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Abstract
Sugar-sweetened beverage (SSB) consumption has been associated with visceral fat partitioning in adults; however, the underlyingmechanisms
in childhood remain unclear and warrant exploration. This cross-sectional study aimed to investigate the association between SSB consumption
and body fat in children aged 9–13 years and the potential modifying effect of children’s sex and serum cortisol levels. A sample of 2665 Greek
schoolchildren participated in the ‘Healthy Growth Study’, and anthropometric, body composition, dietary intake and serum cortisol data were
assessed. SSB consumption was defined as low (<1 serving/d), medium (1–2 servings/d) or high (>2 servings/d). We used linear regression
models to assess the association between SSB consumption and measures of adiposity and to assess effect modification; models were stratified
by sex and tertiles of morning serum cortisol. A significant positive association was observed between high SSB consumption and visceral adi-
pose tissue (VAT) (β= 1·4, 95 % CI 0·4, 2·3, P= 0·01) but not BMI or BMI z-score. When stratified by sex, the association was observed in boys
(β= 1·8, 95 % CI 0·3, 3·4, P= 0·02) but not in girls. When stratified by cortisol levels, SSB consumption was associated with VAT in children with
cortisol levels in the lowest tertile (β= 2·8, 95 % CI 1·0, 4·6, P< 0·01). These results indicate that increased SSB consumption is associated with
visceral adiposity in schoolchildren and this association may be modified by sex and morning serum cortisol. To prevent VAT accumulation and
concomitant disease risk, dietary interventions should target SSB consumption during childhood.
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Childhood obesity is a global epidemic affecting an estimated
124 million children worldwide(1). Although it is well recog-
nised that childhood obesity, as evaluated by BMI, increases
the risk of developing CVD, hypertension and type 2 diabetes
in adulthood; a growing body of research now indicates that
abdominal obesity, particularly the accumulation of visceral
adipose tissue (VAT), may be a stronger predictor of cardio-
vascular and metabolic disease risk than general BMI-defined
obesity(2–6). Furthermore, abdominal obesity can occur inde-
pendently of BMI-defined obesity, meaning that akin to over-
weight and obese children; normal weight children with
excess visceral adiposity are at a heighten risk of future morbid-
ity and premature mortality(4–6).

Diet is an important lifestyle factor known to influence body
fat distribution. In this context, evidence indicates that
Mediterranean dietary patterns may be protective against the
development of abdominal adiposity(7,8). However, in recent
decades, there has been a distinct shift away from traditional eat-
ing habits in Mediterranean regions and increasingly, children
are adopting a more Western diet characterised by an increased
consumption of refined sugars, saturated fats and processed
foods(9). Coinciding with this nutrition transition, children living
in the Mediterranean regions of Southern Europe are now
experiencing higher rates of abdominal obesity, even in the
absence of an increased BMI(10–12). As the accumulation of
VAT begins in childhood and is an early predictor of future
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morbidity(13), there is a need to identify modifiable dietary habits
in children that could account for the preferential distribution of
fat in visceral depots.

Sugar-sweetened beverages (SSBs) are typical of theWestern
diet and may play a role in visceral fat partitioning, as recent
studies in adults(14–17) and adolescents(18,19) have reported a
positive association between increased SSB consumption and
VAT accumulation. To date, research regarding SSB consump-
tion in children has typically explored associations with total
adiposity; while there is now convincing evidence linking SSB
consumption to weight gain and BMI-defined obesity(20,21), data
on visceral adiposity remain scarce. Although a few studies in
children have found SSB consumption to be positively associ-
ated with abdominal obesity(21–24), these studies are limited by
their use of waist circumference, which is unable to distinguish
VAT from subcutaneous adipose tissue. As VAT is a stronger
correlate of chronic disease risk than subcutaneous adipose
tissue(13), it is important to discern whether SSB consumption
is specifically associated with VAT in children.

