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ABSTRACT
Background: Increased energy intake is consistently observed in in-
dividuals consuming sugar-sweetened beverages (SSBs), likely mainly
because of an inadequate satiety response to liquid calories. However,
SSBs have a high content of fructose, the consumption of which
acutely fails to trigger responses in key signals involved in energy
homeostasis. It is unclear whether the fructose content of SSBs con-
tributes to the increased energy intake in individuals drinking SSBs.
Objective: We investigated whether the relative amounts of fruc-
tose and glucose in SSBs modifies ad libitum energy intake over 8 d
in healthy adults without fructose malabsorption.
Design: We conducted 2 randomized, controlled, double-blind cross-
over studies to compare the effects of consuming 4 servings/d of
a fructose-, glucose-, or aspartame-sweetened beverage (study A;
n = 9) or a fructose-, glucose-, or high-fructose corn syrup (HFCS)–
sweetened beverage (study B; n = 24) for 8 d on overall energy intake.
SSBs were provided at 25% of estimated energy requirement, or an
equivalent volume of the aspartame-sweetened beverage, and con-
sumption was mandatory. All solid foods were provided at 125% of
estimated energy requirements and were consumed ad libitum.
Results: In study A, ad libitum energy intake was 120% 6 10%,
117% 6 12%, and 102% 6 15% of estimated energy requirements
when subjects consumed the fructose-, glucose-, and aspartame-
sweetened beverages. Energy intake was significantly higher in the
fructose and glucose phases than in the aspartame phase (P , 0.003
for each), with no difference between the fructose and glucose phases
(P = 0.462). In study B, total energy intake during the fructose,
HFCS, and glucose phases was 116% 6 14%, 116% 6 16%, and
116% 6 16% of the subject’s estimated total energy requirements
(P = 0.880).
Conclusions: In healthy adults, total 8-d ad libitum energy intake was
increased in individuals consuming SSBs compared with aspartame-
sweetened beverages. The energy overconsumption observed in individ-
uals consuming SSBs occurred independently of the relative amounts of
fructose and glucose in the beverages. These trials were registered at
clinicaltrials.gov as NCT00475475 and NCT01424306. Am J
Clin Nutr 2015;102:1373–80.
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INTRODUCTION

Sugar-sweetened beverages (SSBs) are a significant source of
calories in theWestern diet. According to current estimates, SSBs
account for 8% of daily energy intake in youth aged 2–19 y and
7% of energy intake in adults (1), the latter being equivalent to
almost 40 g/d sugar. The cumulative body of evidence from
randomized clinical trials and observational studies indicates
that SSB consumption leads to excessive energy intake, weight
gain, and an increased risk of obesity (2).

Two different mechanisms could explain why SSBs promote
weight gain in healthy individuals. First, liquid calories in general
(3) and SSBs in particular (4) are sensed differently by energy
regulatory systems from solid foods, and humans fail to com-
pletely compensate for these calories by decreasing food intake
elsewhere in the diet. Early studies on this topic have shown that
including different types of caloric beverages, such as beer and
soda in a meal, trigger an overall increase in energy intake within
that meal (5). Less clearly established, however, is whether the
type of sugar used to sweeten these beverages affects energy
intake. SSBs are commonly sweetened with sucrose or high-
fructose corn syrup (HFCS), both combinations of glucose and
fructose in roughly equivalent amounts. Because fructose does
not stimulate insulin secretion on ingestion, leptin and ghrelin
responses are also blunted (6). This dampened hormonal sig-
naling may result in a failure to fully engage the energy ho-
meostasis system, thereby possibly leading to an increase in total
calorie intake. This suggests that fructose may be less satiating
than glucose, and perhaps is a major contributing factor in the
weight gain–promoting effects of SSBs, considering their high
fructose content. Therefore, we sought to determine whether the
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excess energy intake associated with SSB consumption is a re-
sult of the high fructose content of these beverages. This ques-
tion may have relevance beyond SSBs, because any difference in
satiety response between fructose and glucose also may extend
to solid foods.

