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BACKGROUND: Appetitive sensations (AS) are signals that guide eating behaviors. Marked short-term inter-individual variability in
AS has been reported but the long-term stability of individual ratings and their dietary implications are not well characterized.
OBJECTIVES: This study explored the stability of inter-individual ratings of hunger, fullness and thirst for 17 weeks; determined the
relationships between these sensations, eating patterns and energy intake (EI); as well as the associations between ratings and
selected individual characteristics (age, gender, BMI).
METHODS: A 17-week observational study collected hourly appetitive ratings and dietary intake data from 97 (90 completers, 7
partial completers) healthy adults at weeks 1, 9, and 17.
RESULTS: There were marked and stable inter-individual differences over the 17 weeks for hunger (week 1 vs. week 9, r= 0.72
(p< 0.001); week 1 vs. week 17, r= 0.67 (p< 0.001); week 9 vs. week 17, r= 0.77 (p < 0.001)); fullness (week 1 vs. week 9 r= 0.74
(p< 0.001); week 1 vs. week 17, r= 0.71 (p< 0.001); week 9 vs. week 17, r= 0.81 (p < 0.001)); and thirst (week 1 vs. week 9 r= 0.82
(p< 0.001); week 1 vs. week 17, r= 0.81 (p < 0.001); week 9 vs. week 17, r= 0.88 (p< 0.001)). Cross-correlation functions revealed EI and
eating pattern exerted stronger effects on AS than the reverse. However, the absolute effect sizes were small. Path analyses also indicated
that there were weak relationships between AS and EI. No robust effects of the studied individual characteristics were observed.
CONCLUSION: This study found that acute and chronic sensations of hunger, fullness and thirst are relatively stable within individuals
but vary markedly between individuals. In addition, the present data indicate AS are poorly associated with dietary patterns or with EI
under conditions of relatively stable energy balance.
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INTRODUCTION
Weight gain stems from sustained positive energy balance.
Appetitive sensations (AS) are viewed as drivers of energy intake
(EI) [1, 2] and they oscillate markedly over hours [2]. If they do so in
ways that result in energy balance, no change of body weight would
be predicted over time. However, if there is a sustained bias towards
higher or lower motivation to eat, this may predispose individuals
toward positive or negative energy balance and weight change. As
both low and high body weight holds health risk, a key question is
whether there are reliable inter-individual differences in the mean
daily level of AS that may account for differences in longer-term EI
and risk of unhealthy weight. Prior shorter-term studies with limited
sample sizes suggest there are reliable inter-individual differences in
AS [3, 4]. The first aim of this study was to more rigorously explore
daily AS ratings over time to determine their stability and the
magnitude of inter-individual differences. It was hypothesized that
marked and reliable individual differences exist. If true, the next
question becomes, what are the implications? Various hypotheses
could be proposed to link AS to adiposity status. One holds that
individuals with high chronic hunger or low chronic fullness will
consume more energy to mitigate these unpleasant sensations and
thereby be at increased risk of higher adiposity. Alternatively, high

chronic hunger or low fullness may be the result of low EI, a
condition likely to be associated with low adiposity. To better
characterize these alternatives, the second aim of this work was to
explore the directionality of the relationships between AS and eating
patterns as well as between AS and EI. Finally, the lack of clarity on
the relationship between AS and EI may stem from failure to account
for varying contributions by individual characteristics including BMI
(body mass index) [5], age [6], and sex [6, 7] in prior work. Each has
been hypothesized to modify appetite-diet associations and risk for
obesity. However, the literature for each has been mixed: BMI [6, 8, 9],
sex [6, 7, 10, 11], age [12–14]. Thus, a third aim was to determine
whether these selected individual characteristics consistently map
onto patterns of AS intensity over time.