Furthermore, while the associations between SSB consump-
tion and general adiposity can typically be explained by an
increase in energy intake, the mechanisms explaining visceral
fat partitioning are lesser known. One possible mechanism may
involve the stress hormone cortisol, a glucocorticoid secreted as
a function of the hypothalamic–pituitary–adrenal (HPA) axis.
Under basal conditions, cortisol secretion typically follows a diur-
nal rhythm; however, in response to psychological or physiologi-
cal stressors, the HPA axis becomes hyperactive and cortisol
secretion is increased(25). Dysregulation of the HPA axis and sub-
sequent elevations in basal cortisol has been implicated in the aeti-
ology of visceral obesity(25,26), and recent evidence suggests diets
high in sugar may exacerbate this relationship, with work in over-
weight adolescents findingmorning serum cortisol and high sugar
intake interact to predict VAT accumulation(27). As SSBs are a
major source of sugar among children(28), it is possible that their
consumption may increase VAT accumulation through mecha-
nisms of HPA dysregulation. To date, only one study has explored
the interrelationship between SSBs, cortisol and VAT. As such, the
cross-sectional study by Shearrer et al.(18) found SSB consumption
to be independently associated with cortisol and VAT in minority
youth, but no interaction effects of SSB consumption and cortisol
on VAT were observed. However, the study by Shearrer et al.(18)

was limited by its small sample of overweight/obese minority
youth and warrants repeating in a larger sample with a wider
range ofweight status. Therefore, in our study,we sought to assess
the association between SSB consumption and body fat and
whether sex and serum cortisol levels modified these associations
in children.

Methods

Participants and design

TheHealthy Growth Studywas a large-scale, cross-sectional epi-
demiological study conducted from 2007 to 2009. The Healthy
Growth Study was conducted according to the guidelines laid
down in the Declaration of Helsinki and all procedures involving
human subjects were approved by the Ethics Committee of

Harokopio University of Athens. The Greek Ministry of
National Education also approved the study’s protocol. The
study sample comprised 2665 schoolchildren aged 9–13 years
old, attending the fifth and sixth grades of primary schools
located in municipalities within Attica, Aitoloakarnania,
Thessaloniki and Iraklio. The sampling of schools was random,
multi-stage and stratified by parents’ educational level and total
population of students attending schools within thesemunicipal-
ities. Specifically, the municipalities in the prefectures under
study were divided into three groups on the basis of average
educational level of their adult population (25–65 years old) that
was estimated from data provided by the National Statistical
Service of Greece (2001 census). Consequently, municipalities,
proportional to the size of their population of children aged 9–
13 years old, were randomly selected from each socio-economic
level. Finally, a number of schools were randomly selected from
each municipality, proportional to the population of schoolchil-
dren registered in the fifth and sixth grades, according to data
obtained from theGreekMinistry of Education.Written informed
consent was obtained from all parents before data were col-
lected. All participating children underwent a physical examina-
tion by an experienced paediatrician and children’s health status
was assessed using a standardised checklist (see online
Supplementary material 1). Additionally, information regarding
children’s medical history was collected from their parents via
a standardised questionnaire (see online Supplementary
material 2). Further details describing the sampling procedure
of the Healthy Growth Study are provided elsewhere(29).

Anthropometric and visceral fat mass data

Weight was measured to the nearest 0·1 kg using a SECA model
770 digital scale (SECA) and height was measured to the nearest
0·1 cm using a stadiometer (Leicester Height Measure; Invicta
Plastics Ltd). BMI was calculated using the equation weight
(kg) divided by height squared (m2), and children were categor-
ised as underweight, normal weight, overweight and obese in
accordance with the International Obesity Task Force cut-off
points(30). The WHO 2007 Growth Reference macro package
was used to calculate children’s BMI-for-age z-score(31).
Bioelectrical impedance analysis was used to determine abdomi-
nal VAT (VIScan AB-140; Tanita Corporation). In this simple,
non-invasive method, a weak electrical current is passed
between the regions near the umbilicus and spinal cord at the
umbilicus level and the voltage generated in the lateral abdomen
is recorded. Because the equipotential line that passes through
visceral fat appears on the lateral abdominal surface, the amount
of visceral fat can be estimated by measurement of the voltage
generated at this location using a regression equation
determined by computed tomography(32). Although imaging
techniques, such as computed tomography and magnetic reso-
nance imaging, are considered to be the gold standard for meas-
uring VAT, these methods are highly expensive and involve
radiation exposure(33). The bioelectrical impedance analysis
method is therefore favourable for a sample of this size and
age, and VAT estimated by bioelectrical impedance analysis
has previously been shown to be highly correlated with VAT
determined by computed tomography(32). In the 4 h prior to

820 C. Gallagher et al.

https://doi.org/10.1017/S0007114520003256  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114520003256
https://doi.org/10.1017/S0007114520003256
https://doi.org/10.1017/S0007114520003256


measurement, children were instructed to abstain from consum-
ing food or liquid and from any intensive exercise. Childrenwere
also instructed not to wear any metallic object during measure-
ment. Total VATwas read straight from the instrument in a rating
scale of 1–59 units, reported to the nearest 0·5 increment.

