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Abstract
Objective—Overweight and obesity have been attributed to increased eating frequency and the size
of eating events. This study explored the influence of the timing of eating events and food form on
appetite and daily energy intake.

Design—Cross-over, clinical intervention where participants consumed 300 kcal loads of a solid
(apple), semi-solid (apple sauce) and beverage (apple juice) at a meal or 2 hours later (snack).

Subjects—Twenty normal weight (body mass index - BMI=22.6±1.8kg/m2) and 20 obese
(BMI=32.3±1.5kg/m2) adults. There were 10 males and 10 females within each BMI group.

Measurements—On 6 occasions, participants reported to the laboratory at their customary midday
meal time. Appetite questionnaires and motor skills tests were completed upon arrival and at 30min
intervals for the 2 hours participants were in the laboratory and at 30min intervals for 4 hours after
leaving the laboratory. Diet recalls were collected the next day. Data were collected between January
of 2006 and June of 2007.

Results—Whether consumed with a meal or alone as a snack, the beverage elicited the weakest
appetitive response, the solid food form elicited the strongest appetitive response and the semi-solid
response was intermediate. The appetite shift was greatest for the solid food when consumed as a
snack. The interval between test food consumption and the first spontaneous eating event >100 kcal
was shortest for the beverage. No significant treatment effects were observed for test day energy
intake or between lean and obese individuals.

Conclusion—Based on the appetitive findings, consumption of an energy-yielding beverage either
with a meal or as a snack poses a greater risk for promoting positive energy than macronutrient-
matched semi-solid or solid foods consumed at these times.
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Introduction
Increased eating frequency (1,2) and energy derived from beverages (3–5) are trends implicated
in the dietary contribution to overweight and obesity. Between 1977–8 and 1994–6 adult males
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and females increased the number of times they ate daily by 15% (from 3.9 to 4.5 times/d)
(1) and doubled the consumption of sweetened beverages (from 70 to 141 kcal/d) (3). Over
this time period, most of the increased total energy intake (268 kcal/d and 143 kcal/d in males
and females, respectively) could be accounted for by the energy contributed by snacks (241
and 160 kcal/d, respectively) (1). Approximately 95% of Americans regularly consume soda
(4) and it is the single largest source of energy in the population’s diet (5). Sweetened beverages
account for approximately 21% of daily energy intake in the United State’s population (3).

The trends in eating frequency and beverage ingestion are not entirely independent. Sweetened
beverages contributed disproportionately to the energy obtained through snacks (11.6%)
compared to meals (6.1%) in the 1994–6 period (6). Their contribution to daily snack energy
increased by about 9.1% between 1977–78 and 1994–96 and were roughly equal to desserts
(15.6% versus 15.7%) as the largest contributor of energy from snacks in 1994–6 (7).

Several factors might contribute to these trends. First, the incentive to consume sweetened
beverages may have changed. There is an increasing array of readily accessible, palatable and
inexpensive energy-yielding beverages, as well as increased consumption outside the house
and societal acceptance of drinking in nearly all leisure time or work contexts (8–13).
Beverages containing stimulants and nutrients are also increasingly promoted to enhance health
and performance (14–18). Additionally, the largest increase in snacking energy was derived
from salty snacks (6) which could augment thirst (19).

Second, the low satiety value of beverages may lead to a weak compensatory dietary response
(20). Thus, beverages add energy to eating events rather than substituting for other energy
sources. This may be especially problematic for beverages consumed as snacks as they are
least likely to moderate intake at subsequent eating events (21,22). This issue is especially
topical given legislation has been proposed or passed in many states limiting sweetened soft
drink availability during school hours (23,24). This may shift beverage consumption to after
school (i.e., between meals) with unintended undesirable results. While ingestion of sweetened
energy-yielding beverages as snacks may be especially problematic for energy balance, intake
at meals may contribute additional energy. Approximately 75% of drinking is periprandial
(25). The low satiation/satiety property of energy-yielding beverages also permits greater
intake within (26) or at subsequent (27) meals when consumed at a meal.

