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Abstract

Abdominal adiposity, particularly visceral adipose tissue (VAT), is independently linked to the pathogenesis of diabetes and

cardiovascular diseases. Emerging evidence suggests that greater intake of sugar-sweetened beverages (SSBs) may be

associated with abnormal fat accumulation in VAT. We examined whether habitual SSB consumption and diet soda

intakes are differentially associated with deposition of body fat. We conducted a cross-sectional analysis using previously

collected data in 2596 middle-aged adults (1306 men and 1290 women) from the Framingham Heart Study Offspring and

Third Generation cohorts. VAT and abdominal subcutaneous adipose tissue (SAT) were measured using multidetector

computed tomography. Habitual intake of SSBs and diet soda was assessed by a validated food frequency questionnaire. We

observed that SSB consumption was positively associated with VAT after adjustment for SAT and other potential confounders

(P-trend < 0.001).We observed an inverse association between SSB consumption and SAT (P-trend = 0.04) that persisted after

additional adjustment for VAT (P-trend < 0.001). Higher SSB consumption was positively associated with the VAT-to-SAT ratio

(P-trend < 0.001). No significant associationwas found between diet soda consumption and either VAT or the VAT-to-SAT ratio,

but diet soda was positively associated with SAT (P-trend < 0.001). Daily consumers of SSBs had a 10% higher absolute VAT

volume and a 15% greater VAT-to-SAT ratio compared with nonconsumers, whereas consumption of diet soda was not

associated with either volume or distribution of VAT. J. Nutr. 144: 1283–1290, 2014.

Introduction

Obesity is a risk factor for type 2 diabetes and cardiovascular
diseases (CVDs);12 however, not all obese individuals display
equivalent cardiometabolic risk (1). The location of fat storage,
rather than overall fat quantity, may be more predictive of
cardiometabolic risk (2,3). Abdominal adiposity, particularly fat
accumulation in visceral adipose tissue (VAT), was indepen-

dently linked to the pathogenesis of CVD and type 2 diabetes (4).
The pathogenic associations of abdominal subcutaneous adipose

tissue (SAT) are less understood, but some evidence suggests that

SAT may have protective effects (5,6). Findings from recent

observational studies also suggest that a greater propensity of fat

stored in VAT relative to SAT, represented by a ratio between the

2 fat depots, is associated with greater risk factors of type 2

diabetes and CVD (7,8).
Sugar-sweetened beverages (SSBs), sweetened with either su-

crose or high-fructose corn syrup, are the leading source of added

sugars in the diets of U.S. adults (9). Excess SSB consumption was

associated with weight gain, as reported in a recent systematic

review and meta-analysis (10). Emerging evidence suggests that

greater consumption of SSBs may be preferentially associated with

fat accumulation in VAT; that is, more fat may be accumulated in

VAT, and less fat may be accumulated in SAT (11,12). Only

1 observational study examined the association between habitual

intake of SSBs and abdominal fat depots in 791 healthy adults (12).

This study observed that those who regularly consumed SSBs,

rather than diet soda, had a higher proportion of VAT in total

abdominal adiposity, although intake of neither type of beverage
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was associated with absolute VATor SAT volume. The objective of
this studywas to examine the cross-sectional associations between
consumption of SSBs and diet soda and both the absolute volume
of the fat depots and relative distribution of VAT to SAT in
participants of the Framingham Heart Study. Our hypothesis was
that a higher habitual SSB consumption is associated with a
greater fat accumulation in VAT and lesser fat accumulation in
SAT, as reflected by a higher VAT-to-SAT ratio, whereas diet soda
consumption is associated with none of the 3 variables.

Participants and Methods

Study population. Study participants were from the Framingham
Heart Study Offspring cohort and Third Generation Cohort (Gen3) and

were described previously (13,14). Participants in the 2 cohorts were

evaluated approximately every 3–4 y. Each examination included a

detailed medical history, physical examination by a physician, and
standard laboratory tests for cardiovascular and metabolic risk factors.

Data were from Offspring examination cycle 7 (1998–2001) and Gen3

examination cycle 1 (2002–2005). The study sample for the present
analysis is a subcohort of 3529 participants whose abdominal adipose

tissues were assessed by multidetector computed tomography (MDCT)

between June 2002 and April 2005, as described previously (15). The

following criteria were applied for study participants to be eligible for
the MDCT substudy: 1) body weight < 160 kg; 2) men aged $35 y; and

3) nonpregnant women aged $40 y. Restriction on body weight was to

ensure obtaining MDCT measurement. Of the 3529 participants

included in the MDCT study, 3017 had valid FFQs and interpretable
measurements for VAT and SAT. We excluded an additional 421

participants with the following: 1) previously diagnosed diabetes as

defined by fasting plasma glucose concentrations $7.0 mmol/L or

treatment with glucose-lowering medication (n = 169); or 2) missing
covariates, such as physical activity and smoking status (n = 252). The

final sample included 2596 participants. All participants provided

written informed consent before study participation. The Framingham
Heart Study protocols and procedures were approved by the Institu-

tional Review Board for Human Research at Boston University Medical

Center, and the current analyses were approved by the Tufts Medical

Center and Tufts University Health Sciences Institutional Review Board.