METHODS
Participants
Participants were recruited through public announcements. Eligibility
criteria included (1) healthy without history of chronic diseases, (2) 18–64
years of age, (3) weight stable (body weight fluctuation <2.5 kg over the
prior 3 months), (4) not taking medications known to affect appetite, and (5)
not planning to change lifestyle behaviors that could affect energy balance.
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Based on previous studies, 16 to 30 participants are required to detect a
10% difference in appetitive sensations in paired-design trials [15, 16] with
80% power. We set participant recruitment goals based on three age groups
(18–30 years, 31–45 years, 45–65 years old) with two BMI categories (lean
and overweight/obese) within each age group. Informed consent was
obtained from all participants. All procedures involving human subjects
were approved by the Purdue University Institutional Review Board and this
study was registered in clinicaltrials.gov (NCT04836416).

Protocol
This was a 17-week observational study. At screening, participants reported
their age and sex; completed a battery of questionnaires addressing
selected eating traits; and weight and height were measured. In addition,
participants received appetite lexicon training as well as general instruc-
tions on study activities. After the screening visit (week 0), participation was
virtual at study weeks 1, 9, and 17. At each of these timepoints, data were
collected on two randomized, non-consecutive weekdays and one week-
end day. For each day, participants self-reported their appetite sensations,
physical activity and dietary intake. Participants attended a virtual meeting
one week before weeks 9 and 17 to remind them of study activities to
follow on each of the randomly selected days. The definitions of hunger
and fullness were explained again, and any questions were addressed.

Appetite lexicon training
Participants watched a training video defining four AS (hunger, fullness,
desire to eat, and prospective consumption) and a series of video tutorials
about common confusions among appetite concepts (see supplemental
materials). After they completed the training, participants took an online
quiz to confirm their understanding of the concepts. A score of at least
90% correct responses was required to pass the appetite lexicon training.
All participants passed the quiz.

Appetite sensation assessment
Participants rated their perceived hunger, fullness, and thirst on their cell
phones/computers via a web based survey every waking hour on three
days that were randomly selected at weeks 1, 9, and 17. Two days were
non-consecutive weekdays and one day was a weekend day. The
questions for appetite sensations (hunger, fullness, and thirst) were “how
hungry do you feel”, “how full do you feel?”, and “how thirsty do you feel?”,
all were rated from “not at all” anchored at 0% to “extremely” anchored at
100% [15, 17]. Responses were provided on a visual analog scale (VAS). All
entries were time and date stamped to ensure the ratings were made at
the intended times. Ratings were accepted if they were recorded ± 5min
of each subsequent hour relative to the initial recording. If they either
woke up three hours later than their usual time of awakening or missed
any three ratings during waking hours, participants were asked to
complete the ratings again on another random day.

Physical activity assessment
Free-living energy expenditure was measured using the ActivityTracker
Pedometer mobile app (version 3.4.3.277) the same days that appetite
ratings were recorded. The mobile app automatically tracked participants’
steps, calorie usage, active time, and moving distance on their cell phones.
Participants were asked to carry their phones throughout these days. They
reported their recorded energy expenditure by submitting a screenshot of
the mobile app page from their phones the following day through the
web-based survey.

Dietary assessment
Participants reported their 24-h dietary intake at one time on the day after
appetite ratings were recorded. Dietary intake was obtained by a dietary
recall method using the automated self-administered 24-h dietary recall
system (ASA24- version 2020–2022). The system systematically asks
participants how many meals they had; what they ate; and how much
they ate at each meal. After entering all foods and beverages consumed,
the system prompted them to reconsider whether any sauces, condiments
or salad dressing as well as foods or beverages may have been omitted.
The plausibility of the data was assessed using the Goldberg formula [18].

Data analysis
Aim1: Determine the magnitude and consistency of appetitive sensations
(hunger, fullness, and thirst) between individuals. One-way ANOVA was

used to investigate within and between individual variances of each AS
and to investigate differences in EI, eating frequency, portion size, age, and
BMI between AS tertiles. Individuals were divided into three groups based
on the total mean of AS over the 17 weeks (9 days = 3 daysX3 weeks). The
homogeneity of variances was tested using the Levene’s test. If the
variance was not homogeneous, the Welch’s ANOVA p-value was used.
A one-way ANOVA was also run to explore seasonal effects on appetitive

ratings. Seasons were “Dec–Feb”, “Mar–May”, “June–Aug”, “Sep–Nov”.
Mean daily appetite ratings were compared between seasons. The
homogeneity of variances were tested using the Levene’s test. If the
variance was not homogeneous, the Welch’s ANOVA p-value was used.

