‘bmi’ OR ‘obes*’ OR ‘waist circumference’
OR ‘body fat’ OR ‘sugar-sweetened beverage’ (online
Supplementary Table S1). An additional search strategy was
developed to capture Na reduction RCT. In this search, no out-
come concept was specified and the exposure concept was
expanded, for example, ‘sodium redc*’ OR ‘salt restrict*’ (online
Supplementary Table S2). Both searches were re-run and
included articles published up until 18 July 2019. Table 1 shows
the different outcomes that were examined for each aim of the
study. For observational studies, we selected BMI and weight
category as the primary outcome to reflect overall body size.
Secondary outcomes included (i) BW, (ii) abdominal adiposity,
for which we preferentially extracted either waist circumference
(WC) or categorical abdominal adiposity group overwaist:height
ratio as thesemeasures aremore commonly cited in the literature
and a better predictor of chronic disease risk and (iii) body com-
position, based on existing evidence in animals indicating Na
intake may affect the development of adipose cells, we were pri-
marily interested in markers of body fat (e.g. percentage body
fat, fat mass and visceral fat), however to capture the full picture
of Na’s potential role on body composition reported, lean mass
and fat free mass measures were also extracted. For RCT, BW

was selected as the primary outcome to reflect change in weight
gain this is because within an RCT height is not a confounder for
an individual’s body size.

Eligibility criteria

The expertise of the research team was used to develop the
inclusion and exclusion criteria. Only peer-reviewed original
research articles published in English and conducted in humans
aged 1þ years were included. We included cross-sectional stud-
ies and longitudinal studies (≥1 year duration) which reported
on the relationship between Na intake and either a measure
of adiposity or SSB consumption. As the research question
relates to the effect of Na intake on adiposity outcomes, we only
included cross-sectional studies that reported associations with
Na intake as the independent variable and a measure of adipos-
ity as the dependent variable. This meant that studies which
reported findings as linear regression using models with adipos-
ity outcomes as the independent variable and Na intake as the
dependent variable were excluded; in addition, studies that pre-
sented Na intake by weight category with ANOVA analysis were
excluded.We included RCTwhichmeasured BW and included a
Na reduction arm ≥3 months with a control group, that is, ‘usual
care/regular diet’. Those with a Na reduction arm <3 months
were excluded due to the short-term effects of Na reduction
on extracellular fluid loss and change in BW. RCT which
included weight loss promoting strategies within the Na reduc-
tion arm (i.e. reduced energy intake, low-fat diet and physical
activity) or were designed to achieve weight loss were excluded
as it would not be possible to discern the effects of Na on BW
alone. For RCT with multiple intervention arms (e.g. weight loss
group, Na reduction only group and combined treatment group),
we only extracted data for the Na reduction group and control
group. RCT in which participants were taking antihypertensive
medications within a salt reduction intervention were included;
however, studies in which diuretic therapy commenced during
the intervention were excluded. On reviewing the results of our
search, RCT of salt restriction studies which incorporated testing
drug therapy known to affect appetite (e.g. paricalcitol) were
excluded.

We included both dietary (e.g. 24-h dietary recalls, food
records and FFQ) and urinary measures (e.g. 24-h urine, over-
night urine and spot urine) for Na intake; however, studies which
did not extrapolate a spot urine measure of Na concentration to
an estimate of daily intake were excluded. For all study types
where more than one measure of Na intake was reported (e.g.
urine and dietary) data from urinary measures were preferen-
tially extracted in this order 24-h urine collection, spot urine
and overnight urine. Studies that used a crude measure of Na
intake, for example, salty snack consumption, were excluded.
Other exclusion criteria were (1) studies which included partic-
ipants with renal disease, cancer, type 1 diabetes or heart failure,
who had undergone bariatric surgery or whowere pregnant and
(2) studies in which data could not be accurately extracted from
figures. Finally, in studies that used the same study population,
we included the study with the largest sample size or if the sam-
ple size was the same across studies, which reported on themost
comprehensive range of adiposity outcomes and/or adjusted for

410 C. A. Grimes et al.

https://doi.org/10.1017/S0007114520004122  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122


the most covariates. In observational studies which reported rel-
evant cross-sectional and longitudinal data, data were preferen-
tially extracted from the longitudinal analysis.

Data extraction

For 80 % of studies, data were extracted in duplicate (C. G.
extracted data for every study, duplicate extraction was per-
formed by either A. B., D. K., K. L. or C. S., the other 20 % of stud-
ies were extracted by one reviewer (C. G.) and data were
reviewed and confirmed by a second reviewer (K. B.)). Any dis-
crepancies were resolved via discussion and where necessary
with a third reviewer (C. N.). We extracted the following data:
(1) general characteristics of the study, (2) participant demo-
graphic characteristics, (3) Na intake and assessment method,
(4) definition of overweight and obesity and (5) confounder
adjustment. Summary tables of individual study characteristics
(online Supplementary Tables S3, S9, S11 and S13) and findings
organised by outcome (online Supplementary Tables S5–S9,
S15–S19) are provided in online Supplementary Tables. For
observational studies, data for all different measures of adiposity
reported were extracted; for children, BMI z-score was preferen-
tially extracted over BMI. For continuous data in order of prefer-
ence, the following was extracted: (i) means (SD, SE or 95 % CI) of
adiposity measures across ntiles of Na intake and/or regression
β-coefficients (95 % CI or SE) representing the difference in adi-
posity measure associatedwith a unit difference in Na intake and
(ii) correlation coefficients. For categorical data, OR (95 % CI or
SE) for the risk of adiposity outcome across ntiles of Na intake
and/or OR (95 % CI or SE) for the risk of adiposity outcome asso-
ciated with a unit difference in Na intake were extracted. In all
cases, the most adjusted model was preferentially extracted
and used in meta-analyses. However, due to the possible
confounding effects of energy and SSB intake, where possible
we extracted data from models with and without additional
energy adjustment (i.e. ‘adjusted base model (e.g. sex, age,
socio-economic status) þ energy intake’ v. ‘adjusted base
model’). For RCT, we extracted baseline and post-Na intake and
information on outcome data (i.e. mean change in BW from base-
line to end of intervention and an associated measure of variance,
e.g. SD, SE or 95% CI for control and intervention groups).

Quality assessment

A modified version of the Newcastle–Ottawa Scale (NOS)
for cohort studies was used to assess the study quality of

cross-sectional and longitudinal studies(25). This tool assigns stars
(0–7) to indicate higher quality based on three criteria (i.e. selec-
tion of study groups, comparability and outcome assessment).
We modified the tool to suit the context of studies included in
this review. For example, within the ‘selection of study groups
criteria’ it was not relevant to include NOS categories of ‘selec-
tion of the non-exposed cohort’, and ‘demonstration that out-
come of interest was not present at the start of the study’ as
such these were removed and the methodology used to deter-
mine Na intake was considered, for example, ‘assessment of
the exposure’ whereby 24-h urine collection was considered
of higher quality and scored more stars compared with a spot
urine collection or FFQ. We also altered the options for
‘Assessment of outcome’ to be relevant to the study review,
for example, more stars were assigned for an objectively mea-
sured adiposity outcome compared with a self-report measure.
Some studies which presented results for more than one adipos-
ity outcome varied in the number/types of covariates adjusted
for across outcomes. For our scoring, we based the criteria ‘com-
parability’ on those covariates which were adjusted for in the
model related to our primary outcome, that is, BMI/weight cat-
egory. Studies with total scores of ≥5*, 3–4* and ≤2* were
defined as high-, moderate- and low-quality studies, respec-
tively. The final scoring system used across the three NOS criteria
for adiposity outcomes for cross-sectional studies can be found
in online Supplementary Table S4 and for longitudinal studies in
online Supplementary Table S10. The final scoring system used
for SSB as an outcome for both cross-sectional and longitudinal
studies can be found in online Supplementary Table S20. For
RCT, a modified version of the Cochrane’s Collaboration risk
of bias tool was used(26). The domain ‘selective outcome report-
ing’ was omitted as it was deemed inapplicable as our primary
outcome BWwas not listed as an outcome in any of the assessed
trials.

Data synthesis and analysis

The findings of all included studies are presented in online
Supplementary summary tables organised by study type. A
meta-analysis was performed if ≥3 studies reported on an adi-
posity outcome in a consistent manner that allowed for pooled
analysis. Findings from studies not included in meta-analyses
were presented as a qualitative summary.