Sugar-sweetened beverage consumption and dietary
intake data

Data regarding dietary intake were collected for two consecutive
weekdays and one weekend day via the 24 h recall method.
Dietary intake recalls were analysed using the Nutritionist V diet
analysis software (version 2.1, 1991; First Databank) which was
extensively amended to include traditional Greek recipes and
nutritional information of processed foods provided by indepen-
dent research institutes, food companies and fast food chains.
Mean values from the three 24 h recallswereused anddaily energy
intake was expressed as kJ. SSBs were defined as any beverage
containing added sugar, namely sugar-sweetened soft drink and
sugar-sweetened fruit juice, and consumption was measured in
g/d. To align with prior research(18), grams were converted to fluid
ounces and one serving of SSBs was defined as 8 oz (or 226·8 g).
TheWHO strongly recommends both children and adults limit the
consumption of added sugars to less than twelve teaspoons (about
50 g) per d and suggests that a further reduction to less than six
teaspoons (about 25 g) per d provides additional health
benefits(34). As an 8 oz serving of SSBs typically contains approx-
imately 25 g of added sugar, the children were classified into
three SSB consumption categories, that is, low SSB consumption
(<1 serving/d), medium SSB consumption (≥1 to <2 servings/d)
and high SSB consumption (≥2 servings/d), the levels modelling
this 25 g increase in daily added sugar intake.

Serum cortisol data

Blood samples were obtained in themorning between 08.30 and
10.30 hours following a 12-h overnight fast. Morning serum cor-
tisol was measured by electrochemiluminescence immunoassay
on the Roche Cobas e 411 analyzer (Roche Diagnostics SA). The
lower and upper detection limits were 0·05 and 63·4 μg/dl,
respectively.

Socio-demographic, physical activity and biological
maturation data

Data on the level of parental education were collected from the
parents (preferably from the mother) during face-to-face inter-
views. Maternal and paternal years of educationwere each strati-
fied into three categories, that is, less than 9 years, which
corresponds to having a junior high school degree; 9–12 years,
which corresponds to having a high school degree; and more
than 12 years, which corresponds to having a college, university
or post-graduate education. Children’s physical activity was
assessed via step count using a waist-mounted pedometer
(Yamax SW-200 Digiwalker; Yamax Corporation), which they
were instructed to wear for 1 week. Tanner stage, an index of
biological maturation, was determined by female paediatricians,
who thoroughly inspected breast development in girls and geni-
tal development in both girls and boys.

Statistical analysis

Continuous variables were expressed as mean values and stan-
dard deviations, and categorical variables were reported as
frequencies and percentages. Student’s t test and χ2 analyses were
performed to evaluate differences in descriptive variables
between boys and girls. Multivariate linear regression models
were developed to assess the relationship between SSB consump-
tion and VAT, BMI and BMI z-scores for the total sample. Both
unadjusted models and models adjusted for sex, Tanner stage,
daily energy intake, total daily steps and parental education status
are presented. To explore effect modification, we first stratified all
regression models by sex to understand whether the associations
between SSB consumption and outcome variables are influenced
by sex. We then fitted an interaction term between SSB and sex in
all regressionmodels for VAT, BMI andBMI z-scores and reported
these interactions if they were statistically significant.

To adjust for the possible confounding effects of cortisol,
serum cortisol level (μg/dl) was added as a continuous variable
in all regressionmodels. Serum cortisol levels were then recoded
into tertiles based on its distribution within the total sample, and
children were categorised as having low, medium or high corti-
sol levels if they were in the first, second or third tertile, respec-
tively.We then conducted strata-specific analysis by these serum
cortisol tertiles to assess the association of SSB consumption and
VAT, BMI and BMI z-scores with adjustment for all possible var-
iables. The results from themultiple linear regression models are
presented as β-coefficients and 95 % CI. All statistical analyses
were conducted using Stata (version 15.1, StataCorp) and the
level of significance was set at P< 0·05.

Results

The sample was composed of 2665 children (50·5 % boys)
attending the fifth and sixth grades of primary school. Ages
ranged from 9−13 years, with a mean age of 11·2 (SD 0·7) years
(Table 1). Of the total sample, 3·1 % of children were under-
weight, 55·1 % were normal weight, 30·3 % were overweight
and 11·5 % were obese. Significant sex differences were found
in regard to adiposity, with boys having a higher BMI, BMI
z-score and visceral fat rating than girls. In addition, girls were
found to have significantly lower cortisol levels and were more
likely to be in Tanner stages 3–5 compared with boys. Regarding
energy intake and expenditure, boys consumed more energy
per d and were more physically active than girls. No significant
sex differences were found in regard to socio-economic charac-
teristics (maternal and paternal education).