Abdominal adipose tissue. Measurement protocols for abdominal

visceral and subcutaneous adiposity were described in detail previously (16).

In brief, participants underwent an abdominal scanning with an 8-slice
MDCT scanner (LightSpeed Ultra; GE Healthcare). This abdominal

scanning obtained 25 contiguous slices covering 125 mm superiorly from

the upper edge of the S1 vertebrae. The abdominal muscular wall that
separates the VAT and SAT was manually traced. Abdominal images were

converted to volumes (cubic centimeters) of VAT and SAT using protocol

provided by Aquarius 3D Workstation (TeraRecon). Reproducibility

between 2 readers was assessed in 100 randomly selected participants.
The intraclass correlations were high (>0.99) for both VATand SATreadings

between the 2 readers (17).

Beverage consumption. Consumption of SSBs and diet soda was
assessed using a semiquantitative 126-item FFQ thatwas designed to capture

the habitual dietary intake for the year preceding the physical and medical

examinations (18). The FFQ was mailed to participants to be completed at
home, and the completed version was returned during the study appoint-

ment. The FFQ consisted of a list of foods with standard serving sizes and a

selection of 9 frequency categories ranging from 0 or <1 serving/mo to $6

servings/d. Nutrient intake was calculated by multiplying the frequency of
consumption of a food item by the nutrient content per standard serving size

for the given food item. Dietary information was considered valid only if

reported energy intake was $2.5 MJ/d (600 kcal/d) for both men and

women, <16.7MJ/d (4000 kcal/d) for women, <17.5MJ/d (4200 kcal/d) for
men, and if <13 food items were left blank on the FFQ.

Participants were asked to report their frequency of SSB consumption

during the previous year. The SSB assessment included the following: 1)
caffeinated colas with sugar; 2) caffeine-free colas with sugar; 3) other

carbonated beverages with sugar; and 4) fruit punches, lemonade, or

other noncarbonated fruit drinks. Diet soda was captured using 3 FFQ

items including the following: 1) low-calorie cola; 2) low-calorie,
caffeine-free cola; and 3) other low-calorie carbonated beverage. One

serving of an SSB or diet soda was equivalent to 360 mL (12 fl oz).

Participants were categorized according to the frequency of SSB

consumption: 0 to <1 serving/mo (nonconsumers), $1 serving/mo to <1
serving/wk (occasional consumers), $1 serving/wk to <1 serving/d

(frequent consumers), and $1 serving/d (daily consumers). Similarly,

we grouped study participants into 4 categories according to their

frequency of drinking diet soda. The relative validity of the FFQ was
examined for both nutrients and foods in men and women in other

cohorts (18–21). The deattenuated correlation coefficients between the

FFQ andmultiple diet records for women (20) andmen (19), respectively,
were 0.84 and 0.84 for cola-type soft drinks, 0.36 and 0.55 for other

carbonated non-cola beverages, and 0.56 and 0.79 for noncarbonated

fruit drinks. The deattenuated correlation coefficients were 0.73 and 0.74

for low-calorie cola and other low-calorie carbonated non-cola beverages
for women and men, respectively (19).

Anthropometry and covariates assessment. At each visit, partici-

pants underwent a physical examination using standard protocols and
completed a medical history questionnaire. Waist circumference was

measured at the level of the umbilicus from a standing position. BMI was

calculated as weight (kilograms) divided by height (square meters).

Participants who reported that they smoked regularly in the past year were
classified as current smokers. Age (years), sex, and education level (college

level or above vs. high school or less) were captured from questionnaires.

Physical activity level was calculated based on questionnaire-derived time

spent performing the activity in a typical day and the intensity of the
activity (22). Dietary factors derived from the FFQ included intake of total

energy (kilocalories per day), fats, carbohydrates and protein (as percent-

age of energy intake), multivitamin use (yes/no), dietary fiber (grams per
day), fruits and vegetables (grams per day), red meat (grams per day), nuts

(grams per day), whole grains (grams per day), and alcohol (grams per

day). The 2005 Dietary Guidelines Adherence Index (DGAI) was used to

capture overall dietary quality as described previously (23). Because added
sugar is a component of the DGAI, we created a modified DGAI in the

present study by leaving out the added sugar component. Fasting plasma

glucose and serum lipids were measured after an overnight fast. Impaired

fasting glucose was defined as fasting glucose concentration$ 5.6 mmol/L
(24). Dyslipidemia was defined as use of lipid-lowering medications, TG

concentration $ 1.7 mmol/L, or HDL cholesterol concentration < 1.04

mmol/L in men and <1.29 mmol/L in women (25). Hypertension was
defined as systolic blood pressure$ 140 mm Hg, diastolic blood pressure

$ 90 mm Hg, or use of antihypertensive drugs (25).