There is accumulating evidence linking energy-yielding sweetened beverage consumption with
positive energy balance, weight gain and body mass index (BMI) (28–30), and evidence
suggesting that obese individuals have higher beverage intake (31,32) and realize greater
effects of moderating intake compared to lean individuals (33). Thus, the aim of this study was
to assess the effects of food form (solid, semi-solid and beverage forms) and intake pattern
(with a meal or as a snack) on appetite and energy intake in lean and obese individuals. It was
hypothesized that sweetened beverage consumption, both with meals and as snacks, will have
weaker effects on appetite and energy intake than semi-solid and solid forms of the food,
especially among obese individuals.

Methods
Participants

Participants were initially recruited through public advertisements that directed them to an
online screening questionnaire eliciting demographic, health, and dietary information. Once
completed, this was reviewed by research staff for participant eligibility. The eligibility criteria
included: males and females, 18–60 years of age, BMI between 18 and 25 kg/m2 or 30 and 35
kg/m2, weight stable (no deviation greater than 5 kg over past 3 months), self-reported good
health, not initiating or terminating the use of medications reported to affect appetite or body
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weight during the proposed study period, stable activity (no deviation >1X/wk @ 30 min/
session), low dietary inhibition (<14 on the Three Factor Eating Questionnaire (34)) and regular
eating habits (i.e., ≥3 meals per day, including breakfast). Anthropometric indices were
confirmed during a baseline evaluation session when measurements were obtained for height
(standing without shoes) (Model 602 Holtain Stadiometer, Seritex, Inc., Carlstadt, NJ) weight
(in gown) (Model S100 scale, Scale-Tronix, Inc., Carol Stream, IL) and body composition
(bioelectric impedance analysis (BIA) (Model TBF-410 Body Composition Analyzer, Tanita
Corp. of America, Arlington Heights, IL) and air displacement plethysmography (Model
2000A Bod-Pod, Life Measurement, Inc., Concord, CA) by a researcher. Participants meeting
eligibility criteria and choosing to participate signed an informed consent form. The protocol
was approved by the University Institutional Review Board. All applicable institutional and
governmental regulations concerning the ethical use of human volunteers were followed during
this research.

Protocol
Testing—Participants consumed a morning meal, customary for them, and no other food or
beverage for at least 3 hours before reporting to the testing facility to complete a diet recall for
each of the six trial days. Upon arrival, a finger prick blood sample was collected to verify,
based on their fasting glucose concentration, they had not eaten recently and a questionnaire
eliciting information about their mood, appetite, strength, and fine motor skills was completed.
To minimize the likelihood participants would alter their diet if they knew it was being
monitored, they were informed that the intent of the study was to assess the effects of food on
motor skills and coordination. So, they completed a variety of motor tasks (e.g., rotary tracking,
hand steadiness, reaction time) and questionnaires of psychological state at 30 minute intervals
while in the laboratory for 6 hours (data not reported). Data were collected between January,
2006 and March, 2007.

Six different treatments were administered. On three visits, participants were presented with a
fixed portion midday meal providing 25% of their estimated daily energy requirement and a
macronutrient distribution of 50% carbohydrate, 35% fat, and 15% protein. The foods were
peanut butter and jelly sandwich, baby carrots and whole milk. One-half of the energy was
provided as beverages and one-half as solids. In addition, each participant was provided either
a beverage (apple juice), semi-solid (apple sauce) or solid (apple) supplement containing an
additional 10% of their estimated daily energy need. The beverages, semi-solid and solid were
matched for macronutrient composition, but did differ in fiber and volume. Given the young
age and mobility of participant’s their estimated total energy requirement was set at 1.75 times
resting energy expenditure estimated based on the Schofield equations (35).