The majority of children (81·9 %) were categorised as having
low SSB consumption, although boys were more likely than girls
to be medium (62·7 v. 37·3 %) and high (61·2 v. 38·8 %) consum-
ers of SSBs (P< 0·01; Table 1).

High SSB consumption was significantly associated with VAT
but not with BMI or BMI z-scores (Table 2). High SSB consumers
had a visceral fat rating 1·3 units higher than low consumers
(95 % CI 0·3, 2·3, P= 0·01) and adjusting for covariates strength-
ened this relationship (β= 1·4, 95 % CI 0·4, 2·3, P= 0·01). In this
model, sex, daily energy intake and physical activity were signifi-
cantly associated with VAT (P< 0·01) as well as Tanner stages 2
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and 3, andmaternal education>12 years (P< 0·05). Sex was sig-
nificantly associated with measures of adiposity in each model,
with girls having significantly lower VAT, BMI and BMI z-scores
compared with boys (P< 0·01, results not shown). Therefore, to
assess for potential effect modification, models were stratified by
sex (Table 2). While no significant associations were found
between SSB consumption and measures of adiposity in girls,
high SSB consumption in boys was significantly associated with
VAT, but not BMI or BMI z-scores, in the adjustedmodel (β= 1·8,
95 % CI 0·3, 3·4, P= 0·02). In this model, the following covariates
were significant: daily energy intake (P< 0·01), physical activity
(P< 0·01), maternal education>12 years and paternal education
9–12 years (P< 0·05).

After inclusion of cortisol in the models (Table 3), high SSB
consumption remained significantly associated with VAT in the
adjusted model (β = 1·3, 95 % CI 0·3, 2·3, P = 0·01), as did sex
(P < 0·01), Tanner stage 3 (P < 0·01), daily energy intake
(P < 0·01), physical activity (P < 0·01) and maternal education

>12 years (P < 0·05). Although cortisol was not significantly
associated with measures of general adiposity (BMI and BMI
z-scores), an inverse association was found between cortisol
and visceral adiposity, with every 1 μg/dl increase in cortisol
predicting a –0·04 reduction in VAT (95 % CI –0·1, –0·0,
P = 0·01). Converted to SI units, every 1 nmol/l increase in cor-
tisol is associated a –0·001 reduction in VAT (95 % CI –0·003,
–0·0003, P = 0·01; SI units are not presented in Table 3).
The effects for the sex stratification remained the same after
inclusion of cortisol as a covariate in the adjusted models
(Table 3).

When the association between SSB consumption and mea-
sures of adiposity was stratified by cortisol levels (Table 4), it
was found that high compared with low SSB consumption
was associated with a greater VAT in children with low cortisol
levels (β = 2·8, 95 % CI 1·0, 4·6, P< 0·01). For children with
medium or high cortisol levels, no associations were found
between SSB consumption and measures of adiposity.

Table 1. Descriptive characteristics of children by sex
(Mean values and standard deviations; numbers and percentages)

Total (n 2665) Girls (n 1318) Boys (n 1347)

Mean SD n % Mean SD n % Mean SD n % P

SSB consumption
Low 2095 81·9 1095 86·3 1000 77·6 <0·01†
Medium 346 13·5 129 10·2 217 16·9
High 116 4·5 45 3·6 71 5·5

Cortisol (μg/dl)‡ 11·9 5·5 11·6 5·6 12·3 5·4 <0·01*
Age (years) 11·2 0·7 11·2 0·7 11·2 0·7 0·95*

Tanner stage
1 827 32·3 277 21·0 550 44·2 <0·01†
2 1072 41·8 522 39·6 550 44·2
3 469 18·3 348 26·4 121 9·7
4 160 6·3 138 10·5 22 1·8
5 34 1·3 33 2·5 1 0·1

Lifestyle parameters
Daily energy intake (kJ) 7479·0 2317·8 7052·3 2104·0 7903·5 2440·2 <0·01*
Daily steps 13 249·5 5226·5 11 789·8 4316·8 14 700·2 563·8 <0·01*

Maternal education
Low (<9 years) 573 22·2 306 23·9 267 20·6 0·13†
Medium (9–12 years) 1010 39·2 488 38·1 522 40·3
High (>12 years) 994 38·6 487 38·0 507 39·1