To address this question, we conducted secondary analyses
on data from 2 controlled studies designed to determine 1)
whether healthy humans can adequately compensate for cal-
ories contained in SSBs by decreasing energy intake from
solid foods over a longer period of time than most previous
studies, and 2) whether the degree of compensation for SSBs
differs depending on the fructose content of these beverages.
To our knowledge, these are the first well-controlled cross-
over interventions to provide subjects with all foods for the
duration of the study and also to screen for fructose malab-
sorption. The latter point may be critical, considering that
when fructose is consumed in a molar ratio to glucose of .1,
it is malabsorbed in as much as 50% of the population (7).
Without prior screening, the metabolic and energy homeo-
static response to fructose when administered without glu-
cose, as is the case in many artificial research settings, cannot
be accurately determined.

METHODS

This article describes the results of 2 dietary interventions that
were carried out consecutively at the University of Washington
and the Fred Hutchinson Cancer Research Center in Seattle,
Washington. For study A, 10 healthy normal-weight adults [BMI
(in kg/m2): 20–25; age: 18–25 y] living in the Seattle area were
included. Subjects were recruited by fliers and advertisements in
the University of Washington campus newspaper, and screened
and enrolled between September 2009 and June 2011, with the
final subject completing the study in August 2011. For study B,
a separate group of 25 healthy adults (BMI: 20–40; age: 18–65 y]
were similarly recruited by newspaper advertisements and
fliers posted in the Seattle area. Subjects were recruited into
2 categories based on BMI: normal weight (BMI: 20.0–24.9;
n = 13) and overweight/obese (BMI: 25.0–39.9; n = 12).
Subjects were screened and enrolled between December 2011 and
December 2013, with the final subject completing the study in
April 2014.

In both studies, all subjects were required to have been weight
stable to within 4.5 kg (10 pounds) for the previous 6 mo and within
13.6 kg (30 pounds) of their lifetime maximum weight. Potential
subjects had to be willing to consume only food and beverages
provided by the research kitchen for 3 periods of 8 d each, and were
required to be available for admission to the clinic on up to 6
occasions. Other exclusion criteria included smoking or the use
of recreational drugs; alcohol abuse (.2 drinks/d); a history of
cardiovascular disease or diabetes mellitus; the presence or
history of any chronic inflammatory, autoimmune, or metabolic
disease; recent (within 12 mo) pregnancy or breastfeeding; the
presence of phenylketonuria, hereditary fructose intolerance, or
other malabsorption syndromes; the presence or recent (within
2 mo) history of anemia; and the current or recent (within
3 mo) use of insulin, antidiabetics, b-blockers, glucocorticoids,
anabolic steroids, warfarin, antibiotics, probiotics, or nonsteroidal
anti-inflammatory drugs (daily use). Before being enrolled,
subjects in both studies underwent telephone and in-person

screening interviews to assess medical history, obtain a plasma
biochemistry panel, and conduct a fructose malabsorption test (8)
to assess eligibility. Briefly, during the in-person screening visit,
each subject consumed a beverage sweetened with fructose in
an amount equivalent to 6.25% of estimated daily calorie in-
take (representing 1 serving of the study beverage) as estimated
by the Mifflin formula (9) and a standardized activity factor of
1.5. The hydrogen content of the exhaled breath was measured
at baseline and 0, 30, 60, 90, 120, 150, and 180 min after
consumption of the beverage. An increase of .20 ppm above
baseline for 2 subsequent time points was considered in-
dicative of fructose malabsorption, for which a subject was
excluded from the study. Written informed consent was obtained
from all subjects, and studies were approved by the institutional
review boards of the University of Washington (study A) and the
Fred Hutchinson Cancer Research Center (study B).

Study design and diets

The primary aim of study A was to assess whether glucose-
compared with fructose-sweetened beverages differentially influ-
enced overall energy intake compared with aspartame-sweetened
beverages. Predetermined secondary endpoints included resting
energy expenditure, fasting and postprandial plasma concentrations
of satiety and adiposity signals (leptin, ghrelin, adiponectin, insulin,
glucagon-like peptide 1, peptide YY, cholecystokinin, amylin, and
oxyntomodulin), lipid and lipoprotein concentrations (total cho-
lesterol, LDL cholesterol, HDL cholesterol, triglycerides, and free
fatty acids), and plasma inflammatory mediators (C-reactive protein
and IL-6). Of these, leptin, ghrelin, glucagon-like peptide 1,
peptide YY, cholecystokinin, amylin, and oxyntomodulin were
never analyzed because of lack of funds. No other data from this
trial have been published as yet. The primary aim of study B was
to assess whether glucose- compared with fructose- compared
with HFCS-sweetened beverages differentially influence markers
of systemic inflammation, as assessed by measuring the fasting
plasma concentration of C-reactive protein and IL-6. Ad libitum
energy intake was a predetermined secondary endpoint of
this study, along with fasting plasma adiponectin, zonulin,
and lipopolysaccharide-binding protein, urinary lactulose-to-
mannitol ratio, and adipose tissue inflammation. No data from
this trial have been published to date. Because data from both
studies together most comprehensively address the open
question of whether ad libitum energy intake is differentially
affected by fructose- and glucose-sweetened beverages, data on
energy intake from both studies are presented here separately
from effects of the interventions on other endpoints.