On the other three visits, participants were presented the same fixed portion meal with the
exception of the timing of ingestion of the fluid or solid supplement. For snack trials, the
supplement was provided 2 hours after the meal in either fluid or solid form in randomized
order. The participants were required to consume the supplement at the end of the 2-hour post-
meal period, just prior to leaving the laboratory for the rest of the day. Participants returned to
the laboratory the following day to complete a diet recall of all foods eaten after leaving the
laboratory on the previous day.

Dietary Analyses—Participants kept diet records with instructions to include all foods
consumed on each test day. This was only used to aid their memory when they were asked to
recall all foods and beverages consumed on the following day during an in-person interview
using the multipass Nutrition Data System (NDS) nutrition database (Version 5.0_35, 2006,
Minneapolis, MN). Interviews were conducted by a single individual experienced with the
system and method. However, analyses were reviewed by a Registered Dietitian.
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Appetite Assessment—Appetitive responses were recorded by participants on visual
analog scales on personal data assistants (PDAs) before and after consuming the meal, every
thirty minutes for the subsequent 2 hours they were in the laboratory and hourly for six hours
after leaving the laboratory. Questions included “How hungry do you feel right now? How full
are you right now? How strong is your desire to eat right now? How strong is your feeling of
thirst right now? How strong is your desire to eat something salty right now? How strong is
your desire to eat something sweet right now? How strong is your desire to eat something fatty
right now?” The scales were anchored with “not at all …/very weak” and “as … I’ve ever felt/
very strong”. The validity of this approach has been established (36,37). Food sample
palatability was rated on a visual analog scale with end anchors of “dislike extremely” and
“like extremely” after sampling each item.

Statistical Analyses—Differences in baseline group characteristics were explored by t-
tests. Treatment effects were assessed by a mixed-model, repeated measures analysis of
variance. Meal timing (meal, snack) and food form (solid, semi-solid, beverage) were treated
as within subject factors because they were assessed multiple times in the same individuals
while BMI was treated as a between subjects factor because responses were contrasted between
the lean and obese participants. The criterion for statistical significance was p<0.05, two-tailed.
Data are reported as mean±standard error (SE). No differences were observed between the lean
and obese individuals so the data were pooled for all analyses.

Results
Participants

The final sample was comprised of 20 lean and 20 obese individuals with 10 males and 10
females in each of these groups. The mean age and BMI of the lean group was 21.6±2.1 years
and 22.6±1.8kg/m2, respectively. The mean age and BMI values for the obese group were 25.6
±5.9 years and 32.3±1.5kg/m2.

Appetite
The ingestion of isoenergetic loads of juice, sauce or whole fruit led to significantly different
post-ingestive reductions of hunger when included in the meal (p=0.025) (Figure 1). Post-hoc
tests indicated hunger was significantly lower 30 minutes following whole fruit ingestion
compared to the juice and sauce. Hunger ratings were significantly lower for the whole fruit
compared to juice from 60–180 minutes after the meal. Similarly, there was a significant
treatment effect when the loads were consumed 2 hours after the meal (p<0.001). Post-hoc
tests revealed the post-ingestive ratings were lowest for the whole fruit, intermediate for the
sauce and higher for the juice 30 and 60 minutes after ingestion (times 150 and 180 minutes).
Ninety minutes after ingestion, the hunger ratings (time 180 minutes) were significantly lower
for the whole fruit treatment compared to juice and were lower for the sauce compared to juice
120 minutes later (time 240 minutes). There were no differences between lean and obese
individuals for hunger ratings following ingestion of the juice, sauce or whole fruit with a meal
or two hours later (data not shown).