Paternal education
Low (<9 years) 688 26·4 348 26·9 340 26·0 0·82†
Medium (9–12 years) 997 38·3 489 37·8 508 38·8
High (>12 years) 920 35·3 458 35·4 462 35·3

Anthropometric measures
Weight (kg) 45·3 11·1 45·2 11·0 45·5 11·2 0·50*
Height (cm) 148·7 7·9 149·2 8·3 148·3 7·4 <0·01*
BMI (km/m2) 20·3 3·8 20·1 3·7 20·5 4·0 0·01*
BMI z-score 0·95 1·2 0·8 1·2 1·1 1·2 <0·01*
Visceral fat (rating) 4·9 3·4 4·0 2·3 5·9 4·0 <0·01*

Weight status
Underweight 82 3·1 49 3·8 33 2·5 <0·01†
Normal weight 1438 55·1 743 57·3 695 52·9
Overweight 790 30·3 382 29·5 408 31·0
Obese 301 11·5 122 9·4 179 13·6

SSB, sugar-sweetened beverage.
* Derived from Student’s t test.
† Derived from χ2 test.
‡ Cortisol values are presented in conventional units (μg/dl). To convert values to SI units (nmol/l), multiply by 27·6.
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Table 2. Associations of sugar-sweetened beverage (SSB) consumption and measures of adiposity
(β-Coefficients and 95% confidence intervals)

Visceral fat BMI BMI z-score

Unadjusted Adjusted* Unadjusted Adjusted* Unadjusted Adjusted*

β 95% CI P β 95% CI P β 95% CI P β 95% CI P β 95% CI P β 95% CI P

Total
SSB low Reference category Reference category Reference category Reference category Reference category Reference category
SSB medium 0·5 –0·1, 1·0 0·10 0·3 –0·2, 0·9 0·23 0·2 –0·3, 0·6 0·52 0·3 –0·2, 0·7 0·25 –0·01 –0·2, 0·1 0·92 0·03 –0·1, 0·2 0·69
SSB high 1·3 0·3, 2·3 0·01 1·4 0·4, 2·3 0·01 0·4 –0·4, 1·1 0·32 0·4 –0·3, 1·2 0·23 –0·04 –0·3, 0·2 0·75 0·02 –0·2, 0·2 0·88

Boys
SSB Low Reference category Reference category Reference category Reference category Reference category Reference category
SSB medium –0·00 –0·8, 0·8 1·00 0·4 –0·5, 1·2 0·40 0·2 –0·4, 0·8 0·51 0·5 –0·2, 1·1 0·14 –0·1 –0·2, 0·1 0·61 0·1 –0·1, 0·3 0·47
SSB high 1·0 –0·5, 2·4 0·21 1·8 0·3, 3·4 0·02 0·7 –0·3, 1·6 0·18 0·8 –0·2, 1·8 0·10 –0·00 –0·3, 0·3 0·99 0·1 –0·2, 0·4 0·47

Girls
SSB low Reference category Reference category Reference category Reference category Reference category Reference category
SSB medium 0·3 –0·3, 1·0 0·27 0·3 –0·3, 0·9 0·36 –0·1 –0·8, 0·6 0·84 0·01 –0·6, 0·7 0·98 –0·1 –0·3, 0·2 0·54 –0·02 –0·2, 0·2 0·85
SSB high 0·8 –0·3, 2·0 0·16 1·0 –0·2, 2·1 0·10 –0·2 –1·3, 0·9 0·71 –0·1 –1·1, 1·0 0·90 –0·2 –0·5, 0·2 0·26 –0·1 –0·5, 0·2 0·51

* Adjusted for sex (total sample only), Tanner stage, total daily energy intake, parental education and total steps per d.

Table 3. Association between sugar-sweetened beverage (SSB) consumption, cortisol and measures of adiposity
(β-Coefficients and 95% confidence intervals)