The study designs (Figure 1) were identical in both studies;
however, the type of sweetener used during one of the diet pe-
riods was different. Study Awas designed to investigate whether
ad libitum calorie consumption was differentially affected by the
intake of fructose-, glucose-, or aspartame-sweetened beverages.
The study consisted of 3 separate intervention periods, each
lasting 8 d, and assigned in random order. During these periods,
subjects consumed 4 servings/d of a beverage sweetened with
either fructose, glucose, or a low-calorie sweetener (Equal;
Merisant Company) with the use of aspartame as the primary
sweetening agent. The sweetener contains 4 kcal energy/g,
largely from carbohydrate-based fillers used in the product;
however, the amount needed to achieve a sweetness equivalent
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to glucose or fructose provides a much smaller amount of energy.
In the fructose and glucose phases, subjects were given beverages
equivalent to 25% of the subject’s estimated energy requirement,
and an isovolumetric amount during the aspartame phase. Subjects
were instructed to consume the entire beverage each day in 4
separate servings. In addition, subjects were provided with a stan-
dardized diet that they consumed ad libitum. The dietary in-
tervention periods were separated by washout periods of 20 d.

Study B was identical to study A except that an HFCS (55%
fructose, 41% glucose, and 4% higher saccharides) phase was
included in place of the aspartame phase. In both studies, as-
partame was included in the glucose and HFCS beverages to
match the sweetness of the fructose beverage. This was achieved
with the use of a concentration of aspartame in the aspartame-,
glucose-, and HFCS-sweetened beverages that, on average, re-
ceived the same sweetness rating as the fructose-sweetened
beverage by a panel of volunteers. The order in which subjects
consumed the beverages was randomized, and subjects, kitchen,
and study staff were blinded as to which order subjects received
the beverages. The randomization scheme was generated by the
principal investigator with the use of block randomization,
stratified for sex and adiposity group (normal weight compared
with overweight/obese). A random number generator produced
blocks of 6 numbers consisting of the numbers 1–6 in random
orders. These blocks were then randomly grouped and ordered
to generate randomization lists for the 4 strata defined by sex
and adiposity group. Neither the study coordinators nor the
principal investigator were aware of the randomization code,
and beverage preparation was conducted by individuals who did
not communicate with participants or members of the study or
kitchen teams to ensure blinding was maintained until the end of
the study.

All foods were prepared and packaged specifically for each
subject by the University of Washington Nutrition Research
Kitchen in study A and the Fred Hutchinson Cancer Research
Center Human Nutrition Laboratory in study B. The solid food
diet was designed as a 4-d rotating menu patterned after the
average US diet (50% carbohydrate, 34% fat, and 16% protein)
and was identical in all 3 phases of both studies. Subjects were
provided solid food in an amount equal to 125% of their esti-
mated daily calorie needs, as calculated by the Mifflin formula to
determine their estimated resting energy expenditure, with an

activity factor based on their habitual physical activity calculated
from a modified Blair Physical Activity Questionnaire admin-
istered during the screening visit (10). In total, subjects were
provided with 150% of their estimated energy requirements
(25% mandatory consumption from the sweetened beverages
and 125% ad libitum consumption from the standardized solid
foods diet), except during the aspartame phase, in which they
were provided with 125% of their estimated energy requirements
in the form of solid foods and 4% of their estimated energy
requirements from the aspartame-sweetened beverage. Sub-
jects were asked to eat from the solid foods provided until they
were comfortably full and to return any uneaten foods to kitchen
staff.