The findings related to fullness were largely the reverse of those for hunger (Figure 2). The
ingestion of isoenergetic loads of juice, sauce or whole fruit lead to significantly different post-
ingestive fullness ratings when included in the meal (p=0.026). Post-hoc tests indicated fullness
was significantly lower for the juice compared to the sauce or whole fruit 30 and 60 minutes
following ingestion and the juice was also less than the whole fruit at 90 minutes and the sauce
at 120 minutes. Load ingestion also led to differential effects on fullness when consumed 2
hours after the meal (p=0.020). Fullness rating were lower for the juice compared to the whole
fruit an sauce 30, 60 and 120 after ingestion (times 150, 180 and 240 minutes) and lower than
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ratings after whole fruit only at 90 minutes. There were no differences between lean and obese
individuals for hunger ratings following ingestion of the juice, sauce or whole fruit with a meal
or two hours later.

The contribution of the apple load to the reduction of hunger when the apple was incorporated
into a meal was significantly (p=0.028) smaller than the reduction of hunger that followed
ingestion of the apple alone two hours after the meal (Figure 3). No significant differences
were observed with the sauce or whole fruit. There were no differences between BMI groups.

Hunger ratings at the time of the first eating occasion after lunch and load ingestion were similar
regardless of load form and timing of load ingestion (Figure 4). Mean premeal ratings for all
conditions were similar, varying only from 40–46 mm on the 100 mm scale and the largest
standard error was only 4.1 mm. Significant correlations were observed between ratings after
whole fruit and both juice (r=0.35, p=0.038) and sauce (r=0.44, p=0.008). None of the hunger
ratings were significantly correlated with energy intake at that eating occasion.

Self-reported hand grip strength and steadiness were not differentially affected by ingestion of
juice sauce or whole fruit with a meal or two hours later. These findings indicate the changes
noted in appetitive sensations reflect true sensation differences rather than a bias in scaling.

Intermeal interval
The time interval between ingestion of the experimental lunch and the first self-initiated eating
event where ≥100 kcal were ingested was shorter when the load was a beverage than if the
isoenergetic load of sauce or whole fruit was consumed (Figure 5). When the load was ingested
with the meal, the intervals for the juice, sauce and whole fruit were 275±20, 319±18 and 312
±19 minutes, respectively. The difference between the juice and sauce treatments was
significant (p=0.011) and approached significance for the juice versus whole fruit comparison
(p=0.085). When the loads were consumed 2 hours after the meal, the mean interval was 290
±18, 325±19 and 337±18 minutes, respectively. The difference between the juice and whole
fruit was significant (p=0.018) and the comparison between the juice and sauce approached
significance (p=0.093). The time to first eating occasion did not differ with timing of load.
There were no inter-meal interval differences between lean and obese individuals.

Intake
The form of the food load had no significant effect on energy intake at the first eating occasion
of > 100 kcal after ingestion of the experimental meal and the load whether consumed with
the meal or two hours after (Figure 6). Similarly, there were no treatment effects on daily energy
intake. There were no significant differences between the lean and obese participants for the
first post-treatment meal or daily energy intake.

Discussion
There is considerable, long-standing evidence indicating food form acutely influences
appetitive responses (28,27). In accord with this literature, the present study revealed the
beverage food form was associated with the weakest suppression of hunger and augmentation
of fullness. The solid food form exerted the strongest effects and the semi-solid form was
intermediate. However, the primary focus of this project was to determine whether consuming
iso-energetic portions of the three food forms as a meal component leads to differential
appetitive and dietary responses relative to consuming the items as a snack.

Fundamental to such test is a definition of snacks and meals. For the present purpose, the meal
condition entailed consuming foods constituting 25% of each individuals estimated daily
energy requirement at a time of day that coincided with a customary eating event labeled by