Aim2: Relationships between AS and energy intake and between AS and
eating patterns. Pearson’s correlation coefficients were calculated to
examine the relationships between daily mean AS ratings; weekly mean
appetite ratings (weeks 1, 9, and 17); daily mean AS and EI, portion size,
and BMI. Spearman’s correlation coefficients were calculated to investigate
the relationship between daily mean AS and eating frequency (eating
frequency was coded categorically).
A generalized regression model was used to explore the difference of

mean AS between weekdays and weekends since eating patterns or
energy intake during weekends and weekends may be different. A linear
mixed model was used with the Kenward-Roger approximation for degrees
of freedom. Week was set as a random effect and individual was nested
within the week. The relationship between the total mean AS of the nine
days (3 days X 3 weeks) and EI was determined by a generalized regression
model. Age, gender, BMI, and physical activity were included as covariates.
The directionality of relationships between hourly EI and hourly appetite

ratings and between hourly drinking events and hourly thirst ratings were
determined using cross-correlation function (CCF) analysis. All data from
time-series analyses of EI, drinking event, and AS were pre-whitened; a
procedure to standardize data for cross-correlation function analyses to
reduce bias from autocorrelations [19]. The largest correlation coefficients
were used for the interpretation of the possible directionality between
appetitive sensations and EI. Mean AS changes one-hour before and after
meals was compared using the Wilcoxon signed-rank test (WSR).
The relationships between AS and EI, eating frequency, portion size, and

BMI were explored using a path analysis of structural equation modeling
(SEM). Data were normalized by min-max scaling before analysis. Model fit
was evaluated by chi-square p-value, normed fit index (NFI), relative fit
index (RFI), incremental fit index (IFI), Turker–Lewis index (TLI), comparative
fit index (CFI), and root-mean-squared error of approximation (RMSEA).
Good model fit was determined a priori to be a p-value of chi-square
greater than 0.05, NFI value greater than 0.95, RFI, IFI, TLI, and CFI values
greater than 0.9, and RMSEA less than 0.05 [20].

Aim3: Individuals characteristics (sex, age, BMI) among AS tertiles. The
relationship between AS tertiles and categorical demographic character-
istics including sex (male and female), and BMI groups (BMI 18.5–24.9 kg/
m2(normal), 25–29.9 kg/m2 (overweight), 30 kg/m2 or greater (obese)) was
explored using the contingency test.
Data are expressed as mean ± SE. Statistical significance was determined

by α < 0.05, two-tailed for all analyses. Tukey’s adjustments were used as a
correction for multiple comparisons. SAS (version 9.4) software was used
for correlation, ANOVA, general linear regression, WSR, and contingency
testing. IBM SPSS (version 28th) software was used for CCF and IBM SPSS
AMOS (version 26) software was used for SEM.

RESULTS
Participant demographic characteristics
A total of 1149 participants were screened. Among those, 407
failed to complete the screening; 483 did not meet the inclusion
criteria; 47 declined to participate after learning about study
activities; and 103 participants were willing to participate but their
age group had been filled. Thus, 109 participants were enrolled in
the study but 12 dropped in the middle of the first week of the
study. Among them, 90 participants completed the study, 7
participants partially completed the study. Attrition was due to
time conflicts in 2 cases, but most commonly, no specific reason
was provided. Age ranged from 18–64 years with a mean of
33.1 ± 1.2 years (18–30 y/o n= 48; 31–49 y/o n= 35; 50–64 y/o
n= 14). The mean BMI was 26.8 ± 0.6 kg/m2 (18–24.9 kg/m2

E. Cheon and R.D. Mattes

478

International Journal of Obesity (2024) 48:477 – 485



n= 48; 25–29.9 kg/m2 n= 28; ≥30 kg/m2 n= 21). There were 20
males and 77 females.