On day 1 of each intervention period, subjects were given
detailed instructions regarding the diet. Subjects were advised to
complete a checklist each day and record the foods consumed,
with an estimation of the uneaten portions to be returned.
Subjects visited the research kitchens a minimum of 2 times per
diet period to pick up food and drop off leftovers. Uneaten,
returned foods were weighed and recorded, and compared with
the subject’s daily checklist for consistency. Any discrepancy
between the checklist and the kitchen weigh-back was resolved
with the subject immediately. In this manner, subject compli-
ance with the diet and protocol was confirmed. Diets were de-
signed with the use of ProNutra software, and weigh-back of
returned food occurred with the use of the ProNESSY software
package for ProNutra (version 3.4.0.0; Viocare). Uneaten food
portions were weighed in their original containers and the net
caloric intake was determined by subtraction for each day of
each diet period. The overall total caloric intake was then cal-
culated for each diet period. Subjects were also asked to record
any nonstudy foods consumed during each diet period and cal-
ories from these foods were calculated as a measure of subject
compliance.

Statistical analysis

All statistical analyses were performed with SPSS for Macintosh
(versions 16.0 and 20.0; IBM). Distribution of variables was ana-
lyzed by checking histograms and normal plots of the data, and
normality was tested by means of Kolmogorov-Smirnov and
Shapiro-Wilk tests. Because study A was designed to be a pilot

FIGURE 1 Study designs. In both study A and study B, participants completed each of 3 diet periods, during which they consumed standardized solid
foods ad libitum, as well as 4 mandatory servings per day of beverages sweetened with fructose, glucose, or aspartame (study A) or fructose, glucose, or HFCS
(study B). The order in which the beverages were consumed was randomized, and the intervention periods were separated by washout periods of 20 d each. All
foods and beverages were provided, and ad libitum energy intake was assessed by weighing all foods that were not consumed and subtracting those calories
from the number of calories in the foods provided. HFCS, high-fructose corn syrup.
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study, no sample size calculation was conducted. Study B was
powered to detect a clinically significant difference in markers of
systemic inflammation between diet groups. The level of signifi-
cance was set to P, 0.05 for all analyses. We conducted intent-to-
treat and per-protocol analyses, both of which yielded identical
results in all regards. In the intent-to-treat analysis, we carried the
last value forward for those time points for which no data were
available. We therefore report only the results of the per-protocol
analyses because our primary interest is in the biological effects of
the interventions.

Study A

A repeated-measures ANOVAwas used to determine whether
the within-subjects variable “diet” explained any variation in
body weight or the mean energy intake from solid foods or total
energy during the three 8-d diet periods. A post hoc paired t test
with Bonferroni correction was used to compare caloric intake
between the fructose and glucose diet periods, the fructose and
aspartame diet periods, and the aspartame and glucose diet pe-
riods, and to compare energy intake during the fructose and
glucose diet periods expressed as a percentage of energy intake
during the aspartame diet period.

Study B

The primary analysis used repeated-measures ANOVA to
assess whether the within-subjects variable “diet” explained any
variation in mean overall energy intake, calories from solid
foods, or physical activity. We also used repeated-measures
ANOVA to assess whether there were any changes in body
weight and waist circumference between days 1 and 9 of each
diet period, and whether this change differed by diet period. The
data were then stratified by adiposity category and sex in the
repeated-measures ANOVA to assess whether energy intake was
differentially affected by the 3 diet periods within these sub-
groups. We also ran repeated-measures ANOVA stratified by
a 4-d menu block to determine whether energy intake differed
between the 3 diet periods during the first 4 d compared with the
second 4 d of each diet period. All variables as well as residuals
from repeated-measures ANOVA were tested for normality by
conducting a Shapiro-Wilk test and by checking histograms and
normal plots. Variables were log(10)-transformed if they were

not normally distributed. This was the case for body weight,
waist circumference, overall energy intake, and energy intake
within each 4-d diet block.

For sensitivity analyses, we further ran a series of multiple
linear regression models to assess whether adjusting for diet
order, physical activity (metabolic equivalent task hours per
week), subject self-reported minor illness (as a categorical var-
iable defined as either 0 = healthy or 1 = ill), adiposity [in
categories defined as 0 = normal weight (BMI ,25.0) and 1 =
overweight or obese (BMI $25.0)], age, or sex affected the
relation between diet period and total energy intake (dependent
variable). A final model included all variables the inclusion of
which changed the b coefficient describing the relation between
diet period and energy intake by more than 10%. Because these
analyses were conducted as sensitivity analyses, we did not
adjust for multiple testing.