RD and WW Page 5

J Am Diet Assoc. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the participant as a meal. The snack condition differed in that the load was consumed alone
two hours after the experimental meal was consumed. Although there is evidence of a direct
(21,38,39), indirect (40–43) or non-significant effect (44,45) of eating frequency on energy
intake, the literature on controlled tests of snacking, generally suggests such an eating event
evokes little dietary compensation and promotes positive energy balance (46,38,39). Further,
it has been argued that energy-yielding beverage snacks should be especially problematic for
maintaining energy balance (21). The present study found the timing of beverage energy intake
did not alter mean daily hunger or fullness ratings. This also held for the semi-solid sauce, but
the whole apple exerted a stronger appetitive effect when ingested as a snack. The basis of this
differential response is not known, but physical property is a likely candidate. Solid foods may
generally evoke stronger behavioral responses and may be more salient when consumed in
isolation. There is evidence that texture is an important dimension of sensory specific satiety
(47), solid foods are expected to be more satiating prior to ingestion (20) and solid foods are
more common targets of food aversion learning (48).

Consistent with the weaker appetitive ratings with the beverage form, the interval between the
experimental lunch and the next spontaneous eating occasion of >100 kcal was shortest with
the beverage. However earlier meal initiation was not associated with a difference in energy
intake either within the first post-load meal or over the day. The experimental design of this
trial differed from many preload design studies in that the challenge meal was not presented
at a fixed time after preload ingestion, rather it was eaten upon request. The latter better
simulates the free-living condition. The present data suggest that individuals generally delayed
the onset of the evening meal until they reach a relatively common level of hunger. The standard
error of premeal ratings for all conditions was only 4.1 mm. Given such a narrow range of
values, it is not surprising that premeal appetitive ratings were not correlated with intake at
that meal.

The intermeal interval also did not predict intake at the first spontaneous eating occurrence.
The weakness of the pre-meal interval as a predictor of intake at the meal has been reported
previously, albeit not uniformly (49) in animal studies (50) and work exploring such an
association in time isolation trials (51,52). The likely explanation is that when meals are self-
initiated, the nature of foods selected and portion sizes tend to conform to customary practices.
If true, this raises questions about extrapolating findings from trials where challenge meals are
presented earlier than individuals would chose to eat. In this trial the intermeal interval was
about 270–335 min, far longer than the customary 5–120 min intervals allowed in most preload
trials.

Providing the different food forms with meals or as snacks did not alter intake of the subsequent
meal or over total day. Several mechanisms may account for this observation. One holds that
the impact of snack ingestion on appetitive sensations is transient so if consumed well before
a meal, its effect will be dissipated (21,38). Another possibility is that effects are not observed
without expectations of a load’s post-ingestive effects acquired through associative learning
(46). While all foods were familiar to participants, the novelty of the testing environment may
have disrupted “normal” behavior.

This study also permitted a comparison of responses between lean and obese individuals. To
the extent that differential appetitive and compensatory dietary responses contribute to
individual variability in BMI, it was hypothesized that the obese participants would have lesser
reductions of appetite and intake compared to the lean participants after ingesting the
experimental loads, especially the beverage. Obese individuals reportedly have higher
beverage consumption (32). This suggests they either experience weaker appetitive signals
from energy-yielding beverages or are less responsive to those signals. Supporting the latter
view, there are data indicating satiety hormone responses (e.g., insulin (53); glucose-like
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peptide (GLP-1) (54)) of obese individuals are greater than those of their lean counterparts.
Further, gastrointestinal dynamics (e.g., gastrointestinal (GI) transit, gastric acid secretion,
pancreatic exocrine response to a fluid meal are greater in obese compared to lean individuals)
(55). Nevertheless, the present study revealed no significant differences between the lean and
obese participants. This may be attributed to a true lack of difference or methodological issues.
Blunted satiety has been reported in obese individuals, but factors influencing appetitive
sensations, unrelated to BMI, such as resting gastric volume, also contribute (56). Their
modulation would diminish contrasts between lean obese individuals. Characteristics of the
study population could also account for the lack of difference. Eligibility criteria included
weight stability and a regular three “meal” per day eating pattern. While the obese participants
had higher BMI’s, if they were truly weight stable, their regulatory precision would have been
comparable to the lean participants during the assessment period. Assessing individuals during
periods of energy imbalance may be more revealing. There is also a substantial literature linking
meal skipping with higher energy intake and BMI (57,58). The direction of causality is an issue
with such studies, but excluding individuals with less regular eating patterns may also have
compromised the present study’s ability to identify lean versus obese group differences.