Visceral fat BMI BMI z-score

Unadjusted Adjusted* Unadjusted Adjusted* Unadjusted Adjusted*

β 95% CI P β 95% CI P β 95% CI P β 95% CI P β 95% CI P β 95% CI P

Total
SSB low Reference category Reference category Reference category Reference category Reference category Reference category
SSB medium 0·5 –0·1, 1·1 0·07 0·4 –0·2, 0·9 0·21 0·1 –0·4, 0·6 0·67 0·2 –0·3, 0·6 0·50 –0·01 –0·2, 0·1 0·89 0·0 –0·1, 0·1 0·98
SSB high 1·2 0·2, 2·2 0·02 1·3 0·3, 2·3 0·01 0·4 –0·4, 1·2 0·29 0·4 –0·3, 1·2 0·29 –0·02 –0·3, 0·2 0·85 –0·01 –0·2, 0·2 0·98
Cortisol (μg/dl)† –0·01 –0·0, 0·0 0·59 –0·04 –0·1, −0·0 0·01 –0·02 –0·0, 0·0 0·28 –0·03 –0·1, 0·0 0·06 –0·00 –0·0, 0·0 0·48 –0·01 –0·0, 0·0 0·11

Boys
SSB low Reference category Reference category Reference category Reference category Reference category Reference category
SSB medium 0·04 –0·8, 0·9 0·93 0·4 –0·5, 1·3 0·39 0·3 –0·3, 0·9 0·36 0·4 –0·2, 0·1 0·17 –0·01 –0·2, 0·2 0·94 0·1 –0·1, 0·3 0·50
SSB high 0·8 –0·8, 2·3 0·33 1·6 –0·1, 3·3 0·05 0·6 –0·4, 1·6 0·24 0·7 –0·3, 1·7 0·15 –0·02 –0·3, 0·3 0·91 0·1 –0·2, 0·4 0·53
Cortisol (μg/dl)† –0·02 –0·1, 0·0 0·52 –0·1 –0·1, 0·0 0·11 –0·02 –0·1, 0·0 0·42 –0·02 –0·1, 0·0 0·28 –0·01 –0·0, 0·0 0·32 –0·01 –0·0, 0·0 0·32

Girls
SSB low Reference category Reference category Reference category Reference category Reference category Reference category
SSB medium 0·4 –0·3, 1·0 0·29 0·3 –0·3, 1·0 0·33 –0·4 –1·1, 0·4 0·33 –0·3 –0·9, 0·4 0·46 –0·1 –0·4, 0·1 0·20 –0·1 –0·3, 0·1 0·40
SSB high 0·9 –0·3, 2·0 0·13 1·0 –0·1, 2·2 0·07 –0·1 –1·3, 1·1 0·86 –0·1 –1·2, 1·1 0·91 –0·2 –0·6, 0·2 0·31 –0·1 –0·5, 0·2 0·47
Cortisol (μg/dl)† –0·02 –0·1, 0·0 0·19 –0·03 –0·1, −0·0 0·04 –0·1 –0·1, 0·0 0·30 –0·03 –0·1, 0·0 0·12 –0·00 –0·0, 0·0 0·51 –0·01 –0·0, 0·0 0·21

* Adjusted for sex (total sample only), Tanner stage, total daily energy intake, paternal education and total steps per d.
† Cortisol values are presented in conventional units (μg/dl). SI units (nmol/l) are not presented.
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Discussion

Our findings suggest an association between high SSB consump-
tion and visceral, but not general, adiposity, and this association
was found tobe stronger in boys. Furthermore,we aimed to inves-
tigate HPA dysregulation as a potential mechanism accounting for
the association between SSBs and fat partitioning in visceral adi-
pose depots. The results from our stratified analysis found high
SSB consumption was only associated with VAT in children with
low morning cortisol levels.

To date, much of the focus has been on the association
between SSBs and general adiposity in children(20,21), but we
found no association between SSBs and BMI or BMI z-scores.
Although the majority of the literature supports a positive asso-
ciation, much of this research was conducted in US children with
reportedly high SSB intakes(20,21). One other study in Greek
schoolchildren also found a positive association between SSB
consumption and BMI(35); however, SSB consumption in their
sample was similar to that reported in US children and was much
higher than what was observed in the present study. It is there-
fore possible that consumption patterns are not high enough in
our sample to have observable effects on general adiposity.
Additionally, fewer than 20 % of children in our sample con-
sumed more than one serving of SSBs per d, and so our analysis
may have lacked sufficient power to detect a significant associ-
ation in medium or high SSB consumers. Moreover, it has been

argued that studies should not adjust for energy intake in their
analyses, as energy is likely to mediate the association between
SSBs and adiposity(36). However, even without adjustment for
energy intake, we found no association between SSBs and gen-
eral adiposity.