RESULTS

Study A

Ten subjects were enrolled in the study; however, one female
subject was excluded because of lack of compliancewith the study
protocol. All analyses were initially conducted as intent-to-
treat with the inclusion of the one subject who failed to com-
plete the entire study. The results did not differ whether this
subject was included or excluded. Therefore, the per-protocol
analysis including only those participants who completed all
study procedures is presented herein. Subject characteristics for
the 9 subjects who completed all study procedures per protocol
between December 2009 and August 2011 are presented in
Table 1. Overall, total energy intake was different between the
3 diet groups (P , 0.001 for diet effect in repeated-measures
ANOVA) (Table 2), with significantly greater energy intake in
both the glucose and fructose phases (P , 0.003 for both
sugars compared with aspartame in post hoc t tests, Figure 2).
However, there was no difference in total energy intake between
the fructose and glucose diet periods (P = 0.462 in post hoc t test,
Figure 2). There also was no difference between groups in the
amount of solid food calories consumed (P = 0.224 for diet
effect in repeated-measures ANOVA) (Table 2). There were no
statistically significant differences in body weight between the

TABLE 1

Characteristics of study participants at baseline1

Study B

(n = 24)

Study A (n = 9):

normal weight Normal weight Overweight/obese All

F/M, n/n 5/4 3/9a 6/6a 9/15

Age, y 21 6 2.0 33 6 11a 39 6 12a 36 6 12

BMI, kg/m2 22.7 6 1.3 23.7 6 1.0 31.0 6 4.3 27.4 6 4.8

Fasting glucose, mg/dL 83 6 6.9 87 6 10a 96 6 8b 92 6 10

Physical activity, MET2-h/wk 44.2 6 18.7 81 6 54.5a 56.3 6 33.1a 68.7 6 45.9

Estimated total calorie requirement, kcal/d 2230 6 398 2610 6 380a 2510 6 370a 2560 6 370

1Values are means 6 SDs. For study B, values in the same row with different superscript letters are significantly

different from each other, P , 0.05 (post hoc independent samples t tests). No statistical test was performed on BMI,

because the adiposity categories were designed to be different.
2MET, metabolic equivalent task.
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3 diet periods, with median (IQR) body weights of 66.1 (59.9,
69.1) kg, 66.5 (61.7, 69.5) kg, and 66.6 (59.7, 70.1) kg at the end
of the fructose, glucose, and aspartame diet periods, respectively
(P = 0.243).

Study B

To meet the predetermined sample size for the primary endpoint
(n = 24 to complete the study per protocol), 25 subjects were
enrolled in the study. One subject was disenrolled after comple-
tion of her first diet period because of inability to complete the
required clinic visits for the remaining diet periods. Analyses
were initially conducted as intent-to-treat with the inclusion of all
25 subjects who initiated the study. Inclusion or exclusion of the
disenrolled subject did not affect the results; therefore, only the
per-protocol analysis is presented herein. Subject characteristics
for the 24 participants who completed all study procedures be-
tween January 2012 and April 2014 are shown in Table 1.

Compliance with study procedures and clinic visits was very
good. Only 9 of the 24 subjects consumed some form of solid food
that was not provided by the research kitchen. On average, 0.08%
of energy was consumed as nonstudy food items, ranging from
0.015% to 0.41% of a subject’s total calorie intake across all 3 diet
periods (data not shown). There were no significant changes in
body weight or waist circumference within the 8-d diet periods,
and no effect from diet group on either variable (Table 3).
Physical activity also was not significantly different between the 3
diet periods (P = 0.203). Energy intake was not significantly
different between the 3 diet periods, whether expressed as total
calorie intake or normalized to each subject’s estimated total
calorie requirements (Table 4). Consistent with study A, subjects
consumed on average 16% more energy than their estimated
energy requirement predicted they would need (Table 4, Figure
2). There were also no differences between the diet groups in the
macronutrient composition of the solid foods consumed (Table 4).

Secondary analyses stratified by sex and adiposity found no
differential impact of the diets on energy intake in men compared
with women or in normal-weight compared with overweight/obese
individuals (data not shown). We also ran sensitivity analyses ex-
cluding 6 subjects who reported a minor illness (such as a cold)
during$1 of the diet periods, which did not change the result (data
not shown). As another sensitivity analysis, we reran all analyses
with the exclusion of 10 subjects whose total energy intake varied
by more than 10% of their estimated energy requirement between
any 2 diet periods and confirmed that the exclusion of these sub-
jects also did not change the overall finding (data not shown).