Statistical analysis. Participant characteristics across the categories of SSB
consumption were age and sex adjusted and evaluated through use of least-

squares means. Dietary characteristics were additionally adjusted for energy
intake. A test for linear trend across categories of SSB intake was performed

by treating the median value of SSB intake for each category as a continuous

independent variable in linear regression models for continuous response
variables or in logistic regressionmodels for dichotomous response variables.

Participant characteristics are presented as means (95% CI), with the

exception of waist circumference, VAT-to-SAT ratio, and dietary fiber intake

for which log transformations were applied to correct the positive skewness,
and geometric means are presented. We calculated Spearman�s correlation
coefficients between all adiposity markers.

In our primary analyses, the relations between SSB intake and BMI,

waist circumference, VAT, SAT, and VAT-to-SAT ratio were examined
through use of least-squares means determined within categories of SSB

intake, with adjustment for the following covariates: 1) age; 2) sex; 3)
energy intake; 4) alcohol intake; 5) modified DGAI; 6) physical activity
level; 7) educational level; 8) current smoking status (yes/no); and 9)
cohort (Offspring/Gen3). We mutually adjusted SSB and diet soda intake,

i.e., we adjusted for diet soda intake in the analysis of SSBs and vice versa.

We additionally adjusted for SAT in the model for VATand controlled for
VAT in the analysis for SAT. Linear trends for each outcome were tested

across categories of SSB using the median value approach with adjustment
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for the same covariates described above. Because of previously reported sex

interactions for the association between abdominal fat and cardiometabolic

risk factors (15), we examined whether sex may modify the association
between SSB intake and abdominal fat–related measures (waist circumfer-

ence, SAT, VAT, and VAT-to-SAT ratio). We included the product term of

SSB intake and sex in the statistical model to test for a potential interaction.

Bonferroni�s correction was applied to account for the multiple compar-
isons (waist circumference, SAT, VAT, and VAT-to-SAT ratio), and the

statistical significance for interaction was set at P < 0.0125 (0.05/4).

In the secondary analyses, we tested for effect modification between SSB

and age categorized using the median as an arbitrary cut point (< and$ the
median age of 50 y) and BMI (<25, $25 and <30, and $30 kg/m2).

Bonferroni�s correction was applied for the tests for interaction, and the

significance level was set at P < 0.0125. In a sensitivity analysis, instead of
modified DGAI, we controlled for intakes of individual food groups (intakes

of fruits, vegetables, whole grains, red meats, and nuts), multivitamin use,

and other covariates (age, sex, energy intake, alcohol intake, dietary fat,

physical activity level, educational level, smoking status, Framingham
cohort, and diet soda). We also examined whether energy intake and

glycemic load may mediate the observed associations. For all outcomes, the

same models and covariates were used to examine diet soda intake. All

statistical analyses were conducted using SAS statistical software (version
9.3; SAS Institute). A 2-tailed P < 0.05 was considered statistically

significant, unless specified otherwise.

Results

Approximately 33% of study participants were nonconsumers of
SSBs, and 13% were daily consumers. The prevalence of noncon-
sumers and daily consumers of diet soda was 58% and 8%,
respectively. Also, 17% reported consuming neither SSBs nor diet
soda, 1%were daily consumers of both types of beverages, and the
remaining participants (82%) reported consuming a mixture of
SSBs and diet soda. Among daily consumers, the greatest SSB
contributor was cola (39.9%), followed by noncarbonated fruit
drinks (28.7%), carbonated non-cola beverages (21.5%), and
caffeine-free cola (10.7%). The age-, sex-, and/or energy-adjusted
characteristics of participants across categories of SSB consumption
are shown in Table 1. Compared with nonconsumers, daily SSB
consumers were more likely to be men, younger, current smokers,
have a lower educational level, and have a higher physical activity
level. Daily SSB consumers drank less alcohol, were less likely to
take multivitamin supplements, and had an overall less healthy diet
as captured by the modified DGAI. In addition, daily SSB
consumers had a higher prevalence of dyslipidemia. Compared
with nonconsumers, daily diet soda consumers were older and had
greater BMI (Table 2). Daily diet soda consumers also demon-
strated a higher prevalence of impaired fasting glucose, dyslipide-
mia, and hypertension.

Spearman�s correlation coefficients between adiposity markers
are presented in Table 3. In our primary analysis (Table 4), SSB
consumption was marginally associated with lower BMI (P-trend =
0.05) but not associated with waist circumference (P-trend = 0.32).
No associationwas observed between SSB intake andVAT (P-trend =
0.11), but the association became significant (P-trend < 0.001)
after additional adjustment for SAT. Adjusted mean volume of
VAT was 1640 and 1800 cm3 in SSB nonconsumers and daily
consumers, respectively. In contrast to our hypothesis, SSB intake
was inversely associated with SATafter additional adjustment for
VAT (P-trend < 0.001). In the VAT-adjustedmodel, SATwas 3010
and 2650 cm3 in SSB nonconsumers and daily consumers,
respectively. A significant positive association was observed
between SSBs and the VAT-to-SAT ratio (P-trend < 0.001). The
geometric mean VAT-to-SAT ratio was 0.54 and 0.62 in SSB
nonconsumers and daily consumers. The sensitivity analysis
adjusting for individual foods yielded similar results as the

primary analyses with the exception that the association between
SSB intake and BMI became nonsignificant (P-tend = 0.22).
Furthermore, excluding energy intake from the models or
including the glycemic load or previously diagnosed CVDs did
not substantially change the observed associations.