Observational studies. Due to variation in data presented across
cross-sectional studies, there were four types of meta-analyses that

Table 1. Outcomes by study design included in review

Aim Outcome Observational studies Randomised controlled trials

Primary aim Primary outcome BMI and weight category Body weight
Secondary
outcomes

(i) Body weight
(ii) Abdominal adiposity: assessed via waist

circumference (continuous)/categorical abdominal
adiposity group or waist:height ratio

Nil (it was not expected that Na-reduction
trials would report on these outcomes)

(iii) Body composition: assessed via body fat mass,
% body fat, visceral fat, lean mass, fat-free mass

Nil (it was not expected that Na-reduction
trials would report on these outcomes)

Secondary aim Outcome Sugar-sweetened beverage intake Not applicable
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were performed. Continuous data: (i) pooled mean difference in
adiposity outcome between the lowest and highest ntile of
salt intake. Mean difference (D) was calculated as ¼ upper ntile

� � lower ntile � and SED ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
varianceD

p
; where varianceD ¼

SD12
n1 þ SD22

n2
(27). For individual studies where the SD of means was

not available, these were calculated from reported SE, 95 % CI
or P value using standard formulas(28). (ii) Pooled β-coefficient
representing difference in adiposity outcome associated with
an additional 393 mg/d of Na (equivalent 1 g/d of salt).
Where necessary results from individual studies were standar-
dised to reflect a unit difference in Na intake of 393 mg/d (1 g/d
salt equivalent). Studies which only reported standardised
regression coefficients were excluded from the pooled analy-
ses. Categorical data: (i) pooled OR for risk of adiposity
outcome (i.e. either overweight/obesity or abdominal obesity)
comparing participants between the lowest and highest ntile
for Na intake and (ii) pooled OR for risk of adiposity outcome
associated with an additional 393 mg/d of Na (1 g/d salt). For
meta-analyses, all reported OR (SE) were converted to log
scale(28). Due to a low number of retrieved studies and large
variation in reporting, it was not possible to pool estimates
for longitudinal studies. For the secondary aim related to
SSB,only studies in childrenwere retrievedandpooledanalysis
was conducted using the β-coefficient (SE) associated with an
additional 393 mg/d of Na (1 g/d salt).

Randomised controlled trials. ForRCT, thepooledoutcomewas
netchangeinBW(D)withtheirstandarderrors(kg)betweenreduced-
Na group and control group (i.e. difference in change from baseline
between intervention and control group). For most studies which
did not report the SE of D, this was calculated from the reported
between groups P value or 95% CI(29–35) using standard formulas(28).
For six studies(36–40), we used information onwithin group change in
BW and its associated SD and the formula: D= experimental
within group difference for body weight − control within group
difference for body weight and SED ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

varianceD
p

where varianceD ¼ SD12
n1 þ SD22

n2
(27). For three of these studies(36–38),

the input values of within group mean difference and its associated
SDwerefirstcalculatedusingtheformulawithingroupmeandifference
(diff) = post body weight − baseline body weight and

SDdiff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SD21 þ SD22 � 2� r � SD1 � SD2

p
, assuming a correlation

coefficient r 0·6 for repeated measures of BW.Where BWmeasures
wereavailableatmultipletimepoints,weuseddatafromthelatesttime
point available. For RCTwhich included ameasure of BWbut did not
report required information on change in BW between groups and
were published in the last 10 years (i.e. 2007 onwards)
(n 10), we contacted the authors via email (maximum three times)
requesting this information(40–49). Two provided relevant data(39,40).

All meta-analyses were performed using inverse variance-
weighted random effects. Forest plots were used to display
results from meta-analyses. Total sample size estimates were
preferentially used in meta-analysis; however, if only stratified
sub-group estimates were reported (e.g. male and female) these
were utilised. Statistical heterogeneity was assessed using the
Cochran’s Q statistic, indicated by a P value of <0·10 and the
I2 statistic with 95 % CI(50); values of 30–50, 50–75 and
75–100 % indicated moderate, substantial and considerable

heterogeneity(28). Where sufficient study numbers allowed (≥3
studies in each sub-group), potential sources of heterogeneity
were explored using sub-group analyses (i) Na intake assess-
ment method (e.g. self-reported v. urinary measures), (ii) study
quality and (iii) sex. To explore the potential confounding effect
of energy intake on the association between Na intake and adi-
posity outcomes, sensitivity analyses of separate meta-analyses
were completed in the subsets of studies that adjusted for energy
intake. This was completed in cases where there were ≥3 effect
sizes which could be combined. Publication bias was only
assessed for meta-analyses that included ≥10 studies(28). This
was completed using funnel plots and Egger’s test for asymme-
try(28). STATA/SE software (StataCorp LP) 15.0 was used to per-
form all statistical analyses.

Results

The screening process for observational studies is displayed
in Fig. 1. Ultimately, there were eighty-one studies included
in the systematic review, seventy-five cross-sectional and
six longitudinal. Thirty-six cross-sectional studies were
included in meta-analysis. The screening process for RCT is
displayed in Fig. 2. Sixteen studies were included in the
systematic review and fifteen of these in meta-analysis.
Overall, across both search strategies, a greater number of
studies in adults were retrieved as opposed to in children.
Results are presented for adults, followed by children. For
each population group, findings are presented across each
of the three study designs (cross-sectional, longitudinal and,
RCT). This is completed for the primary aim related to adipos-
ity measures and then repeated for the secondary aim related
to SSB consumption.

Adults: cross-sectional studies (adiposity outcomes)

Fifty-nine cross-sectional studies reportedon the associationbetween
Na intake and a measure of adiposity (online Supplementary
Table S3)(9–12,35,51–104); thirty-three of these were included in meta-
analyses(9–11,53,59,60,62,63,65–67,69–71,73,75,76,79,80,83,85,88,91,93,95,97–104). Reasons
for exclusion from meta-analyses included: findings were only
presented as correlation coefficients (n 16)(35,54–56,61,68,77,78,81,
82,84,86,87,90,92,96) or as standardised regression coefficients
(n 4)(57,64,89,94), the exposure variable was presented as Na density
(n2)(12,72) or 24-h urinaryNaexcretionwas reported asNa concentra-
tion(mmol/l)(74)orona logarithmicscale(52,58).Of thestudies included
in meta-analyses, fourteen were from Asia(62,63,66,69,70,73,75,76,83,85,91,
97,100,101), eight from the USA(10,11,59,60,71,88,102,103), five from South and
Central America(53,65,79,80,93), four from Europe(9,67,95,99), one from
Samoa(98) and one included data collected across four countries
(e.g. Japan, USA, UK and China)(104). Most studies included female
and male participants; however, two studies were restricted to
males(60,67).ThemeasureofNa intakevariedacrossstudies, seventeen
studiesused24-hurinecollections,either1 d(9,11,53,59,62,67,71,79,85,93,98,100)

or 2 d(65,73,95,103,104), nine studies used spot urine collec-
tions(63,66,69,70,75,76,80,97,102), one study used overnight urine collec-
tions(101), four studies used 24-h dietary recalls(11,88,91,102) and three
studies used FFQ(51,60,83). Most of these studies (24/33) reported on
more than one adiposity outcome (online Supplementary
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Table S3). Outcomeswhichwere included in separatemeta-analyses
were BMI (n 31)(9–11,53,59,60,63,65–67,69–71,73,75,76,79,80,83,85,88,93,95,97–104),
weight category (n 8)(9,11,63,73,91,97,103,104), BW (n 7)(60,65,67,71,73,93,101),
WC (n 9)(9,65,66,70,73,75,80,83,100) and abdominal obesity (n 5)(62,66,73,
102,103). Only nine studies adjusted for energy intake(9,10,59,66,73,91,
102–104) and three studies adjusted for SSB intake(9,11,103).

Quality assessment. Based on the NOS, studies included in the
meta-analyseswere deemed as either low (n 10, 30 %),moderate
(n 13, 40 %) or high quality (n 10, 30 %) (online Supplementary
Table S4). Studies which were included in the systematic review
were deemed as either low (n 5, 19 %), moderate (n 16, 62 %) or
high quality (n 5, 19 %).

Primary adiposity outcome: BMI. Fifty-one studies reported
on the relationship between Na intake and BMI (online
Supplementary Tables S3 and S5); thirty-one of which were
included in meta-analyses.