Nevertheless, SSB consumption patterns in our sample were
sufficient to detect an association between SSB consumption and
visceral adiposity, with our results showing that those consum-
ing ≥2 servings of SSBs per d had a significantly greater visceral
fat rating than those consuming <1 serving per d, even after
adjustment for energy intake. Previous work investigating the
relationship between SSBs and visceral adiposity has shown that
increased SSB consumption is positively associated with VAT
accumulation in adults(14–17) and adolescents(18,19); however,
the present study is the first to extend these findings to children.
Moreover, our results are consistent with several studies demon-
strating a positive association between SSB consumption and
waist circumference in school-aged children(21–24), and further
support WHO recommendations to reduce added sugar intake
to below 50 g/d(34).

Sex-stratified analyses revealed that the association between
SSB consumption and VAT was stronger in boys. However,
when an interaction termwas included in the regression models,
the results were not statistically significant and so additional stud-
ies are needed to replicate our findings. Nevertheless, one other
study has examined sex differences in the relationship between

Table 4. Association between sugar-sweetened beverage (SSB) consumption and measures of adiposity, stratified by serum cortisol levels
(β-Coefficients and 95% confidence intervals)

Visceral fat

Low cortisol Medium cortisol High cortisol

β 95% CI P β 95% CI P β 95% CI P

Unadjusted
SSB low Reference category Reference category Reference category
SSB medium 0·02 –1·0, 1·0 0·97 0·9 –0·2, 2·0 0·12 0·7 –0·2, 1·7 0·13
SSB high 2·8 1·0, 4·6 <0·01 1·0 –0·6, 2·7 0·22 –0·4 –2·3, 1·6 0·72

Adjusted*
SSB low Reference category Reference category Reference category
SSB medium 0·01 –1·0, 1·0 0·98 0·7 –0·4, 1·8 0·20 0·4 –0·5, 1·3 0·36
SSB high 2·8 1·0, 4·6 <0·01 1·0 –0·6, 2·6 0·21 0·1 –1·8, 2·0 0·94

BMI

Low cortisol Medium cortisol High cortisol
Unadjusted
SSB low Reference category Reference category Reference category
SSB medium –0·5 –1·3, 0·3 0·20 0·5 –0·3, 1·4 0·23 0·4 –0·4, 1·1 0·37
SSB high 1·1 –0·4, 2·5 0·14 –0·2 –1·5, 1·0 0·70 0·6 –0·7, 1·9 0·34

Adjusted*
SSB low Reference category Reference category Reference category
SSB medium –0·5 –1·2, 0·4 0·27 0·6 –0·3, 1·4 0·17 0·4 –0·4, 1·1 0·35
SSB high 1·3 –0·2, 2·8 0·08 –0·1 –1·3, 1·1 0·91 0·3 –0·9, 1·6 0·60

BMI z-score

Low cortisol Medium cortisol High cortisol
Unadjusted
SSB low Reference category Reference category Reference category
SSB medium –0·2 –0·5, 0·0 0·08 0·2 –0·1, 0·4 0·29 0·1 –0·2, 0·3 0·63
SSB high 0·2 –0·2, 0·6 0·38 –0·3 –0·7, 0·1 0·12 0·1 –0·3, 0·5 0·56

Adjusted*
SSB low Reference category Reference category Reference category
SSB medium –0·2 –0·4, 0·1 0·12 0·2 –0·1, 0·4 0·27 0·1 –0·2, 0·3 0·65
SSB high 0·3 –0·2, 0·7 0·23 –0·2 –0·6, 0·1 0·22 0·1 –0·3, 0·5 0·72

* Adjusted for sex, Tanner stage, total daily energy intake, parental education and total steps per d.
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SSBs and abdominal obesity in children(22). In line with our find-
ings, Collison et al.(22) reported SSB consumptionwas associated
with a higher waist circumference in Saudi school boys but not in
girls. There are several possible interpretations to explain these
sex differences. Firstly, it is well established that men accumulate
more visceral fat than females, who typically store more fat in
subcutaneous depots, particularly in their hips and thighs(37).
Moreover, in a review of evidence in children, Staiano &
Katzmarzyk(13) confirmed that sexual dimorphism in fat pattern-
ing may also be evident in children, as was demonstrated in our
study, whereby boys had an average visceral fat rating 1·9 units
higher than girls. Although themechanisms responsible for these
sex differences in body fat distribution are not well understood in
children(13), the aforementioned differences may explain why
the association between SSB consumption and VAT was more
pronounced in boys. Secondly, in both our sample and the sam-
ple of Saudi schoolchildren, boys were greater consumers of
SSBs than girls. While this is to be expected, as males typically
consume greater intakes of SSBs than females globally(38), it is
possible that consumption patterns in girls were not high enough
to detect a significant association and/or stratified analyses may
have lacked sufficient power. Furthermore, it is important to note
that the majority of girls in our sample were at later stages of
pubertal maturation than were boys and this could also play a
part in the sex differences observed.