We observed no significant statistical interaction between SSB
consumption and sex for all adiposity markers (Table 4). Sex-
stratified results for associations between SSB intake and waist
circumference, VAT, SAT, and the VAT-to-SAT ratio are displayed
in Supplemental Table 1. The associations between SSB intake
and VAT, SAT, and the VAT-to-SAT ratio in fully adjusted models
were similar in men and women. The interaction term between
SSB intake and BMI was significant for SAT (P-interaction <
0.001) and nonsignificant for VAT (P-interaction = 0.08).
Nevertheless, BMI-stratified data for both VAT and SAT were
presented in Figure 1. The BMI-stratified analysis showed a
significant positive association between SSB intake and VAT both
with and without adjustment for SAT in normal-weight and
overweight participants. In obese individuals, we observed that
SSB consumers tended to have larger VAT in both models, but the
associations were not statistically significant. In all strata, SSB
consumers had lower SAT compared with nonconsumers; how-
ever, significant associations were observed only in normal-weight
(BMI < 25 kg/m2) and obese (BMI $ 30 kg/m2) participants. We
observed no significant interaction between SSB intake and BMI
for the VAT-to-SATratio. The association between SSB intake and
the VAT-to-SAT ratio was significant in all BMI strata. There was
no significant interaction observed between SSB intake and age for
markers of abdominal adiposity (Table 4).

Finally, a positive association was observed between diet soda
consumption and BMI, waist circumference, VAT, and SAT
(Table 5). After adjusting for SAT, the association between diet
soda intake and VAT was attenuated and no longer statistically
significant (P-trend = 0.06). The significant direct association
between diet soda and SAT was maintained after additional
adjustment for VAT. No significant association was observed
between diet soda intake and the VAT-to-SAT ratio. We observed
a significant interaction between diet soda intake and sex for VAT
and SAT (P-interaction = 0.01 and 0.002, respectively). In a sex-
stratified analysis (Supplemental Table 2), the association
between diet soda intake and VAT was marginally significant in
men (P-trend = 0.05) but not in women (P-trend = 0.74). In
contrast, the association between diet soda and SATwas stronger
in women compared with that in men; however, the positive
associations between diet soda intake and SATwere significant in
both sexes. We observed no significant interaction between diet
soda intake and age or BMI for abdominal adiposity markers.

Discussion

In this cross-sectional analysis examining a large sample of
middle-aged adults, we observed that VATwas greater in adults
who consumed SSBs daily after accounting for SAT, whereas
SAT was lower compared with nonconsumers. Furthermore,
daily SSB consumption was positively associated with the VAT-
to-SAT ratio. In contrast, diet soda consumption was positively
associated with BMI, waist circumference, and SAT. Diet soda
intake was also positively associated with VAT in men but not in
women. No significant association was observed between diet
soda intake and the VAT-to-SAT ratio.

In a previous cross-sectional analysis, Odegaard et al. (12)
observed that absolute VAT volume tended to be greater in adult
SSB consumers compared with those who rarely consumed SSBs.
However, the association did not reach significance, perhaps as a
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result of insufficient statistical power. In the present study, when
holding SAT constant, we observed that daily habitual SSB
intake of $1 servings of SSB was associated with a greater
absolute volume of VAT.

Our cross-sectional observation is supported by results from
some recent intervention trials (11,26). In a 10-wk intervention
study, 25% of daily energy required was consumed as liquid
fructose or liquid glucose (26). In this study, fructose intake
substantially increased the volume of VAT, whereas intake of
glucose had the effect of increasing SAT (26). A recent
randomized intervention study showed that fat accumulation
was greater in VAT (23% or 25 cm3 increase) relative to SAT
(5% or 14 cm3 increase) after daily consumption of 1 L of
sucrose-sweetened cola for 6 mo and that the VAT-to-SAT ratio
increased 18% over this time period (11). In contrast, isocaloric
consumption of milk was associated with increased SAT but
decreased VAT over the 6 mo intervention period.