There are several limitations of this study that necessitate careful interpretation of the findings.
First, this was an acute feeding trial so it precluded the opportunity to assess longer-term dietary
responses that could moderate energy balance and body weight. Second, to reduce response
variance and aid identification of treatment effects, a highly selective sample was recruited
(i.e., weight stability, regular eating pattern). Further, a portion of the testing was conducted
in a laboratory setting that permitted tight experimental control, but probably at the expense
of some external validity. These latter two points may account for the weak association noted
between appetitive sensations and intake.

Conclusion
The findings suggest beverages consumed alone as an afternoon snack or when incorporated
into a midday meal lead to comparable, weak appetitive effects. Stronger effects were noted
with a solid form of the same food and intermediate effects were observed with a semi-solid
form. This would suggest that energy-yielding beverage consumption poses a particular risk
for promoting positive energy balance when consumed either as a snack or with a meal.
However, these appetitive effects did not translate into differences in energy intake. In the
context of the greater literature documenting weak compensatory dietary responses to
beverages (27,28), it may be these findings are attributable to methodological constraints such
as those noted above. There is a need to explore this issue among individuals with lifestyles
and characteristics more likely to reveal differences before drawing conclusions about its
nutritional importance. Further, the present observations raise questions about the nutritional
relevance of acute feeding trials. In this study, spontaneous meal decisions did not occur until
a common level of hunger was experienced and this occurred more than 2.5 hours after a load
contributing only 10% of estimated energy need. Thus, presenting individuals with meal
challenges in shorter intervals or when hunger is not in a relevant range (i.e., its low), can yield
findings of uncertain applicability to customary eating patterns.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mean hunger ratings of 40 adults following ingestion of a meal providing 25% of each
individual’s estimated energy requirement (EER) with loads of juice, sauce or whole fruit
providing an additional 10% of each individual’s (EER) (left panel) or with the same loads
provided 2 hours after the meal (right panel).
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Figure 2.
Mean fullness ratings of 40 adults following ingestion of a meal providing 25% of each
individual’s estimated energy requirement (EER) with loads of juice, sauce or whole fruit
providing an additional 10% of each individual’s (EER) (left panel) or with the same loads
provided 2 hours after the meal (right panel).
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Figure 3.
Mean change of hunger and fullness following ingestion of a meal providing 25% of each
individual’s estimated energy requirement (EER) with loads of juice, sauce or whole fruit
providing an additional 10% of each individual’s (EER) or with the same loads provided 2
hours after the meal.
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Figure 4.
Mean hunger ratings of 40 adults immediately prior to the ingestion of the first eating episode
comprised of ≥100kcal following ingestion of a meal providing 25% of each individual’s
estimate energy requirement (EER) and a load contributing 10% of each individual’s EER
either with the meal (left panel) or 2 hours after the meal (right panel). Correlation coefficients
in each bar represent the correlations between the hunger rating and energy consumed in that
eating event.
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Figure 5.
Mean intervals between the end of the experimental lunch and the first spontaneous eating
episode ≥100kcal. The left panel depicts the intervals where the whole fruit, sauce and juice
loads were consumed with the meal and the right panel depicts the intervals where the loads
were ingested 2 hours after the meal.
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Figure 6.
Mean daily energy intake when ingesting whole fruit, sauce and juice loads providing 10% of
estimated energy requirement (EER) a with a meal providing 25% of each individual’s EER
or 2 hours after the meal. The open portion of the bar depicts the energy ingested at the first
eating episode comprised of ≥100kcal following ingestion of the meal and load under both
time conditions.
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