Appetite variation within and between individuals
There were marked inter-individual differences for each sensation
over the 17 weeks: hunger (p < 0.0001), fullness (p < 0.0001), thirst
(p < 0.0001) (Fig. 1). Daily mean hunger ratings ranged from 2.9 to
62.5% across individuals. The values for fullness and thirst were
13.4 to 87.7% and 2.5 to 87.6% respectively. Across all appetitive
ratings (3 days X 3 weeks), the daily mean variance in ratings
between individuals was greater than the mean variance within
individuals (hunger: within variance= 52.7 (7.3% of variance),
between variance= 670.1 (92.7% of variance), fullness: within
variance= 69.0 (5.1% of variance), between variance= 1285.6
(94.9% of variance), thirst: within variance= 59.4 (3.3% of
variance), between variance= 1738.9 (96.7% of variance)).

Pearson’s correlation coefficients were computed for each
weekly mean AS as an index of the consistency of AS ratings.
Correlations were strong and positive between weeks 1, 9 and 17
indicating AS ratings of individuals were consistent over time
(Fig. 2). There was no significant difference in any measured daily
mean AS between weekdays vs. and weekend days (one-way
ANOVA, hunger: p= 0.96, fullness: p= 0.92, thirst: p= 0.98)
(covariate estimate confidence intervals (CI) were: hunger: week-
days (39.9–85.7) vs. weekend (40.4–91.1); fullness: weekdays
(75.1–155.9) vs. weekend (92.5–193.1); thirst: weekdays
(121.4–230.2) vs. weekend (137.5–265.2)). Appetite ratings in
different seasons (“December–February”, “March–May”,
“June–August”, and “September–November”) were compared
using one-way ANOVA. No significant effect of season of the year
on hunger and thirst ratings was observed (one-way ANOVA,
hunger: p= 0.56, thirst: p= 0.54). While there is a significant

Fig. 1 Appetitive sensations of participants in ascending order. A hunger ratings, B fullness ratings, C thirst ratings (•=mean ratings of each
week, − mean of all weeks, | error bars = standard errors).
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difference between fullness ratings during “June–August” and
ratings during “December–February” (one-way ANOVA, p= 0.03),
the difference was marginal (Multiple comparisons using Tukey’s
adjustment: p= 0.02, difference: −4.11%) and no other seasons
showed significant differences in fullness ratings. Waking hours
ranged from 13 to 17 h (mean = 15 h), thus the total number of
hourly ratings differed between participants. However, there was
no significant association between number of ratings and hunger,
fullness or thirst. The correlation between daily mean hunger
ratings and daily mean fullness ratings was weak (r=−0.07,
p= 0.04). There was a moderate correlation between daily mean
hunger ratings and daily mean thirst ratings (r= 0.47, p < 0.001).
There was no significant correlation between daily mean fullness
and thirst (r= 0.02, p= 0.6).
The demographic characteristics (including age, sex, and BMI) of

those who reported higher and lower AS strengths, were
examined by dividing the sample into tertiles. The 1st tertile had
the highest mean daily appetitive sensations. For hunger, the
mean age in the 3rd tertile (37.8 ± 2.3year-old) was higher than the
mean age in the 2nd tertile (29.1 ± 1.7year-old) (p= 0.008). No
other comparisons of AS based on age, sex or BMI were
significantly different.