Meta-analyses findings: BMI. Studies (n 22) which reported
mean BMI across ntiles of Na intake were combined in one
meta-analysis(9,53,60,63,65–67,70,71,73,75,79,80,83,85,88,93,95,97,99–101). Findings
from this pooled analysis (thirty effect sizes; 488 194 participants)
showed BMI was greater among adults in the highest ntile of Na
intake v. those in the lowest ntile of Na intake (BMI mean differ-
ence: 1·67 kg/m2; 95 % CI 1·50, 1·85; P< 0·001) (Table 2, online
Supplementary Fig. S1). The difference in Na intake between
ntile cut-points varied across studies (online Supplementary
Table S5, e.g. ranged from 31mmol/d (salt 1·8 g/d) to
237mmol/d (salt 13·8 g)). The average difference between the
highest and lowest ntile was 103mmol/d of Na (salt 6·0 g/d).
The funnel plot suggested publication bias, that is, smaller
studies showing null or smaller differences in BMI seemed
to be under-reported in the literature (online Supplementary
Fig. S2). However, the Egger’s regression asymmetry test was
not significant (P= 0·637). Considerable heterogeneity
(Cochran’s Q statistic P< 0·001; I2 88 %; 95 % CI 85, 91 %) was

Fig. 1. Flow chart showing search strategy and study selection for observational studies. * Studies with insufficient data included those in which relevant data for sodium
and adiposity outcomes were not presented. † Inaccurate measure of sodium included studies which used a measure of discretionary salt use only, a crude measure at
the family or household level, sodium from snack or salty foods only or no information was provided on method for sodium intake assessment. ‡ Two studies included
both adults and children(9,12).
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detected. For the most part, this remained in sub-group analyses
by Na intake assessment method (online Supplementary
Fig. S3) and by study quality (online Supplementary Fig. S4).
Within the sub-group analyses, the greatest effect size was seen
in studies which (i) utilised 24-h urines to assess Na intake (BMI
mean difference: 2·30 kg/m2; 95 % CI 1·86, 2·75; P< 0·001),
comparatively smaller effects were seen in studies which used
dietary methods and spot or overnight urines (online
Supplementary Fig. S3) and (ii) among those deemed as either
high (BMI mean difference: 2·00 kg/m2; 95 % CI 1·26, 2·74;
P< 0·001) or moderate quality (BMI mean difference:
2·11 kg/m2; 95 % CI 1·61, 2·61; P< 0·001) compared with low-
quality studies (BMI mean difference: 1·36 kg/m2; 95 % CI
1·19, 1·54; P< 0·001) (online Supplementary Fig. S4). Sub-group
analysis among studies (n 6) with sex-specific estimates
showed the effect size remained similar in females (BMI mean
difference: 1·56 kg/m2; 95 % CI 1·30, 1·81; P< 0·001) and males
(BMI mean difference: 1·51 kg/m2; 95 % CI 0·90, 2·11; P< 0·001)
(online Supplementary Fig. S5). Evidence of heterogeneity was
reduced in females (Cochran’s Q statistic P= 0·108; I2 42 %; 95 %
CI 0, 76 %), yet remained considerable inmales (Cochran’sQ sta-
tistic P< 0·001; I2 92 %; 95 % CI 85, 95 %). Only two studies
included in the meta-analysis adjusted for a number of important
covariates; specifically, Ma et al.(9) adjusted for age, sex, ethnic
group, household income, physical activity, alcohol intake,
smoking, education level and energy intake. Nam et al.(73)

adjusted for age, smoking status, physical activity, household
income, education level and energy intake. Neither of these
studies reported models in which energy intake was separated
out from the basemodel that included other covariates. To assess
if these studies differed, a sensitivity analysis was performed, in
which the three effect sizes from these two studies were pooled
(Nam et al. reported effect estimates by sex). Findings from this
analysis (three effect sizes; 1425 participants) did not substan-
tially differ from the primary analysis presented above
(e.g. BMI mean difference between highest ntile of Na intake
v. lowest ntile of Na intake: 2·0 kg/m2; 95 % CI 1·26, 2·74;
P< 0·001) (online Supplementary Fig. S6).

A separate meta-analysis was performed to combine findings
from the nine studies(10,11,59,69,76,98,102–104) which reported results
as linear regression analysis. Findings from this meta-analysis
(twelve effect sizes; 22 221 participants) showed that an addi-
tional 393 mg/d of Na (1 g/d of salt) was associated with a
0·32 kg/m2 higher BMI (95 % CI 0·20, 0·43; P< 0·001) with sub-
stantial heterogeneity (I2 of 93 % (95 % CI 90, 96 %)) (online
Supplementary Fig. S7). Due to the smaller number of studies,
no sub-group analyses to assess potential sources of hetero-
geneity were performed, nor was publication bias assessed.
All studies adjusted for a range of covariates (online
Supplementary Table S5). Five studies adjusted for energy
intake(10,59,102–104) and one study for SSB consumption(11). To
assess if the additional adjustment of energy intake altered
results, we were able to report on those four studies(10,59,103,104)

that reported separate models with and without energy intake
adjustment within two separate meta-analyses (online
Supplementary Fig. S8). Findings from these analyses indicated
that the additional adjustment of energy intake did not alter
results (e.g. model without energy intake BMI difference

associated with 1 g/d of salt 0·40 kg/m2; 95 % CI 0·25, 0·56;
P< 0·001 v. model with energy intake BMI difference associated
with 1 g/d of salt 0·42 kg/m2; 95 % CI 0·26, 0·59; P< 0·001). Of
note, with regard to SSB intake(11) authors reported that the addi-
tional adjustment of this variable did not alter the reported pos-
itive associations between Na intake and BMI (online
Supplementary Table S5). Publication bias was not assessed
due to the low (≤10) number of studies.

Systematic review findings: BMI. Detailed findings from the
remaining twenty studies that could not be included in meta-
analyses are displayed in online Supplementary Table S5.
Across the thirteen studies(35,54,56,61,68,77,78,81,82,84,86,90,92) which
reported results as a correlation coefficient, all but one(56)

reported weak-to-moderate positive correlations between Na
intake and BMI (range r 0·11–0·45) (online Supplementary
Table S5). Across the six studies(52,57,58,74,89,94) which
reported results as linear regression analysis, all but two
of these studies(57,58) reported positive associations
between Na intake and BMI (online Supplementary
Table S5). The final study which reported mean BMI across
ntile of Na density (i.e. adjusted for energy intake)(72) also
found a positive association with BMI.

Primary adiposity outcome: risk of overweight/obesity
(weight category). Thirteen studies reported on the association
between Na intake and risk of overweight and/or
obesity(9,11,12,51,63,72–74,91,97,102–104) (online Supplementary Tables S3
and S5); eight of these were included in meta-analyses.

Meta-analyses findings: risk of overweight/obesity. In
pooled analysis of the five studies (eight effect sizes, 11 067
participants) which reported OR across ntiles of Na
intake(63,73,91,97,103) higher Na intake was associated with greater
risk of overweight/obesity (OR 1·74; 95 % CI 1·43, 2·13;
P< 0·001; I2 54 %; 95 % CI 26, 84) (online Supplementary
Fig. S9, Table 2). The difference in Na intake between ntile
cut-points varied across studies (online Supplementary Table
S5, e.g. ranged from 69mmol/d (salt 4·0 g/d) to 295mmol/d (salt
17·3 g)); the average difference between the highest and lowest
ntile was 162mmol/d of Na (salt 9·5 g/d). Sub-group analysis in
studies (n 3) with sex-specific estimates showed that among
males higher Na intake was associated with greater odds of over-
weight/obesity (OR 1·74; 95 % CI 1·38, 2·18; P< 0·001,
Cochrane’s Q statistic P< 0·001; I2 37 %; 95 % CI 0, 80 %); how-
ever, there was no effect among females (OR 1·37; 95 % CI 0·94,
1·99; P= 0·103, Cochrane’s Q statistic P= 0·011; I2 73 %; 95 % CI
25, 90 %) (online Supplementary Fig. S10). Three(73,91,103) of the
five studies adjusted for a range of covariates, including energy
intake, whereas two studies(63,97) presented unadjusted findings.
Sensitivity analysis to explore the effects of adjustment with
energy intake was completed in the two studies (three effect
sizes)(91,103) that reported separate models with and without
energy intake adjustment. In this separate analysis, it was appar-
ent that the additional adjustment of energy intake did not sub-
stantially alter results (e.g. model without energy intake: three
effect sizes, 6685 participants; OR 1·50; 95 % CI 1·09, 2·05;
P= 0·013 v. modelwith adjustment for energy intake: three effect
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sizes, 6685 participants; OR 1·67; 95 % CI 1·33, 2·10; P< 0·001)
(online Supplementary Fig. S11).

A separate meta-analysis of three studies(9,11,104) which reported
results as linear regression analysis was performed. Findings from
this meta-analysis (seven effect sizes; 7121 participants) showed
that an additional 393mg/d ofNa (1 g/d of salt)was associatedwith
a 1·18 greater odds of being overweight/obese compared with a
healthy weight (OR 1·18; 95% CI 1·10, 1·30; P< 0·001; I2 91%;
95% CI 84, 95) (online Supplementary Fig. S12).

Systematic review findings: risk of overweight/obesity.
Detailed findings from the remaining five studies that could
not be included in meta-analyses are displayed in online
Supplementary Table S5(12,51,72,74,102). All five studies reported
a significant positive association between Na intake and risk
of overweight/obesity; however, in one study(74) the reported
effect size was negligible.

Secondary adiposity outcome: body weight. Twenty studies
reported on the relationship between Na intake and BW (online
Supplementary Tables S3 and S6)(10,11,53,55–58,60,64,65,67,68,71,
73,87,92,93,96,101,102); seven of these were included in meta-analysis.