The positive association between SSB consumption and VAT
remained robust, even after adjustment for morning serum cor-
tisol levels. Moreover, we found a weak negative association
between morning serum cortisol and VAT accumulation.
Literature on the relationship between morning cortisol and
abdominal adiposity in youth is limited. Although some studies
have shown morning serum cortisol to be positively associated
with visceral adiposity(27,39,40), these studies have only included
overweight and obese subjects. Two studies inclusive of normal
weight children assessed morning salivary cortisol(41,42), a strong
correlate of serum cortisol(43). Both studies were conducted in
samples of Western children and neither found an association
between cortisol and abdominal adiposity(41,42). Disparities
between our results and those previous may be explained by
differences in the characteristics of study participants as well
as differences in cortisol sampling procedures, as some studies
used salivary cortisol and the time at which samples were col-
lected varied. Furthermore, in the present study, associations
between cortisol and VATwere adjusted for lifestyle factors such
as energy intake and physical activity, while similar adjustments
were only made in one of the previous studies(27). Although our
findings are novel in children, lowmorning serum cortisol levels
have been observed in adults with abdominal obesity and are
thought to be a consequence of increased peripheral cortisol
clearance, facilitated by increased VAT(44). However, whether
this explains the negative association we observed in children
is yet to be tested.

Only one other study has previously assessed the interaction
between cortisol and SSB consumption on visceral adiposity. In a
small sample of overweight and obese adolescents, Shearrer
et al.(18) found no interactive effect between morning salivary
cortisol and SSBs on VAT. Although our findings are similar
for children with medium and high morning cortisol levels,

where no associations were observed when stratified for these
cortisol levels, we did find an association between high SSB con-
sumption and visceral fat in children with low levels of morning
cortisol. The reason for this effect is unclear; however, lowmorn-
ing cortisol in children may be a marker of allostatic load result-
ing from repeated or chronic exposure to stress(45). Under
conditions of chronic stress, individuals are more likely to con-
sume foods high in sugar(46) and evidence suggests they may
also be more vulnerable to diet-related abdominal obesity(47).
Taken together, it is possible that chronic stress may be account-
ing for the association between high SSB consumption and VAT
in children with low morning cortisol levels. However, as we do
not have data pertaining to children’s perceived stress, this inter-
pretation is speculative and the possibility that morning serum
cortisol is a stronger determinant of VAT than high SSB intake
should also be considered as an explanation for the lack of asso-
ciation between SSBs and VAT in children with cortisol levels in
the two highest tertiles. Further research is warranted to explain
how low morning cortisol levels, as opposed to high, may mod-
erate the association between SSBs and visceral adiposity.

A major strength of the present study was the large represen-
tative sample of primary school-aged children. Furthermore, the
sample included children covering a wide range of BMI and was
sufficiently sized to allow for strata-specific analyses. However,
several limitations should be considered when interpreting our
findings. Firstly, given the cross-sectional nature of the present
study, we are unable to determine causality. Secondly, children’s
diets were assessed using a subjectivemethod and self-reports of
dietary intake are often susceptible to error, particularly under-
reporting of energy intake from fats and sugars(48). In addition,
dietary intake was only assessed for three consecutive days,
which may not accurately reflect children’s long-term habitual
intake. Nevertheless, dietary recalls remain widely used in epi-
demiological studies and are a validated tool for measuring
dietary intake in children of this age(48). Lastly, morning serum
cortisol was only assessed once for each child. Given that cortisol
secretion follows a diurnal pattern, a single measure may be
imperfect as a marker of HPA axis activity, and by nature of
the design, we are unable to ascertain abnormalities in individual
secretory patterns. Although the use of a single cortisol measure
is most practical for a sample of this size, multiple measures
throughout the day would have provided a more accurate
assessment of HPA dysregulation.

In summary, in this cross-sectional study, high SSB consump-
tion was associatedwith visceral adiposity in young children and
boys were at an elevated risk. Morning serum cortisol may mod-
erate the association between SSB consumption and VAT; how-
ever, additional studies are needed to replicate our findings and
more precise measures of HPA dysregulation should be
explored. As visceral adiposity is a strong predictor of future dis-
ease risk, it is important that SSB consumption is reduced during
childhood and public health policy needs to continue to priori-
tise the reduction of sugar intake across all populations.
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