Appetitive sensations, energy intake and BMI
The mean EI of the nine test days (3 days X 3 weeks) was not
statistically different based on tertiles of hunger (EI of 1st, 2nd, and
3rd tertiles: 2098 ± 90, 1888 ± 65, 1848 ± 99 kcal), (fullness:
1856 ± 95, 2107 ± 92, 1865 ± 85 kcal) or thirst: (1958 ± 85,
1915 ± 93, 1960 ± 101 kcal). This also held in age, sex, BMI and
physical activity adjusted regression models (EI and hunger:
p= 0.64; fullness: p= 0.29; and thirst: p= 0.28). EI and BMI were
positively associated (p < 0.01, r= 0.17). Separate regression
analyses were conducted between EI and BMI for each AS tertile
group (Fig. 3). The slope of 1st tertile participants was lower
compared to the slopes of the 2nd and 3rd tertile participants for
hunger (slopes of regression lines of 1st, 2nd, and 3rd tertiles: 2.21,
p= 0.74; 33.97, p < 0.0001; 37.45, p < 0.0001) and thirst (3.96,
p= 0.61; 25.36, p < 0.0001; 48.13, p < 0.0001). Among 1st tertile
groups, no significant associations were observed between BMI
and EI for hunger: p= 0.74 or thirst: p= 0.61. In contrast, a
significant association between EI and BMI was observed for
fullness in the 1st and 2nd tertile groups, but not the 3rd (slopes of
regression lines of 1st, 2nd, and 3rd tertiles: 30.96, p < 0.0001; 18.14,
p= 0.03; 18.72, p= 0.24). The lack of association could be due to
true randomness of sensation-response associations or to off-
setting bimodal distributions. That is, some individuals with stable
high hunger may report this state because of limited energy
intake (prediction of a lean phenotype) or because of a strong
sensation that is not highly responsive to energy intake

(prediction of an obese phenotype). Similarly, individuals with
low chronic hunger may report this because of high energy intake
(prediction of obese phenotype) or a weak appetitive response
(prediction of lean phenotype). Exploration of extremes of the
appetitive distributions (e.g., chronic high and low hunger) failed
to reveal evidence of such offsetting conditions.

Directionality of relationships between appetitive sensations
and energy intake
To examine the directionality of the relationship between hourly
AS and hourly EI, CCF analysis was conducted with a time series of
hourly appetite ratings and hourly EI records. Overall, EI leads AS
at −1 lag (Fig. 4) meaning EI 1 h earlier was associated with
significant changes in AS. The most significant and largest
coefficient value of CCF with hunger ratings and EI was −0.255
at −1 lag (Fig. 4A). This reflects the ability of EI to reduce hunger
ratings. At +1 lag, there is a significant, but much weaker cross
correlation between hunger ratings and EI (coefficient= 0.052,
p < 0.05) describing how hunger ratings influence EI (Fig. 4A). The
largest and statistically significant coefficient value of CCF with
fullness ratings and EI is 0.228 at −1 lag indicating EI is associated
with increasing fullness ratings (Fig. 4B). Again, there is only a
weak cross correlation at +1 lag (coefficient=−0.042, p < 0.05)
(Fig. 4B). The largest and statistically significant coefficient value of
CCF with thirst ratings and EI was only −0.082 at −1 lag,
indicating EI is only weakly associated with diminishing thirst
ratings (Fig. 4C). CCF with thirst ratings and EI also had a
significant, but weak cross correlation at +1 lag (coefficient=
0.013, p < 0.05) (Fig. 4C). CCF with thirst ratings and drinking
events at −1 lag was significant with a coefficient value −0.1 and
it was stronger than the correlation with EI at +1 lag (coefficient=
−0.001, p > 0.05) (Fig. 4D).
Based on the CCF results, mean changes of AS over the one-

hour periods before and after meals were compared. The changes
1-h after meals were greater than the changes 1-h before meals
for all sensations: mean changes of hunger–before meals = 4.32%,
after meals=−0.96%; fullness–before meals = 2.63%, after meals
= 8.06%; thirst–before meals = 3.27%, after meals=−5.52%
(WSR, between before and after mean changes of hunger, fullness,
and thirst: p < 0.0001, p < 0.0001, and p < 0.0001). This was
especially true for the mean changes of hunger ratings (WSR,
hunger changes (−14.28%) vs. fullness changes (5.43%),
p < 0.0001; hunger changes vs. thirst changes (−8.79%),
p < 0.0001). These results are consistent with the results of the
CCF analysis and support the finding that the correlation between
EI 1 h earlier and hunger is greater than the correlation between
hunger 1 h earlier and EI.
Path analyses, using SEM, were conducted to investigate the