Meta-analysis findings: body weight. Pooled findings from
the seven studies(60,65,67,71,73,93,101) which reported BW across
ntiles of Na (twelve effect sizes, 4097 participants) BW were
8·23 kg (95 % CI 6·35, 10·12, P< 0·001) higher among adults in
the highest category of Na consumption (online
Supplementary Fig. S13). Substantial heterogeneity (Cochran’s
Q statistic P< 0·001; I2 68%, 95% CI 41, 82%) was detected. Na
intake at ntile cut-points varied across studies (online
Supplementary Table S6); the average difference between the
highest and lowest ntile cut-points was 105mmol/d of Na (salt
6·1 g/d). Importantly only one(73) of the seven studies adjusted
for a comprehensive range of covariates, which included energy

Fig. 2. Flow chart showing search strategy and study selection for randomised controlled trials. * Two studies included both adults and children(39).
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Table 2. Summary of effect estimates for the association between Na intake and adiposity outcomes from pooled meta-analyses conducted in adults and children

Population group/outcome
No. of
studies

No. of
participants

No. of studies with
covariate adjustment

Difference in Na intake
(salt g/d)*

Measure of
difference 95% CI

P for
effect I2

95%
CI

Heterogeneity
interpretation

Adults – cross-sectional studies
BMI (kg/m2)

Mean difference between
highest and lowest ntile
of Na intake

22 488 194 2 (two with energy) 103mmol/d (6·0 g/d) MD = 1·67 kg/m2 1·50, 1·85 <0·001 88% 85, 91 Considerable

Association with additional
393 mg/d Na

9 22 221 9 (five with energy,
one with SSB)

393mg/d (1·0 g/d) β= 0·32 kg/m2 0·20, 0·43 <0·001 93% 90, 96 Considerable

Weight category (healthy weight v. overweight/obesity)
Pooled OR comparing

participants between
lowest and highest ntile
of Na intake

5 11 067 3 (three with energy) 162mmol/d (9·5 g/d) OR = 1·74 1·43, 2·13 <0·001 54% 26, 84 Substantial

Pooled OR associated with
additional 393 mg/d Na

3 7121 3 (two with energy,
one with SSB)

393mg/d (1·0 g/d) OR = 1·18 1·10, 1·30 <0·001 91% 84, 95 Considerable

BW (kg)
Mean difference between

highest and lowest ntile
of Na intake

7 4097 1 (one with energy) 105mmol/d (6·1 g/d) MD= 8·23 kg 6·35, 10·12 <0·001 68% 41, 82 Substantial

WC (cm)
Mean difference between

highest and lowest ntile
of Na intake

9 35 753 2 (two with energy) 119mmol/d (6·9 g/d) MD= 5·16 cm 4·23, 6·09 <0·001 86% 78,91 Considerable

Pooled OR comparing
participants between
lowest and highest ntile
of Na intake

5 19 744 5 (four with energy) 85mmol/d (5·0 g/d) OR = 2·04 1·72, 2·42 <0·001 64% 19, 84 Considerable

Adults – RCT
BW (kg)

Net change BW control
v. reduced-Na diet

15 5274 NA −39mmol/d (−2·3 g/d), min
þ30 max −140mmol/d

−0·29 kg −0·59, 0·01 0·006 48% 7, 71 Moderate

Children – cross-sectional studies
Weight category (healthy weight v. overweight/obesity)

Pooled OR comparing
participants between
lowest and highest ntile
of Na intake

3 3625 3 (three with energy) 92mmol/d (5·4 g/d) OR = 3·29 2·25, 4·80 <0·001 0% 0, 90 None

SSB (g/d)
Association with additional

393 mg/d Na
3 10 328 4 1 g/d MD= 21·22 g/d 15·82, 26·62 <0·001 6·5% 0, 81 None

MD, mean difference; SSB, sugar-sweetened beverages; BW, body weight; WC, waist circumference; RCT, randomised controlled trial; NA, not applicable.
* For observational studies comparing lowest and highest ntile, difference represents the average difference in Na intake between lowest and highest ntiles across studies; due to variation in reporting for some studies, this related to the
difference between the average Na intake between the lowest and highest ntile and for other studies this related to the difference between the cut-off bounds of the lowest and highest ntiles. For RCT, difference represents the average net
change in Na intake across studies.

416
C
.
A
.G

rim
es

et
a
l.

https://doi.org/10.1017/S0007114520004122 Published online by Cambridge University Press

https://doi.org/10.1017/S0007114520004122


intake; of note, the present study did not report adjusted models
with and without energy intake.

Systematic review findings: body weight. Seven studies
reported results as a correlation coefficient(53,55,56,68,87,92,96), with
all but one(56) showing significant positive correlations between
Na intake and BW (range r 0·29, 0·47) (online Supplementary
Table S6). Six reported findings as linear regression analy-
sis(10,11,57,58,64,102) and all adjusted for a comprehensive range
of covariates, four of which also included energy
intake(10,57,58,102). Overall, four (two adjusted for energy, one
adjusted for SSB)(10,11,64,102) out of six studies reported positive
associations between Na intake and BW, whereas one (adjusted
for energy intake) reported no association(57) and one (adjusted
for energy intake) indicated a trend towards statistical signifi-
cance (P= 0·06)(58) (online Supplementary Table S6).

Secondary outcome: waist circumference and/or abdominal
obesity. Twenty studies reported on the relationship between
Na intake and central adiposity(9–12,57,58,62,65,66,70,72–75,78,80,
83,100,102,103), of which eleven were included in meta-
analyses(9,62,65,66,70,73,75,80,83,100,102,103) (online Supplementary
Tables S3 and S7).

Meta-analysis findings: waist circumference and/or
abdominal obesity. In a pooled analysis of nine studies (twelve
effect sizes, 35 753 participants)(9,65,66,70,73,75,80,83,100), higher
intakes of Na were associated with higher WC (mean difference
between lowest and highest ntile of Na intake 5·16 cm; 95 % CI
4·23, 6·09; P< 0·001) (online Supplementary Fig. S14). Na intake
at ntile cut-points varied across studies (online Supplementary
Table S7); the average difference between the highest and low-
est ntile cut-points was 119mmol/d of Na (salt 6·9 g/d).
Evidence of considerable heterogeneity was detected
(Cochran’s Q statistic P< 0·001; I2 86 %; 95 % CI 78, 91 %).
Most studies presented findings as unadjusted(70,75,80,83,100) or
sex stratified(65,66); only two adjusted for a range of covariates
(i.e. age, sex, physical activity, income, education level, smoking
and alcohol and energy intake)(9,73). Neither of these studies
reported separate effects with and without energy adjustment.
We performed a sensitivity analysis which combined these
two studies (three effect sizes, 1425 participants) with energy
adjustment and found no substantial difference in findings from
the primary analysis reported above (e.g. WC mean difference
between highest ntile of Na intake v. lowest ntile of Na intake:
6·12 cm; 95 % CI 4·40, 7·83; P< 0·001) (online Supplementary
Fig. S15).

In a separate meta-analysis of five studies(62,66,73,102,103) which
reported odds of abdominal obesity associated with higher Na
intakes (seven effect sizes, 19 744 participants), the odds of
abdominal obesity were 2·04 times greater among those adults
in the highest ntile for salt intake, compared with those in the
lowest ntile (OR 2·04; 95 % CI 1·72, 2·42; P value< 0·001) (online
Supplementary Fig. S16). The average difference between the
highest and lowest ntile cut-points was 85 mmol/d of Na (salt
5·0 g/d). A moderate degree of heterogeneity was detected
(Cochran’s Q statistic P= 0·010; I2 64 %; 95 % CI 19, 84). All of
these studies adjusted for a comprehensive number of covariates

(online Supplementary Table S7), and all but one(62) also
included energy intake. There were too few studies that sepa-
rated out the effects of energy intake from adjusted models to
conduct a separate sensitivity analysis. Publication bias was
not assessed due to the low (≤10) number of studies.

Systematic review findings: waist circumference and/or
abdominal obesity. Findings from the eight studies which were
not included in meta-analyses varied (online Supplementary
Table S7). One study reported a weak positive correlation
between Na intake and WC (unadjusted)(78), three studies
adjusted for a range of covariates and reported positive associ-
ations betweenNa intake andWC(10,11,74) and one study reported
a positive association between Na density and abdominal
obesity(12). Two studies, both of which adjusted for a range of
covariates(57,58), reported null findings and the final study
reported mixed findings, with no relationship between Na den-
sity and WC, yet a positive association between Na density and
abdominal obesity(72).

Secondary outcome: body composition. Eight studies
reported on the relationship between Na intake and a measure
of body composition(9,10,57–59,66,68,102) (online Supplementary
Table S8); none of which could be combined in meta-analysis.