Multiple linear regression analyses were conducted as further
sensitivity analyses. These analyses confirmed that overall energy
intake was not associated with the type of sugar used to sweeten
the beverages, and that adjustment for diet order, physical ac-
tivity, illness, adiposity, age, and sex did not materially change
that relation (data not shown).

Because it may be possible that energy homeostatic compen-
satory mechanisms attenuate any effect of the fructose content of
SSBs on energy intakewithin a few days, we also assessed whether
energy intake differed between the 3 dietary periods just in the first
4 d of each diet period, or just in the last 4 d of each diet period. As
for the entire 8-d period, we did not detect even a trend for
a difference in energy intake between the 3 dietary phases within
each of these 4-d periods (data not shown). Last, we tested whether
there were any differences in calorie intake between the first and
second 4-d diet blocks within each 8-d period. Overall energy
intake was significantly greater by 87 6 507 kcal during the first
4 d of the diet periods than in the second 4 d (P = 0.003 for the
difference between the first and second 4-d block in repeated-
measures ANOVA). The reduction in energy intake between the
first and the second 4-d diet block was not different between the
3 dietary periods (time 3 diet interaction, P = 0.228). No un-
expected adverse events or adverse events that were more severe
than “mild” occurred in either study.

TABLE 2

Energy intake and diet composition from solid foods, sweetened beverages, and overall during each dietary period in

study A1

Fructose

(n = 9)

Glucose

(n = 9)

Aspartame

(n = 9) P-diet2

Solid foods (ad libitum)

Energy intake, kcal/d 2180 6 520 2120 6 595 2220 6 637 0.224

Energy intake, % of estimated energy requirements 97 6 9.5 94 6 12 99 6 15 0.213

Protein, % of total energy intake 13.4 6 0.73a 13.8 6 0.83a 16.3 6 0.50b ,0.001

Fat, % of total energy intake 24.4 6 2.8a 24.2 6 2.7a 29.3 6 3.2b ,0.001

Carbohydrate, % of total energy intake 42.8 6 2.1a 42.2 6 2.4a 50.4 6 2.9b ,0.001

Sweetened beverages (mandatory)

Energy intake, kcal/d 515 6 92 509 6 92 85 6 153

Fructose, % of total energy intake 19.3 6 1.6 0 0

Glucose, % of total energy intake 0 19.8 6 2.1 0

Overall energy intake

Energy intake, kcal/d 2698 6 607a 2629 6 682a 2307 6 651b ,0.001

Energy intake, % of estimated energy requirement 120 6 9.6a 117 6 12a 102 6 15b ,0.001

Energy intake, % relative to aspartame phase 119 6 11a 115 6 8.4a 100 6 0b ,0.001

1Values are means6 SDs. Values in the same row with different superscript letters are significantly different from each

other, P , 0.05 (post hoc paired t tests).
2Reflects an overall comparison of the 3 dietary phases by repeated-measures ANOVA. No statistical tests were

performed on sweetened-beverage intake, because these were designed to be different.
3Calories from beverages in the aspartame phase provided by carbohydrate fillers included in the sweetener.
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DISCUSSION

The major finding from study A was that healthy normal-

weight adults consumed significantly more calories when 25%

of their estimated energy requirement was provided as a glucose-

or fructose-sweetened beverage compared with an isovolumetric

amount of an aspartame-sweetened beverage. On average, this

caloric excess was w17%, demonstrating that participants

compensated only for approximately one-third of the calories

consumed in the SSB. This finding was supported by study B in

that normal and overweight/obese subjects also consistently

consumed 16% more energy during each diet phase than their

estimated energy requirement predicted they would need to

maintain energy homeostasis. The fructose-to-glucose ratio of

the beverages did not influence overall energy intake.

FIGURE 2 Mean 6 SD daily energy intake from solid foods (gray portion of the bars) and beverages (white portion of the bars), as a percentage of estimated
total energy requirement during each diet period for study A (n = 9) and study B (n = 24). Energy intake from solid foods was not affected by the calorie content of the
sweetened beverages or the type of sugar used to sweeten beverages in either study, which led to lower overall energy intake in participants consuming aspartame-
sweetened beverages than in participants consuming fructose- or glucose-sweetened beverages in study A. No difference in total energy intake was observed when
participants consumed beverages sweetened with fructose, HFCS, or glucose. P values were determined by post hoc paired t tests with Bonferroni correction for
multiple testing for study A and by repeated-measures ANOVA for study B. ETEE, estimated total energy expenditure; HFCS, high-fructose corn syrup.