Several mechanisms may explain the possible relation
between SSB intake and abdominal fat partitioning. However,
given the cross-sectional nature of this study, the interpretation

of the mechanism behind these observed findings in this study is
speculative. Fructose was linked to increased postprandial
circulating TGs (27,28). In addition, fructose consumption
may enhance deposition of TGs in VAT. Accumulating fat in
adipose tissue is mediated by the activation of lipoprotein lipase
(LPL), the rate-limiting enzyme involved in the uptake of TG
from the circulation to the storage in the adipose tissue, which is
regulated by insulin (29). In normal circumstances, TG depo-
sition in SAT is more efficient than VAT because LPL in SAT is
more sensitive to insulin than LPL in VAT (30). In the case of
insulin resistance, a greater proportion of circulating TG may be
deposited in VAT (4). It was proposed that increased fructose
consumption from SSBs results in hepatic fat accumulation,
leading to hepatic and peripheral insulin resistance (26). An
alternative explanation is that fructose may have a direct effect
on adipocytes by promoting intracellular activation of gluco-
corticoids (31), which activate LPL activity. Supporting this
mechanism is the higher concentration of glucocorticoid recep-
tors in VAT compared with SAT (30). Furthermore, as reviewed
by Tchernof and Despres (32), both animal and human studies

TABLE 1 Characteristics according to sugar-sweetened beverage consumption in 2596 adults1

Non-consumers Consumers

P-trend0 to ,1/mo $1/mo to ,1/wk $1/wk to ,1/d $1/d

Median consumption, servings/wk 0 1 4 10

Participants, n 851 910 482 353

Age,2 y 51.8 (51.1, 52.5) 49.5 (48.9, 50.1) 49.1 (48.2, 50.0) 47.4 (46.4, 48.4) ,0.001

Women,3 % 66.7 (63.5, 69.9) 50.1 (47.0, 53.1) 34.1 (29.8, 38.3) 29.0 (24.0, 34.0) ,0.001

Overweight and obese,4 % 67.0 (63.8, 70.1) 64.0 (61.0, 67.0) 67.4 (63.2, 71.5) 64.6 (59.8, 69.5) 0.77

Current smoker,4 % 11.0 (8.7, 13.2) 10.8 (8.6, 12.9) 11.5 (8.6, 14.5) 21.5 (18.1, 25.0) ,0.001

Alcohol intake,5 g/d 11.9 (10.9, 12.9) 11.1 (10.2, 12.1) 10.0 (8.7, 11.3) 10.8 (9.2, 12.3) ,0.001

Multivitamin user,4 % 52.5 (49.1, 55.9) 46.8 (43.6, 50.0) 47.0 (42.6, 51.5) 42.1 (36.9, 47.3) 0.006

Physical activity score4 36.9 (36.4, 37.4) 37.5 (37.1, 38.0) 37.2 (36.6, 37.9) 38.8 (38.1, 39.6) ,0.001

Education level,4,6 % 48.6 (45.2, 52.0) 51.1 (47.9, 54.3) 49.3 (44.9, 53.7) 37.7 (32.5, 42.9) ,0.001

Antihypertensive drugs,4 % 17.8 (15.3, 20.2) 16.4 (14.1, 18.6) 13.7 (10.5, 16.8) 13.4 (9.7, 17.1) 0.03

Hypertension,4 % 27.4 (24.5, 30.2) 25.5 (22.8, 28.2) 23.9 (20.2, 27.6) 23.8 (19.4, 28.2) 0.20

Lipid-lowering drugs,4 % 9.3 (7.5, 11.1) 7.5 (5.8, 9.2) 5.4 (3.0, 7.7) 5.4 (2.7, 8.2) 0.02

Dyslipidemia,4 % 40.4 (37.0, 43.7) 41.5 (38.3, 44.7) 48.9 (44.5, 53.3) 49.3 (44.1, 54.4) 0.001

Fasting plasma glucose,4 mmol/L 5.3 (5.3, 5.3) 5.3 (5.3, 5.3) 5.3 (5.2, 5.3) 5.3 (5.3, 5.4) 0.23

Impaired fasting glucose,4 % 29.0 (26.1, 31.9) 24.1 (21.4, 26.8) 23.4 (19.6, 27.2) 28.1 (23.6, 32.5) 0.84

Energy intake,4 kcal/d 1810 (1770, 1850) 1920 (1880, 1950) 2090 (2040, 2150) 2440 (2380, 2510) ,0.001

Fat,4 %EI 32.2 (31.8, 32.7) 31.6 (31.2, 32.1) 31.7 (31.1, 32.3) 30.6 (29.9, 31.3) ,0.001

Carbohydrate,4 %EI 45.4 (44.8, 46.0) 47.7 (47.1, 48.2) 49.3 (48.6, 50.1) 52.6 (51.7, 53.5) ,0.001

Total sugar,4 %EI 19.2 (18.8, 19.7) 21.1 (20.7, 21.5) 23.8 (23.2, 24.4) 29.3 (28.6, 30.0) ,0.001

Dietary fiber,5,7 g/d 18.7 (18.3, 19.1) 18.0 (17.7, 18.4) 16.6 (16.1, 17.1) 13.6 (13.2, 14.1) ,0.001

Whole grains,5,7 g/d 20.0 (18.9, 21.1) 20.3 (19.2, 21.4) 17.4 (16.1, 18.7) 12.9 (11.8, 14.1) ,0.001