Systematic review findings: body composition. Outcomes
assessed across studies varied (online Supplementary Table
S8). Five out of eight studies that examined the relationship
between Na intake and either body fat mass or percentage body
fat reported positive associations(9,10,59,66,102) (4/5 adjusted for a
range of covariates including energy intake); however, therewas
some variation in the effect observed across males and females.
On the contrary, three studies reported null findings(57,58,68) (2/3
adjusted for a range of covariates including energy intake).

Adults: longitudinal studies (adiposity outcomes)

Four longitudinal studies reported on the relationship between
Na intake and a measure of adiposity with a follow-up period
ranging from 1 to 14 years(8,105–107) (online Supplementary
Table S9). It was not possible to pool any of these studies for
a meta-analysis.

Systematic review findings: adiposity outcomes. Two studies
were follow-up extensions of participants in previous RCT. Ard
et al.(105) reported on fifty-six participants who had previously
completed the Dietary Approaches to Stop Hypertension
Sodium Trial. In analyses, stratified by the original intervention
arm, there was no significant change in mean BW within the
Dietary Approaches to Stop Hypertension-Na diet group
(1·7 kg; 95 %CI−0·01, 3·6) and an increase in BWwithin the con-
trol diet group (1·93 kg; 95 % CI 0·72, 3·14). However, neither
group showed a change inNa intake during the follow-up period
(online Supplementary Table S9). Similarly, Takahashi et al.(107)

reported no change in Na density (mg/4184 kJ or mg/1000 kcal)
of the diet of Japanese adults or BW over a 3–4-year period fol-
lowing completion of a previous Na reduction trial (online
Supplementary Table S9). Sakaki et al.(106) reported on the
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change in Na intake and BW among a group of outpatients with
hypertension recruited from a medical centre in Japan. In this
analysis with mean follow-up period of 9·4 years within the
whole group, there was a significant reduction in Na intake
(−393mg/d, P< 0·01) but no change in BW. Similar findings
were reported when participants were stratified by compliance
to salt restriction (online Supplementary Table S9). All of the
above three studies were deemed as moderate quality according
to the NOS (online Supplementary Table S10); this was primarily
due to lack of confounder adjustment. The final study by Larsen
et al.(8) was the only longitudinal study retrieved that specifically
aimed to explore the relationship between Na intake and a range
of adiposity measures over time. The present study was deemed
high quality (online Supplementary Table S10) with the use of
24-h urine for Na intake assessment and adjustment with a com-
prehensive list of confounders which included energy intake.
During the 6-year follow-up period of Danish adults, a difference
of 100mmol/d of Na at baseline was not associated with a
change in BW, WC, body fat or fat free mass. However, in addi-
tional models which also adjusted for the change in BW during
the follow-up period, Na intake (100 mmol/d) was found to pre-
dict change in body fat (0·24 kg; 95 % CI 0·05, 0·43; P= 0·015),
suggesting that independent of BW, a higher Na intake may lead
to changes in body composition which favour fat accumulation
(online Supplementary Table S9).

Adults: randomised controlled trials (body weight
outcome)

Fifteen RCT included information on change in BW between
groups on either a ‘usual/control’ diet v. a ‘reduced-Na
diet’(29–34,36–40,108–111); all of these studies were included in
meta-analysis (online Supplementary Table S11). Four studies
were conducted in the USA(29,32,108,111), three in the UK(30,37,38),
three in Europe(31,40,109), three in Australia(33,34,36), one in
Japan(110) and one in China(39). Duration of trials ranged
from 12 weeks to 4 years and study populations varied. Most
studies (10/15) used comprehensive dietary counselling and
behavioural-based strategies to target reductions in Na
intake(29,32,33,36,37,39,40,108,110,111). Three studies provided partici-
pants with a K salt substitute for use during cooking and at
the table(30,31,38); one of these(31) also provided additional food
items (bread, cheese, etc.) that were prepared with the mineral
salt. None of the studies used change in BW as a specified study
outcome, rather for most studies (11/15) the primary outcome
related to blood pressure(29–33,36–38,108,110,112). The net change
in Na intake between groups varied across studies (average
reduction 39 mmol/d (salt 2·3 g/d)) and ranged from a reduction
of −140 mmol/d (salt 8·2 g/d) to −16 mmol/d (salt 0·9 g/d)(29–
33,36,37,39,40,108,110,111), and in three studies a positive net change
was reported (i.e. 1–30 mmol/d) (salt 0–1·8 g/d)(34,38,109).

Quality assessment. Overall, risk of bias was low for incom-
plete outcome data and blinding of outcome assessment but
was high for blinding of participants. Risk of bias was unclear
or low for random sequence generation and allocation conceal-
ment (online Supplementary Fig. S17). Individual study risk of
bias assessments is shown in online Supplementary Table S12.

Meta-analysis findings: body weight. Findings from the
pooled analysis of fifteen studies (sixteen effect sizes, 5274 par-
ticipants) suggested a non-significant trend for lower BW on
reduced-Na v. control diets (−0·29 kg; 95 % CI −0·59, 0·01;
P= 0·06) (online Supplementary Fig. S18). The average net dif-
ference in Na intake between groups was −39 mmol/d (salt
2·3 g/d). There was evidence of moderate statistical hetero-
geneity (Cochran’s Q statistic P= 0·017; I2 48 %; 95 % CI 7,
71 %). Visual inspection of the funnel plot (online
Supplementary Fig. S19) and Egger’s regression asymmetry test
(P= 0·30) suggested no publication bias. In a sensitivity analysis,
we explored the removal of Staessen et al.(109) which included
different groups of population-based samples at baseline and
endpoint measures(109), and found no change to results
(0·29 kg (95 % CI −0·59, 0·01) P= 0·06; Cochran’s Q statistic
P= 0·014; I2 51 %; 95 % CI 10, 74 %).

Children: cross-sectional studies (adiposity outcomes)

Eighteen cross-sectional studies reported on the relationship
between Na intake and a measure of adiposity(5,7,9,12,55,113–125);
three of which were included in meta-analyses (online
Supplementary Table S13). One of these studies was from
Canada(124), one from Iran(123) and the other from South
Korea(118). Two of these studies assessed Na intake using 24-h
dietary recalls(118,124) and one study used 24-h urine collec-
tion(123). Reasons for exclusion from meta-analysis included:
findings were only presented as correlation coefficients
(n 8)(55,113–115,117,120,121,125) or due to discrepancy in how study
findings were presented, there were too few studies (i.e. ≤3)
for a pooled analysis (n 7)(5,7,9,12,116,119,122). Of the fifteen studies
included in the systematic review, six studies were from
Europe(113,114,116,117,120,121), four from Asia(12,119,122,125), two from
the USA(7,115), one from South America(55), one from the UK(9)

and one from Australia(5). Most studies (9/15) assessed Na intake
using 24-h urine collection(5,9,55,113,114,117,120–122); other methods
included overnight urines (n 2)(115,125) and dietary recall methods
(n 4)(7,12,116,119).

Quality assessment. Based on the NOS, studies were deemed
as either low (n 2, 1 %)(115,125), moderate (n 8, 44 %)(55,114,
116,117,120–122,124) or high (n 8, 44 %) quality studies(5,7,9,12,
70,113,119,123) (online Supplementary Table S14).

Primary adiposity outcome: BMI z-score or BMI. Seven stud-
ies reported on the association between Na intake and either
BMI or BMI z-score(5,7,9,113,114,117,125); due to discrepancies in
methods used to report data, none of these could be pooled (on-
line Supplementary Table S15).

Systematic review findings: BMI z-score or BMI. Four studies
reported on the correlation between Na intake and BMI/BMI z-
score; two reported a moderate significant positive correla-
tion(114,117), one a veryweak significant correlation and one a null
relationship(125). The remaining three studies adjusted for a num-
ber of covariates and all reported positive associations between
Na intake and BMI/BMI z-score(5,7,9). Specifically among
Australian primary schoolchildren aged 4–12 years, it was

418 C. A. Grimes et al.

https://doi.org/10.1017/S0007114520004122  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122
https://doi.org/10.1017/S0007114520004122


reported that each additional 1 g/d of salt (393 mg/d Na) (24-h
urinary Na) was associated with a difference in BMI z-score of
0·10 (95 % CI 0·07, 0·13) (adjusted for sex, age and socio-eco-
nomic status). In the present study, there was no appreciable
change to result with the additional adjustment of either energy
intake (kJ/d) (β= 0·08; 95 % CI 0·05, 0·11; P< 0·001) or SSB
intake (g/d) (β= 0·08; 95 %CI 0·05, 0·11; P< 0·001), asmeasured
by 24-h dietary recall in a sub-sample of children aged
8–12 years. Among US adolescents, 24-h dietary recall Na intake
was positively associated with BMI (standardised β= 0·23,
P= 0·001) (adjusted for age, sex, race, Tanner stage, birth
weight, physical activity, energy, K and SSB intake)(7) and in
British children and adolescents, BMI significantly increased
across tertile categories of 24-h urinary Na excretion (e.g. T1
mean BMI 18·5 (SD 0·5) kg/m2 v. T3 mean BMI 20·2 (SD
0·5) kg/m2, Pfor trend<0·001, adjusted for age, sex, ethnic group,
household income, physical activity and energy intake)(9) (on-
line Supplementary Table S15).