effects of daily EI on daily mean AS including the effects of BMI and

Fig. 2 Pearson’s correlations of weekly mean appetitive sensations between weeks. A correlations of hunger sensations, B correlations of
fullness sensations, C correlations of thirst sensations.
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eating patterns on daily mean AS (Fig. 5). Portion size and eating
frequency were include in the model as effects of AS are expected to
manifest in changes of EI through one or both of these routes.
Physical activity was included in an initial model but, because it
exerted no significant effect, it was omitted. When the multiple
regression equations were analyzed simultaneously using SEM, there
was a significant, but weak, effect of daily EI on daily mean hunger
ratings (p < 0.001) (Fig. 5A). There was no significant effect of daily EI
on daily mean fullness or daily mean thirst ratings (Fig. 5B, C).

Relationship between eating patterns (eating frequency/
portion size) and appetitive sensations
There were significant, but very weak, correlations between AS
and eating patterns. Eating frequency was negatively correlated
with hunger and thirst ratings (r= -0.094, p < 0.01; r= -0.1,
p < 0.01, respectively) but no statistically significant relationship
was observed with fullness. Portion size was positively correlated
with fullness ratings (r= 0.092, p < 0.01) but no statistically
significant relationship was observed for hunger and thirst ratings.

DISCUSSION
AS incentivize eating decisions. It has been assumed that AS are
directly, possibly causally, related to EI so have been the target of

considerable study to modulate body weight [1, 2]. Yet, the ability
to purposefully control or appropriately respond to AS to achieve
desired body weight or BMI goals has proven elusive [21]. This
may reflect inadequacies in appetite measurement and/or
incomplete understanding of the nature and magnitude of AS
contributions to intake. The primary aim of the present work was
to gain new insights on longer-term inter-individual variability in
AS and its stability over time, as well as the implications of these
sensations under naturalistic conditions for eating patterns and EI.
A key assumption in the study of AS is that they are reliable. The

present work revealed marked and sustained inter-individual
differences in hunger, fullness, and thirst sensations. The stability
of AS within individuals was strong across seventeen weeks. This
larger trial (N= 90) conducted over a longer time period
(17 weeks) and with participants representing a range of BMI
and age values, confirms reports from several prior studies
documenting consistent interindividual differences in AS
[3, 22, 23]. One observational trial collected appetite ratings from
fifty free-living adults in good health and stable body weight (39
female; 30 ± 11 y/o; BMI 26.3 ± 5.9 kg/m2) over one week [22]. They
observed a wide distribution of inter-individual mean daily hunger
and thirst ratings that were comparable in magnitude to our
findings (mean correlation coefficients between days: hunger,
r= 0.52 ± 0.2; thirst, r= 0.78 ± 0.2) [22]. Similar results are reported

Fig. 3 Scatter plots with regression lines between energy intake and BMI of appetitive sensation tertiles. A hunger tertiles, B fullness
tertiles, and C thirst ranking tertiles.
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from intervention trials. One study measured hunger and fullness
hourly for 10 h with six different pre-meals in nineteen healthy
and weight stable adults (10 males with BMI 22.7–34.5 kg/m2, 9
females with BMI 21.2–32.6 kg/m2) [23]. The procedure was
repeated on two different days. AS changes were not significantly
different between meals nor between days [23]. An additional
randomized controlled trial involving eighteen healthy men
(28.5 ± 9.8 y/o; BMI 27.0 ± 5.0 kg/m2) measured postprandial
changes of hunger, satisfaction, fullness, and prospective con-
sumption in response to two-repeated standardized meals and
two repeated unstandardized meals (ab libitum meal) [3]. The AS
of participants were consistent between the two repeated
measurements regardless of meal types (correlation coefficients
between days: hunger, r= 0.59; fullness, r= 0.41; satisfaction,
r= 0.74; prospective consumption, r= 0.65) [3].