TABLE 3

Changes in anthropometric variables and physical activity during each diet period in study B participants1

Fructose

(n = 24)

HFCS

(n = 24)

Glucose

(n = 24) P-time2 P-diet2
P–time

3 diet2

Body weight, kg 0.142 0.452

Day 1 78.6 (74.2, 85.9) 79.6 (74.6, 85.4) 79.5 (74.0, 87.3)

Day 9 78.0 (73.7, 86.0) 79.5 (74.0, 86.3) 79.3 (74.4, 86.3)

Waist circumference, cm 0.208 0.346

Day 1 94.0 (87.0, 130.0) 91.5 (85.0, 101.5) 91.8 (86.5, 101.0)

Day 9 92.5 (86.3, 101.5) 91.8 (86.0, 103.5) 93.0 (83.8, 101.5)

Physical activity, MET-h/wk 56.1 (19.7, 68.6) 55.9 (23.2, 80.8) 50.2 (25.3, 87.3) 0.203

1Values are medians; IQRs in parentheses. HFCS, high-fructose corn syrup; MET, metabolic equivalent task.
2Reflects an overall comparison of the 3 dietary phases by repeated-measures ANOVA.
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Our results are in line with observational studies that con-
sistently show that consumption of SSBs promotes weight gain in
children and adults (2). Although our studies did not compare
liquid with solid sugar calories, our findings are also consistent
with previous data demonstrating failure to fully compensate for
liquid sugar calories. For example, DiMeglio and Mattes (11)
conducted a crossover study in which healthy subjects consumed
450 kcal in the form of either jelly beans or soda in addition to
their ad libitum habitual diet for 4 wk each. During the solid sugar
phase, subjects completely compensated for the calories con-
sumed as jelly beans by reducing their intake of solid foods. In
contrast, during the soda phase, subjects failed to decrease their
intake of solid foods, which remained at an amount equivalent to
their habitual intake. Body weight increased significantly during
the liquid calorie phase only (11).

A remaining open question was whether differing adipogenic
effects are exerted by the glucose and fructose moieties that make
up most caloric sweeteners. Meta-analyses showed that fructose
does not differentially affect weight when isocalorically ex-
changed for glucose in energy-matched diets (12). Arguably
more relevant, however, is whether calorically matched fructose
and glucose may exert a differential effect on overall ad libitum
energy intake. Our studies sought to answer this question by
making the consumption of varying ratios of fructose compared
with glucose mandatory while allowing subjects to eat from
a standardized diet ad libitum. Stanhope et al. (13) instructed
overweight subjects to consume 25% of their estimated energy
intake in the form of a fructose- or glucose-sweetened beverage
while also consuming their habitual diet for 10 wk. Subjects in
both arms gained a similar amount of weight. This result supports
our findings that fructose-sweetened beverages do not differen-
tially affect energy intake compared with glucose-sweetened
beverages. However, this study was not randomized, and our
studies offer an additional level of confidence because of the
strong randomized crossover design, provision of all foods for the
entirety of the study periods, and the fact that we included
a fructose malabsorption screening test, which we suggest is

critical for true assessment of the effect of 100% fructose-
sweetened SSBs on energy intake.

Our studies were specifically designed to be medium-term in
length to prevent significant weight gain by subjects over the
course of the intervention. This avoided confounding of the
relation between sweetened beverage type and energy intake by
substantial changes in adiposity during the experimental diet
periods. There are a number of reasons why we may not have
detected even a small increase in weight. First, the study was not
designed or powered to detect changes in weight. Second, it is
likely that subjects lost some body water during the study diet
periods, which we frequently see in the first few days after
subjects switch to a controlled study diet with lower sodium
content. Thus, it is important not to interpret the lack of weight
gain in these moderate-term diet periods as evidence that weight
would remain stable in individuals consuming SSBs over longer
periods of time.