Primary adiposity outcome: risk of overweight/obesity.
Seven studies reported on the association between salt intake
and risk of overweight/obesity using OR(5,9,12,118,119,123,124); three
of which were combined in a meta-analysis.

Meta-analysis findings: risk of overweight/obesity. In this
meta-analysis (three effect sizes, 3625 participants) (online
Supplementary Fig. S20), the odds of being overweight/obese
were 3·3 times greater among those children in the highest ntile
for Na intake, compared with those in the lowest ntile (OR 3·29;
95 % CI 2·25, 4·80; P< 0·001). There was no evidence of hetero-
geneity (Cochran’s Q statistic P= 0·463; I2 0 %; 95 % CI 0, 90 %).
Due to the limited number of studies, publication bias was not
assessed. All studies adjusted for a range of confounders; two
of which also included energy intake(118,123). Rafie et al.’s(123)

study was the only study to report the additional adjustment
of energy intake and SSB intake separated from the adjusted base
model. In this individual study, there were no substantive
changes to results with the inclusion of these additional covari-
ates (online Supplementary Table S15).

Systematic review findings: risk of overweight/obesity. All
four studies reported greater risk of overweight/obesity with
higher Na intake (online Supplementary Table S15). Grimes
et al.(5) and Ma et al.(9) both reported the odds of overweight/
obesity associated with an additional 1 g/d of urinary salt.
Findings across these studies were similar with the odds of being
overweight/obese v. a healthy weight about 1·5 times greater for
each additional 1 g of salt consumed per d. Of note, the greater
risk of overweight/obesity remained in models adjusted for
energy or SSB intake. The other two studies(12,119) utilised dietary
Na density as the exposure variable; Lee & Kim(119) reported 2·72
greater odds (95 % CI 1·65, 4·51) of being obese for those partic-
ipants in the highest tertile of Na density (mg/1000 kcal) com-
pared with those in the lowest tertile. Yoon & Oh(12) reported
1·58 greater odds (95 % CI 1·01, 2·45) of being overweight/obese
for those in the highest quintile of Na density (mg/g food) com-
pared with those in the lowest quintile (online Supplementary
Table S15).

Secondary adiposity outcome: body weight. Seven studies
examined the relationship between Na intake and BW; none
of these was combined in pooled analysis(55,114,115,120–122,125).

Systematic review findings: body weight. Six studies reported
a significant positive correlation between Na intake and BW
(r 0·18–0·63)(55,114,115,120,121,125), and one study showed no differ-
ence in mean BW across tertile of Na intake(122) (online
Supplementary Table S16).

Secondary adiposity outcome: waist circumference and/or
abdominal obesity. Seven studies assessed the association
between Na intake and a marker of abdominal adipos-
ity(5,7,9,12,116,119,123) (online Supplementary Table S17). No
meta-analysis was performed due to the discrepancy in analyses
and outcomes used.

Systematic review findings: waist circumference and/or
abdominal obesity. All seven studies reported significant pos-
itive associations between Na intake and markers of abdominal
adiposity. Zhu et al.(7) reported a positive association between
24-h dietary recall Na and WC among US adolescents after
adjustment for a range of covariates including energy and SSB
intake (standardised β= 0·23; P< 0·01). Among UK children,
Ma et al.(9) found WC was significantly higher across increasing
tertiles of 24-h urinary salt excretion (Pfor trend< 0·001, mean dif-
ference T3 v. T1= 6·1 cm, adjusted for a range of demographic
covariates and energy intake).

Three studies used waist:height ratio (WtHR) as a marker of
central adiposity(5,116,123). Gilardini et al. reported a weak posi-
tive correlation between dietary Na intake and WtHR (r 0·15,
P< 0·05) among obese children and adolescents after adjust-
ment for age, sex and energy intake. The two other used a
cut-point of WtHR> 0·5 to define central obesity and calculated
OR associated with higher 24-h urinary Na excretion(5,123).
Among Iranian children aged 11–18 years, the odds of central
obesity were 9·75 times greater (OR 9·75; 95 % CI 4·88, 19·5)
for those children in the highest tertile of 24-h urinary Na com-
pared with those in the lowest tertile, adjusted for a number of
demographic covariates and physical activity. This association
remained significant yet attenuated with additional adjustment
for energy intake (OR 6·65; 95 % CI 3·24, 13·7); similarly, the
association remained unchanged with additional adjustment
for SSB intake (OR 9·75; 95 % CI 4·88, 19·5). Among Australian
children aged 4–12 years, an additional 1 g/d of 24-h urinary salt
was associated with a 1·15 greater odds of abdominal obesity
(OR 1·15; 95 %CI 1·09, 1·23; P< 0·001, adjusted for demographic
covariates) and this association remained significant with
additional adjustment of energy intake in those children aged
8–12 years with these data available (OR 1·11; 95 % CI 1·02,
1·20; P= 0·001)(5). Of note, this association was no longer
present with the additional adjustment for BMI z-score (OR
1·00; 95 % CI 0·90, 1·10; P= 0·93) indicating that the association
between Na intake and central adiposity was not independent of
overall BW.

The final two studies defined abdominal obesity as aWC (cm)
≥90th percentile for sex and age(12,119). Both of these studies
were completed in nationally representative samples of
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Korean children (e.g. Korea National Health and Nutrition
Examination Survey (KHANES)) and utilised Na density (24-h
diet recall) as the exposure variable. Similar findings were
reported across studies, whereby those in the highest ntile for
Na had significantly higher odds of abdominal obesity compared
with those in the lowest ntiles; this was after adjustment for dem-
ographic covariates, physical activity and energy intake. Lee
et al.(119) also adjusted for SSB intake and found significant pos-
itive associations remained (online Supplementary Table S17).

Secondary adiposity outcome: body composition. Four stud-
ies assessed the association between Na intake and a measure of
body composition; due to discrepancy across studies, none was
combined in a pooled analysis(7,9,115,119) (online Supplementary
Table S18).

Systematic review findings: body composition. The study by
Ellison et al. completed in US adolescents (n 248) only reported
an unadjusted correlation coefficient between Na intake (3 ×
overnight urines) and percentage body fat as calculated from
predictive equations. In the present study, there was no correla-
tion between overnight urinary Na and percentage body fat
(r 0·14, P= 0·10). The other three studies were more compre-
hensive in adjustment for covariates and utilised more robust
measures of body composition; however, findings across study’s
findings were mixed(7,9,119). Among US adolescents, Zhu et al.
(n 766) reported a significant positive association between Na
intake (mg/d) (3 × 24 h diet recall) and percentage body fat
(β= 0·31, P= 0·03) and fat mass (β= 0·23, P= 0·01) as assessed
by dual energy X-ray absorptiometry. This included adjustment
for a comprehensive range of demographic characteristics,
physical activity, energy and SSB intake. Ma et al. reported sim-
ilar findings among a sub-sample of UK children (n 67) from the
National Diet and Nutrition Survey Rolling Programme who had
body composition data derived from doubly labelled water(9). In
this group, an additional 393 mg/d of Na (1 g/d salt), assessed by
24-h urine collection, was associated with 0·73 kg greater body
fat mass (P= 0·001, adjusted for demographic characteristics and
energy intake). Whereas among Korean children (n 1467), Lee
et al.(119) reported no association between Na density (mg/d)
and percentage body fat (i.e. >25 % boys, >30 % girls) after
adjustment for demographic covariates, energy intake and SSB
intake (online Supplementary Table S18).

Children: longitudinal studies (adiposity outcomes)

Two longitudinal studies reported on the relationship between
Na intake and measures of adiposity (online Supplementary
Table S9). No pooled analysis of these studies could be
completed.