Fruits,5,7 g/d 213 (200, 227) 234 (221, 248) 215 (198, 233) 142 (129, 157) ,0.001

Vegetables,5,7 g/d 212 (204, 220) 199 (192, 206) 182 (173, 192) 150 (141, 160) ,0.001

Red meat,5,7 g/d 41.8 (39.1, 44.7) 44.7 (42.1, 47.6) 49.5 (45.4, 53.9) 49.7 (44.7, 55.1) 0.007

Nuts,5 g/d 6.9 (6.2, 7.6) 4.7 (4.0, 5.3) 3.7 (2.8, 4.6) 1.9 (0.8, 3.0) ,0.001

Glycemic index5 52.1 (51.8, 52.3) 53.4 (53.2, 53.6) 54.7 (54.3, 55.0) 55.9 (55.5, 56.3) ,0.001

Glycemic load5 119 (117, 120) 126 (124, 128) 133 (131, 136) 148 (145, 151) ,0.001

Diet soda,5 servings/wk 11.9 (10.3, 13.4) 6.7 (5.2, 8.1) 4.7 (2.6, 6.7) 4.0 (1.5, 6.5) ,0.001

DGAI5 9.0 (8.9, 9.2) 8.9 (8.7, 9.1) 8.5 (8.3, 8.7) 7.9 (7.6, 8.2) ,0.001

1 Data are presented as means or geometric means and 95% CIs. The DGAI was modified by leaving out the added sugar component.

DGAI, 2005 Dietary Guideline Adherence Index; %EI, percentage of energy intake.
2 Adjusted for sex.
3 Adjusted for age.
4 Values were adjusted for sex and age.
5 Values were adjusted for sex, age, and energy intake.
6 College or above.
7 Values are geometric means.
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suggest that increased activity of the type 1 11b-hydroxysteroid
dehydrogenase, a key enzyme catalyzing the local conversion of
inert cortisone to active cortisol, is associated with increased
VAT because VAT is rich in glucocorticoid receptors.

The greater VAT-to-SAT ratio in SSB consumers may also
represent a potential pathologic alteration in SAT. The lower
absolute volume in SAT observed among SSB consumers in the
present study may suggest that high SSB consumption alters the
development of SAT. It is possible that less fat accumulation in
SAT may be due to fat being directly channeled to VAT, as
described above. It is also possibly due to the dysfunctional SAT,
i.e., the inability of SAT to accommodate more fat derived from
excess SSB consumption (4). In this case, lipid flux is channeled to
VAT due to decreased capacity in SAT. Although the underlying
pathways are not fully understood, the dysfunctional SATmay be
due to the inability of normal proliferation and differentiation of
adipocytes (33). Multiple factors are involved in abdominal fat
distribution (3), including a genetic predisposition (34). Recent
genome-wide association studies identified several genetic loci
that are associated with greater VAT (35,36). However, how

genetic variation in enzymes, such as LPL or those involved in
glucocorticoid action, may trigger dysfunctional SAT or interact
with SSB intake to alter regional fat distribution is unknown.

Although we observed a direct association between diet soda
intake and BMI, waist circumference, and SAT, such associations
are likely confounded by the greater use of diet beverages by
overweight and obese individuals as a consequence of their

TABLE 2 Characteristics according to diet soda consumption in 2596 adults1

Non-consumers Consumers

P-trend0 to ,1/mo $1/mo to ,1/wk $1/wk to ,1/d $1/d

Median consumption, servings/wk 0 1 4 11

Participants, n 1520 599 262 215

Age,2 y 49.8 (49.3, 50.3) 49.4 (48.6, 50.1) 50.4 (49.2, 51.6) 51.6 (50.3, 52.9) 0.006

Women,3 % 47.9 (45.4, 50.4) 52.2 (48.3, 56.2) 53.0 (47.0, 59.0) 51.4 (44.7, 58.0) 0.27

Overweight and obese,4 % 60.9 (58.7, 63.2) 70.7 (67.1, 74.4) 70.5 (65.0, 76.0) 79.4 (73.3, 85.5) ,0.001

Current smoker,4 % 13.4 (11.8, 15.1) 10.0 (7.4, 12.7) 10.9 (6.9, 14.9) 14.1 (9.7, 18.5) 0.85

Alcohol intake,5 g/d 11.5 (10.7, 12.2) 10.9 (9.8, 12.1) 10.6 (8.9, 12.4) 10.1 (8.1, 12.0) 0.13

Multivitamin user,4 % 47.8 (45.3, 50.3) 49.8 (45.8, 53.7) 49.2 (43.3, 55.2) 43.6 (37.0, 50.2) 0.27

Physical activity score4 37.6 (37.2, 38.0) 37.2 (36.6, 37.8) 37.2 (36.3, 38.0) 37.3 (36.3, 38.2) 0.48

Education level,4,6 % 48.8 (46.3, 51.3) 47.9 (44.0, 51.9) 47.2 (41.3, 53.2) 44.7 (38.1, 51.3) 0.24