We believe that the crossover design was a major strength of
our study, because it allowed us to compare energy consumption
in each person on each diet; however, the relatively short duration
of each intervention period is also a possible limitation. Theo-
retically, it is possible that differences could become apparent
if these SSBs were consumed for .8 d. However, substantial
differences in key appetite- and satiety-regulating hormones,
including insulin, leptin, and ghrelin, are apparent within the
first day of consuming a similar amount of fructose- or glucose-
sweetened beverages (6). It appears implausible that acute hor-
monal differences would lead to differences in ad libitum energy
intake only .8 d later. Because not even the slightest trend was
apparent in our studies, we are confident that the differences in
the response of satiety-regulating hormones between fructose-
and glucose-sweetened beverages described in previous studies
do not translate into differences in energy intake. We did ob-
serve a significant decrease in the overall energy consumed
during the second 4 d on the diet compared with the first 4 d.
This suggests that energy homeostatic mechanisms are engaged
to some degree over an 8-d period and that our methodology was

TABLE 4

Energy intake and diet composition from solid foods, sweetened beverages, and overall during each dietary period in

study B1

Fructose

(n = 24)

HFCS2

(n = 24)

Glucose

(n = 24) P3

Solid foods (ad libitum)

Energy intake, kcal/d 2330 6 421 2310 6 482 2300 6 409 0.836

Energy intake, % of estimated energy requirement 92 6 14 91 6 16 91 6 16 0.925

Protein, % of total energy intake 14.3 6 0.64 14.4 6 0.74 14.3 6 0.57 0.838

Fat, % of total energy intake 26.7 6 2.8 26.6 6 3.2 26.7 6 3.3 0.980

Carbohydrate, % of total energy intake 38 6 3.1 38 6 3.6 38 6 2.9 0.699

Sweetened beverages (mandatory)

Energy intake, kcal/d 638 6 92 640 6 91 641 6 93

Fructose, % of total energy intake 21.6 6 2.3 12.1 6 1.7 0

Glucose, % of total energy intake 0 9.9 6 1.4 22.0 6 3.1

Overall energy intake

Energy intake, kcal/d 2970 6 482 2950 6 535 2940 6 460 0.880

Energy intake, % of estimated energy requirement 116 6 13.6 116 6 16.2 116 6 15.9 0.880

1Values are means 6 SDs over each 8-d diet period.
2HFCS, high-fructose corn syrup.
3Reflects an overall comparison of the 3 dietary phases by repeated-measures ANOVA. No statistical tests were

performed on sweetened-beverage intake, because these were designed to be different.
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sufficiently precise to detect this effect. However, the difference
in energy intake during the first compared with the second 4-d
period was independent of the fructose content of the bever-
ages. Failure of the fructose content of the SSB to affect this
adaptive response to caloric excess further strengthens our
central conclusion. We also stratified by sex and adiposity and
did not detect a difference in energy intake according to bev-
erage type within these subgroups. Although the sample sizes in
these subgroup analyses were relatively small and lack of power
could be a concern, energy intake was strikingly similar across
all diet phases and not even a trend toward a difference could be
detected.

Another potential limitation is that the total number of calories
provided to participants in study A differed across study arms,
with participants receiving 150% of their estimated total energy
requirement in the fructose and glucose arms (125% from solid
foods and 25% from SSBs), but only 129% in the aspartame arm
(125% from solid foods and 4% from the aspartame-sweetened
beverage). This may have contributed to the greater total energy
intake in the fructose and glucose arms. However, this design was
necessary to conduct this trial in a double-blinded fashion, be-
cause providing more solid food in one arm would have un-
blinded participants partially. There is also a rich literature
suggesting that total energy intake is affected by the total volume
rather than the total energy content of the food served (14–16).
We therefore felt that providing more solid (i.e., visible) food to
subjects, and therefore more overall volume, would have been
very likely to increase total energy intake in the aspartame arm.

Our findings are strengthened by the fact that we obtained
essentially the same result in these paired studies. Another
strength of our study was the provision of all foods, which allowed
us to accurately assess energy intake and experimentally control
other dietary factors that may affect ad libitum energy intake.
However, by providing subjects with all foods, we left little
opportunity for subjects to self-select food items. Because the
study diet did not include highly palatable snack foods high in
sugar and fat, we could not test whether the beverages tested here
affect the types of solid foods participants would eat if they had the
ability to choose, which in return could affect total energy intake.

In conclusion, these studies strengthen the argument that SSBs
promote an increase in overall energy intake in healthy adults
over the medium term, which over longer periods of time would
be expected to result in weight gain. Furthermore, fructose and
glucose do not differ in terms of energy intake regulation when
consumed in the form of an SSB. Rather, our study shows that
both glucose and fructose consumed in liquid form promote
excess energy intake by failing to invoke a concomitant reduction
of energy from solid foods.
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