Systematic review findings: adiposity outcomes. Firstly, Lee
et al.(126) reported on the change in incidence of obesity related
to Na intake among 8–9-year-old Korean childrenwhom at base-
linewere of a healthyweight. Na intakewasmeasured by 3 × 24-
h dietary recalls, and obesity was defined as BMI percentile
≥85th according to Korean National Growth Charts. Over the
3-year follow-up, 10 % of children developed obesity. Those

children who remained a healthy weight had a significant reduc-
tion in Na intake (−231mg/d) during the follow-up period,
whereas those children who developed obesity had no change
in Na intake. When comparing relative frequency of obesity by
change in Na intake over time, those children who increased Na
intake during the follow-up period (Q2–Q4 mean change
115mg/d) were almost three times more likely to develop
obesity, compared to those with the greatest reductions in Na
intake (Q1 mean −1451 mg/d). The effects of higher Na intakes
on the development of obesity were more pronounced among
females with genetic mutations of particular salt sensitive genes
(online Supplementary Table S9). The present studywas rated as
moderate quality (online Supplementary Table S10). Secondly,
Libuda et al.(6) reported on 5-year changes in BMI SD score
and percentage body fat associated with Na intake (24-h urine
collection) among German children aged 3–18 years. In this
analysis, there was no association between change in BMI SD

score and baseline Na intake nor change in Na intake during
follow-up (adjusted for age, sex, parental BMI, SSB intake
and/or energy intake).With regard to percentage body fat, when
adjusted for age, sex, parental BMI and energy intake, a higher
baseline Na intake (1000mg/d) predicted a positive change
(þ0·476 %, P= 0·044) in percentage body fat; however, with
the removal of energy intake from the model, the association
was no longer significant (þ0·364, P= 0·073) (online
Supplementary Table S9). Conversely, there was no indication
of an association between change in Na intake and percentage
body fat. The present study was rated as high quality (online
Supplementary Table S20).

Children: randomised controlled trials (body weight
outcome)

As only two RCT in children(39,127) were identified, no meta-
analysis was completed. Characteristics of these studies are
reported in online Supplementary Table S11.

Systematic review findings: body weight. In both studies, the
primary outcome was Na reduction and the intervention
included family based education and behavioural strategies to
lower salt intake in the home. The study by Gillum et al.(127)

was completed in US schoolchildren aged 6–9 years and the
intervention lasted 1 year. During this time, there was no change
in children’s Na intake asmeasured by 10-h overnight urine sam-
ples.With regard to change in BWas expected for children grow-
ing, both groups put weight on (mean control þ3·9 kg and
experimental þ2·5 kg). The net difference in weight gain
between groups was −1·4 kg; however, no statistical tests were
performed on this change. Risk of bias assessment for the present
study is shown in online Supplementary Table S12. The second
study by He et al.(39) was a 3·5month intervention completed in
grade 5 children attending primary schools located in northern
China. Overall, the present study was rated as low for risk of bias
(online Supplementary Table S12). In the present study, a signifi-
cant reduction of 50 mmol/d of Na intake (assessed by 2 × 24-h
urine samples) between groups was achieved. In both groups,
BW increased (mean control þ3·8 (SD 1·8) kg and experimental
þ4·1 (2·1) kg) resulting in a net between group BW change of
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þ0·3 kg; again no statistical analysis on this difference was
performed.

Secondary aim: sugar-sweetened beverage consumption

No studies assessing the association between Na intake and SSB
consumption among adults were retrieved. In children, four
cross-sectional(14–16,128) and one longitudinal study(6) reported
on the association between Na intake and SSB consumption (on-
line Supplementary Table S19). Studies included children aged
2–18 years and were conducted in the UK(16), Australia(14),
USA(15), Italy(128) and Germany(6). All of the cross-sectional stud-
ies utilised dietary methods to assess Na intake, this included 7-d
weighed records(16), 24-h dietary recalls(14,15) or FFQ(128) and
only the longitudinal study utilised 24-h urine collections(6).
There was some variation in the definition of SSB used across
studies (online Supplementary Table S19).

Quality assessment. Based on the NOS, all of the studies were
deemed as moderate quality (online Supplementary Table S20).

Meta-analysis findings: sugar-sweetened beverage
consumption. A meta-analysis of the four cross-sectional stud-
ies (five effect sizes; 10 328 participants) showed that a 393mg/d
higher Na intake (salt 1 g/d) was associated with a 22 g/d higher
SSB intake (95 %CI 16, 26 g/d; P< 0·001) (online Supplementary
Fig. S21). There was no indication of statistical heterogeneity
(Cochran’s Q statistic P= 0·369; I2 7 %; 95 % CI 0, 81 %).

Systematic review findings: sugar-sweetened beverage
consumption. In the 5-year longitudinal study of German chil-
dren, it was found that a 393mg/d change in Na intake predicted
a 12 g/d increase in SSB intake (P= 0·027, fully adjusted model)
(online Supplementary Table S19).

Discussion

In this systematic review andmeta-analysis, we found consistent
positive cross-sectional associations between Na intake and adi-
posity outcomes for children and adults. Findings from the lim-
ited number of retrieved longitudinal studies were mixed and
nuanced, with findings dependent on covariate adjustment.
Results from pooled RCT in adults indicated a trend for lower
BW on reduced-Na compared with control diets; however, the
effect estimate was very small and did not reach statistical signifi-
cance (P= 0·06). In children, therewere too fewRCT retrieved to
draw meaningful conclusions. Finally, in children, meta-analysis
indicated that Na intake was positively associated with SSB
intake; this was also supported with findings from one longi-
tudinal study which showed over a 5-year follow-up period
Na predicted SSB consumption.

Most studies within this review were cross-sectional. The
large variation in variables reported across studies meant less
than half were combined in pooled analyses. Findings from
pooled cross-sectional studies in adults showed a higher Na
intake was associated with higher BMI, higher odds of over-
weight/obesity, higher BW, higher WC and higher odds of
abdominal obesity. These findings are consistent with those

reported in a smaller meta-analysis of cross-sectional studies
(n 18) covering publications up until 2016(22).

Many of the cross-sectional studies in this review were not
designed to assess the association between Na intake and adi-
posity indices, as such a large proportion of studies lacked cova-
riate adjustment. This limits the robustness of reported pooled
associations. However, it should be noted that in alternative
pooled analyses of studies which adjusted for a range of impor-
tant covariates, including energy intakewe found consistent pos-
itive associationswith Na intake andBMI and abdominal obesity.
A limitation of studies assessing abdominal obesity as an out-
come was omission of adjustment for BW or BMI. As larger peo-
ple tend to have a higher WC, it is unknown if the reported
positive association of Na on abdominal obesity is independent
of overall body size. The only study to include additional adjust-
ment of BMI in a model assessing WC as an outcome in children
found no BMI independent association of Na intake to abdomi-
nal obesity(5).

We also conducted sensitivity analyses to assess the potential
impact of adjustment with energy intake. While these analyses
were restricted to limited studies, findings for effect size esti-
mates were consistent and unchanged when adjusted with
energy intake suggesting the association between Na intake
and BMI, weight category and WC was independent of energy
intake. Furthermore, for the most part studies included in the
qualitative review which adjusted for energy intake aligned with
findings from pooled analyses. With regard to children, findings
from the one pooled analysis for risk of overweight/obesity were
consistent with the positive association observed in adults; how-
ever, the associated odds were considerably larger, for example,
3·3 v. 1·6 times among adults. All three of these studies included
energy adjustment. Overall, very few studies considered adjust-
ment for SSB intake; however, this was more common in paedi-
atric studies.Within these limited studies, findings suggested that
the association between Na and adiposity measures remained
independent of SSB intake.

Within studies included in this review, daily Na intake
varied substantially across different population groups. The
WHO recommends salt intake be limited to 5 g or less per d
(Na 2000mg/d)(129). The 2010 Global Burden of Disease Study
reported a global mean Na intake of 3950mg/d (salt 10 g/d);
however, regional estimates for salt intake varied, with the high-
est intakes in Central Asia, East Asia and Asia Pacific (average
>4500 mg/d (salt 11 g/d)) and lower intakes in Central and
Western Europe, Australasia and Latin America (average range
3000–4000 mg/d (salt 7·5–10 g/d))(130). Within cross-sectional
studies included in this review, the difference in Na intake across
ntiles cut-points was large, averaging between 2350 and
4325 mg/d (salt 6–11 g/d). This finding reflects the relatively high
and varied Na intakes observed in a number of the included pop-
ulation groups, particularly within Asian countries (e.g. Korea).
Of note, in analyses restricted to studies examining the associa-
tion between adiposity outcomeswith amuch smaller difference
in Na intake (e.g. 390 mg/d (equivalent to 1 g/d salt)), significant
positive associations with adiposity outcomes were still noted;
however, they were much more modest in effect size.

The relationship between Na intake and adiposity could be
influenced by other factors such as sex, race and age. In the
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current review, it was possible to pool cross-sectional data by sex
to examine if the effect of higher Na intake onBMI or risk of over-
weight/obesity differed by men and women. Within this analy-
sis, we found results were overall comparable for both. It is,
however, unknown if sex differences exist for other reported
adiposity outcomes, such as WC and body composition as there
were too few studies to pool for thesemeasures. Similarly, due to
how data were reported we could not complete more in-depth
analysis to examine the potential effects of age or race.While it is
possible to review individual effect estimates for higher Na
intake and markers of adiposity across different countries and
regions, due to the large variation observed, it is difficult to draw
any meaningful conclusions.