Antihypertensive drugs,4 % 14.2 (12.4, 15.9) 15.3 (12.5, 18.1) 19.4 (15.2, 23.6) 25.6 (21.0, 30.3) ,0.001

Hypertension,4 % 24.3 (22.2, 26.4) 25.4 (22.1, 28.7) 27.4 (22.4, 32.4) 32.7 (27.2, 38.3) 0.005

Lipid-lowering drugs,4 % 6.8 (5.5, 8.1) 7.4 (5.3, 9.5) 9.5 (6.3, 12.6) 9.3 (5.8, 12.8) 0.11

Dyslipidemia,4 % 42.0 (39.6, 44.5) 45.0 (41.1, 48.9) 43.6 (37.7, 49.5) 50.6 (44.1, 57.1) 0.02

Fasting plasma glucose,4 mmol/L 5.3 (5.3, 5.3) 5.3 (5.3, 5.3) 5.3 (5.2, 5.3) 5.4 (5.3, 5.5) 0.01

Impaired fasting glucose,4 % 26.0 (23.9, 28.1) 24.9 (21.5, 28.3) 25.0 (19.9, 30.1) 31.5 (25.9, 37.2) 0.11

Energy intake,4 kcal/d 1980 (1950, 2020) 1970 (1920, 2020) 1990 (1920, 2070) 2010 (1920, 2090) 0.57

Fat,4 %EI 31.5 (31.2, 31.8) 31.6 (31.1, 32.1) 32.3 (31.5, 33.0) 33.0 (32.1, 33.8) ,0.001

Carbohydrate,4 %EI 48.2 (47.8, 48.7) 47.9 (47.2, 48.6) 47.0 (46.0, 48.1) 46.5 (45.3, 47.6) 0.002

Total sugar,4 %EI 22.5 (22.2, 22.9) 21.8 (21.2, 22.4) 21.5 (20.6, 22.4) 20.7 (19.7, 21.7) ,0.001

Dietary fiber,5,7 g/d 17.1 (16.9, 17.4) 17.5 (17.0, 17.9) 17.7 (17.1, 18.4) 17.4 (16.7, 18.2) 0.37

Whole grains,5,7 g/d 18.3 (17.6, 19.1) 19.5 (18.2, 20.8) 18.4 (16.6, 20.3) 16.7 (14.9, 18.6) 0.10

Fruits,5,7 g/d 207 (198, 217) 218 (203, 235) 211 (189, 236) 193 (171, 218) 0.30

Vegetables,5,7 g/d 190 (185, 196) 192 (183, 201) 203 (190, 218) 197 (182, 212) 0.25

Red meat,5,7 g/d 43.4 (41.3, 45.5) 45.8 (42.4, 49.4) 49.7 (44.3, 55.7) 52.6 (46.3, 59.7) 0.002

Nuts,5 g/d 5.0 (4.5, 5.5) 4.3 (3.5, 5.1) 4.8 (3.6, 6.0) 5.5 (4.2, 6.9) 0.44

Glycemic index5 53.6 (53.5, 53.8) 53.6 (53.3, 53.9) 53.2 (52.8, 53.7) 53.0 (52.5, 53.5) 0.01

Glycemic load5 129 (128, 131) 127 (125, 130) 125 (122, 128) 123 (119, 126) ,0.001

Diet soda,5 servings/wk 13.6 (12.7, 14.6) 9.9 (8.4, 11.4) 9.9 (7.6, 12.3) 7.6 (5.0, 10.1) ,0.001

DGAI5 8.8 (8.6, 8.9) 8.7 (8.5, 8.9) 8.8 (8.5, 9.1) 8.5 (8.1, 8.8) 0.14

1 Data are presented as means or geometric means and 95% CIs. The DGAI was modified by leaving out the added sugar component.

DGAI: 2005 Dietary Guideline Adherence Index; %EI, percentage of energy intake.
2 Adjusted for sex.
3 Adjusted for age.
4 Values were adjusted for sex and age.
5 Values were adjusted for sex, age, and energy intake.
6 College or above.
7 Values are geometric means.

TABLE 3 Spearman�s correlation coefficients between markers
of adiposity in 2596 adults1

BMI (kg/m2) Waist (cm) VAT (cm3) SAT (cm3)

Waist 0.89

VAT 0.73 0.81

SAT 0.78 0.74 0.50

VAT:SAT ratio 0.16 0.28 0.66 20.25

1 All P values , 0.001. SAT, abdominal subcutaneous adipose tissue; VAT, visceral

adipose tissue.
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increased adiposity. As reviewed by Malik et al. (37), prospective
studies with longer follow-up periods indicate that diet soda
consumption is unlikely to be associated with body weight. Diet
soda provides no calories, and whether artificial sweeteners in diet
soda stimulate appetite remains inconclusive (38). Thus, the
biologic plausibility linking diet soda and body weight remains to
be determined.