Overall, the mixed findings from the very limited number of
longitudinal studies did not support those from cross-sectional
studies with regard to BMI or BW. In adults, three out of the four
studies were not designed to examine the relationship between
Na intake and adiposity outcomes(105–107); two of these studies
showed no change in Na intake during the follow-up period
(1–4 years), nor change in BW(105,107), whereas one showed a
significant reduction in Na intake over an average 9-year
follow-up period, but no change in BW(106). The only longi-
tudinal study retrieved which included BW as well as more
robust measures of adiposity (e.g. WC and body composition)
was that conducted by Larsen et al.(8). This study(8), considered
high quality, found no association between baseline Na intake,
assessed by 24-h urinary Na and 6-year change in BW or WC. A
higher baseline Na intake was associated with an increase in
body fat; however, this was only apparent after adjustment for
change in BWbetween baseline and follow-up(8). These findings
suggest that any potential relationship between higher Na
intakes and adiposity is specific to changes in body composition
and independent of changes in BW. Some animal experiments
support a link between higher-Na diets and the accretion of
fat tissue(131,132). In children, findings from the two longitudinal
studies were also mixed, with Na intake predicting 3-year
change in obesity prevalence in Korean children; however,
among German children and adolescents, there was no associ-
ation between Na intake and BMI SD score, yet there was some
indication of a higher baseline Na intake predicting a positive
change in percentage body fat but only when energy intake
was included in the model. In summary, the only consistent find-
ing that emerged from review of longitudinal studies is related to
observations between higher Na intakes and adverse changes in
body composition; however, these findings were very limited
and the changes in effect estimates were very small, not general-
isable to other population groups and layered with complexities
surrounding covariate adjustment. These findings for body com-
position were aligned with those reported in cross-sectional
studies, where there was some indication of a positive associa-
tion between Na intake and body fat in both adults and children.

Finally, the RCT conducted in adults aligned with findings
observed in cross-sectional analyses, indicating that following
a reduced-Na diet, reduced BW compared with control diets,
but the pooled effect size did not reach statistical significance.
The average reduction in Na intake achieved in the reduced-
Na diets v. control diet group was 897 mg/d (salt 2·3 g/d); how-
ever, not all studies achieved significant reductions in Na intake.

Furthermore, some studies were very small, and importantly
none of the studies was designed to assess change in BW as a
primary outcome of the trial. Across studies, it is unclear if energy
intakes may have inadvertently differed among participants in
reduced-Na v. control diet groups. While studies were designed
to solely reduceNa intake,maintaining the same energy intake in
free-living populations can be difficult in countries where the
main source of Na is manufactured foods. Lower-Na foods are
less available, and eating out can be difficult on a lower-Na diet.
Recommended foods on a lower-Na diet also tend to be less
energy dense, for example, fruits and vegetables. Only
two(31,33) of the fifteen studies tried to limit the effects of this
by providing reduced-Na alternatives for key intervention target
foods. One reported a small non-significant trend for a 0·5 kg
(P= 0·06) greater reduction in BWon the lower-Na diet(31), while
the other reported a significant reduction of approximately 1 kg
in both the intervention and control groups(33).

A number of potential mechanisms may explain a relation-
ship between Na intake and adiposity outcomes, all of which
are characterised by higher intakes of energy. Firstly, the addi-
tion of salt to food enhances palatability and encourages greater
intake of food and energy(13). Secondly, it has been hypothesised
that salted food activates the hedonic reward centre of the brain,
leading to a salted food addiction which encourages overeating
and increased energy intake(133). Thirdly, as Na intake stimulates
thirst and fluid intake(17,134), a high-salt diet may encourage
greater consumption of SSB(18). Fourthly, a high-salt diet may
play a role in the regulation of appetite hormones such as ghre-
lin(135) and leptin(7,136). While Na itself does not provide energy, it
appears higher intakes may drive behavioural or physiological
changes that in turn favour greater energy consumption.

In contrast, we found that overall the additional adjustment of
energy intake in cross-sectional studies did not alter associations
between Na and adiposity outcomes. A potential mechanism in-
dependent of energy intake explored in rat studies relates to the
effect of higher Na intakes on alterations in glucose metabolism
which favour fat tissue deposition(131,132). In chimpanzees fed an
energy-matched diet that only differed in Na intake, after a
19 week feeding period those in the higher-Na diet experimental
group (2000 mg/d) had a significant 8 % increase in BW,whereas
those in the control group (391 mg/d) had no change in BW(137).
It is interesting to note that the observed relationship between
higher Na intakes and adiposity outcomes was consistent across
a wide range of countries where the typical dietary sources of Na
differ substantially. In modern-day Westernised food systems,
most Na (approximately 75–95 %) is derived from salt added
to processed manufactured foods(19,138,139), in comparison in
Asian countries most Na (approximately 65–75 %) is derived
from salt or salty condiments (e.g. soya sauce, soyabean paste)
added at home in cooking or at the table or via preserved or fer-
mented vegetables (e.g. Kimchi)(138,139).

Strengths of this review include the wide inclusion criteria for
study design, comprehensive search across awide range of data-
bases and completion of study selection in duplicate. A limitation
is that most included studies were cross-sectional, making it
impossible to ascertain a temporal relationship between high
Na intake and gains in adiposity measures, and although longi-
tudinal studies were included, too few were retrieved to confirm
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the reported cross-sectional positive associations. Overall, there
was a lack of high-quality observational studies retrieved. For
example, in adults less than a third (30 %) of cross-sectional stud-
ies included in meta-analyses and only 1/4 of longitudinal stud-
ies were deemed as high quality; in children, this was 8/17 for
cross-sectional and 1/2 for longitudinal studies. Within individ-
ual studies, errors associated with measures of dietary salt and
energy intake determined via dietary methods are acknowl-
edged. Cross-sectional studies reviewed that examined the effect
of Na intake on BWwere particularly limited in that most studies
did not adjust for any covariates. It is therefore likely that other
factors unrelated to Na intake accounted for the large reported
differences in BW between those consuming higher and lower
intakes of Na. Although BW was included as an outcome within
this review, it is acknowledged that in isolation this measure is
somewhat limited in its ability to predict chronic disease risk that
is associated with a greater body fat mass. More robust measures
of adiposity included within the observational study arm of this
review include BMI, WC and percentage body fat. In most of the
completed pooled analyses, publication bias could not be
assessed due to insufficient study numbers. Among cross-sec-
tional studies assessing the relationship between Na intake
and BMI in adults, there was some indication of publication bias
favouring those studies reporting significant positive effects. On
the contrary, no publication bias was detected in pooled analy-
ses of RCT. Overall, in pooled analyses of cross-sectional studies
substantial to considerable heterogeneity was detected. Due to
the limited number of studies that could be combined in separate
meta-analyses, we only examined two potential sources of
heterogeneity (e.g. Na intake assessment method and study
quality) in the largest pooled analysis (n 22 studies) with BMI
as an outcome, and found that neither of these factors explained
the observed heterogeneity.Within these studies, other potential
sources of heterogeneity could be study population, covariate
adjustment and difference in Na intake between groups.
Within the pooled analyses of RCT, a moderate degree of hetero-
geneity was detected; differences in study populations, interven-
tion duration and the extent of Na reduction achieved may have
contributed to this.

Clinical implications

From the current systematic review and meta-analysis, the rela-
tionship between Na intake and measures of adiposity remains
unclear. While findings from cross-sectional studies among
adults and children lend support to a positive association
between these two factors, whichmay be independent of energy
intake, these findings have not been clearly confirmed by longi-
tudinal studies nor RCT. This is due to a lack of available high-
quality longitudinal studies conducted in this area as well as the
previously outlined inherent difficulties in conducting RCT
which include a reduced-Na diet that is in fact equivalent in
energy intake to the control diet. At present, the available evi-
dence does not support any recommendations for clinical prac-
tice in regard to reduced-Na diets to aid with weight loss. Rather
to clarify the relationship between high Na intakes and excess
weight gain, it is recommended that additional high-quality
longitudinal studies are conducted which include robust

measures of Na intake (e.g. repeated 24-h urines to determine
usual intakes), energy intake (e.g. 24-h diet recall with consider-
ation for potential under-reporting) and other important con-
founders (e.g. physical activity data), combined with objective
measures of anthropometry (e.g. body composition assessed
by dual-energy X-ray absorptiometry). This should be combined
with animal and human studies which explore and identify clear
physiological pathways linking higher Na intake with increased
fat deposition independent of energy intake, such as feeding tri-
als conducted in humans that objectively measure daily Na and
energy intake together with energy expenditure.Well-controlled
studies that objectively assess if increasing the palatability of
food through increased Na concentration is a contributing factor
to excess energy consumption would also be valuable.
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