The strengths of our study include the use of comprehensive
dietary, lifestyle, and clinical data collected in a well-powered
subgroup of the Framingham Heart Study, as well as adipose
tissue data that was measured using a highly precise technique.
MDCT-derived quantitative data of abdominal fat are both
highly reproducible and highly specific. With respect to limita-
tions, the cross-sectional and observational design of this study
limits our ability to infer temporality or causality between
beverage consumption and adiposity. It is possible that both
associations between SSB intake and VAT and the VAT-to-SAT
ratio and between diet soda intake and BMI, waist circumfer-
ence, and SAT could be due to confounding, therefore tempering
the conclusions that can be formed. Therefore, our observations
are more hypothesis-generating rather than etiologic. Future
prospective studies measuring the long-term change of abdom-
inal fat distribution may help to establish the temporal relation
that excess SSB intake is preferentially associated with fat
accumulation in VAT rather than SAT. Gluteofemoral adipose
tissue may affect body fat partitioning (39); however, lower-body
adipose tissue was not measured in this study.Misclassification of
our dietary assessments including SSBs and diet soda intake may
attenuate our results. The consumption of artificially sweetened
noncarbonated beverages was not captured using the FFQ.
However, diet soda is likely to be the major beverage consumed
containing artificial sweeteners and is estimated to account for
;90% of aspartame used in all foods (40). In addition, although
we adjusted for a variety of dietary and lifestyle factors, residual
confounding cannot be ruled out. In addition, the majority of our
study population is middle-aged and Caucasian, which may
minimize confounding from race/ethnicity and socioeconomic
factors but limit the generalizability of results to other populations.

In conclusion, regular consumption of SSBs is associated with
greater visceral fat in absolute volume and distribution relative
to SAT. Although these observational data provide additional
evidence to support the association between daily SSB con-
sumption and increased cardiometabolic risk (37), well-powered
prospective cohort studies and metabolically controlled inter-
vention trials are required to examine how SSB intake may
influence body fat distribution and its underlying mechanisms.
Moreover, although diet soda intake was not associated with
abdominal fat partitioning in this study, additional studies on
the role of these beverages in body weight and cardiometabolic
health are warranted.

TABLE 4 Association between SSB intake and abdominal adiposity in 2596 adults1

Non-consumers Consumers
P-interaction

0 to ,1/mo $1/mo to ,1/wk $1/wk to ,1/d $1/d P-trend
SSB 3

Sex
SSB 3

BMI
SSB 3

Age

Median consumption, servings/wk 0 1 4 10

Participants, n 851 910 482 353

BMI, kg/m2

Model 1 27.8 (27.4, 28.1) 27.2 (26.9, 27.5) 27.5 (27.1, 27.9) 26.9 (26.3, 27.4) 0.05

Waist circumference,2 cm

Model 1 95.9 (95.0, 96.8) 94.2 (93.4, 95.0) 95.7 (94.5, 96.8) 94.2 (92.8, 95.5) 0.32 0.36 0.05 0.67

VAT, cm3

Model 1 1700 (1640, 1750) 1660 (1610, 1720) 1830 (1760, 1910) 1740 (1650, 1820) 0.11

Model 1 + SAT 1640 (1600, 1690) 1700 (1660, 1740) 1830 (1770, 1880) 1800 (1730, 1870) ,0.001 0.53 0.08 0.78

SAT, cm3

Model 1 2990 (2900, 3090) 2750 (2660, 2830) 2850 (2730, 2970) 2670 (2520, 2820) 0.02

Model 1 + VAT 3010 (2940, 3080) 2800 (2730, 2870) 2730 (2640, 2820) 2650 (2540, 2770) ,0.001 0.94 ,0.001 0.65

VAT:SAT ratio2

Model 1 0.54 (0.52, 0.55) 0.56 (0.55, 0.58) 0.60 (0.58, 0.62) 0.62 (0.59, 0.64) ,0.001 0.83 0.15 0.28

1 Data are presented as means or geometric means and 95% CIs. Model 1 was adjusted for age, sex, energy intake, alcohol intake, diet soda intake, modified DGAI, educational

level, physical activity level, smoking status, and Framingham cohort. DGAI, 2005 Dietary Guideline Adherence Index; SAT, abdominal subcutaneous adipose tissue; SSB, sugar-

sweetened beverage; VAT, visceral adipose tissue.
2 Geometric means.

FIGURE 1 BMI-stratified association between sugar-sweetened

beverage intake and VAT and SAT. Symbols are means and 95% CIs.

BMI-stratified association for VAT (A). Models were adjusted for age,

sex, energy intake, alcohol intake, diet soda intake, modified DGAI,

educational level, physical activity level, smoking status, Framingham

cohort, and SAT. BMI-stratified association for SAT (B). Same multiple

regression model as for VAT was used, except for adjustment for VAT

instead of SAT. DGAI, Dietary Guidelines Adherence Index; SAT,

abdominal subcutaneous adipose tissue; VAT, visceral adipose tissue.
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