Documentation of large, stable differences in AS naturally raises
questions about their dietary and health implications [24, 25]. It is
presumed that high hunger drives the initiation of eating and
lower fullness facilitates the ingestion of larger portions [24, 25].
The present findings suggest a different interpretation. In the CCF
analysis, EI elicited more robust changes of AS than AS changes
exerted on EI. Additionally, the mean changes of AS one-hour after
an eating event were significantly greater than the mean changes
of AS one-hour before an eating event. These findings are also
consistent with an earlier cross-sectional study that noted the
length of post-meal intervals was consistently positively correlated
with subsequent EI (r= 0.46, p < 0.05) but EI was not significantly
correlated with premeal intervals [26]. This association may also
hold over longer time intervals as another trial reported prior day
EI was correlated with fasting hunger and fullness (r=−0.56,

Fig. 5 Structural equational models for a path analysis on the relationship between appetitive sensations and energy intake. *p < 0.05,
**p < 0.01, ***p < 0.001.

Fig. 4 Cross-correlation of appetitive sensations and energy intake with hourly time lags. A hunger ratings with energy intake, B fullness
ratings with energy intake, C thirst ratings with energy intake, D thirst ratings with drinking event.
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r= 0.5, respectively) the following day [23]. The present data
suggest this directionality also holds for thirst and drinking.
Generally, the present data suggests hunger, fullness, and thirst
may not be good predictors of EI or drinking. Rather, they may
more strongly reflect the consequence of energy or fluid intake.
The importance of this asymmetrical relationship has not been
examined but may hold useful clinical significance. With respect to
energy balance, it has been argued that an eating pattern of
multiple smaller eating events, versus fewer larger eating events,
will aid weight management [27]. However, data from NHANES
[28], the Seventh Day Adventist Trial [29] and others [30–33]
indicate this is not the case. Failure to sufficiently reduce the drive
to eat after an eating event may result in greater overall daily
hunger [34] and thereby enable more unplanned eating events
and greater daily energy intake.
Even though an asymmetric relationship between AS and EI has

been observed, the association noted between AS and EI was
weak in this trial of individuals in relative energy balance. The
applicability of these findings to conditions of marked positive or
negative energy balance is less clear. It may be hypothesized that
at the extremes of energy balance, appetite holds a more
important role in eating and weight management. In the larger
literature, there is evidence of augmented AS following weight
loss [35], but also reports of diminished AS [36] and uncoupling of
appetite with intake with weight loss [37]. There are conflicting
findings with overfeeding as well, with rapid accommodation of
AS to elevated EI [38] and either uncoupling of AS or their
ineffectiveness to drive compensation to marked stepwise
increments in positive energy balance [39]. This is an area that
warrants further study. If AS are weak modulators of EI even under
strong energy imbalance conditions, their role in guiding ingestive
behavior and body weight to healthful levels is questionable.
There has been and continues to be great interest in the effects

of eating frequency and portion size on body weight
[27, 28, 32, 40]. In the present trial, there was only a marginal or
no significant correlation between AS and either eating frequency
or portion size. This finding is consistent with prior work reporting
that changes in thirst and hunger 1–3 h prior to a drinking or
eating events were only weakly correlated (r=−0.06 to −0.09) [4].
Controlled-feeding studies show that eating frequency more than
3X/d reduces peaks of hunger and desire to eat sensations while
reduced eating frequency to less than 3 X/d increased these
sensations significantly [41]. In contrast, the effect of portion size
on AS in RCTs has generally been nonsignificant [42–44]. Other
work indicates AS may be affected, but not strongly, by variations
in portion sizes of eating events distribution over the day [45].
Taken together, the relationship between AS and eating patterns,
defined by eating frequency and portion size, is weak.
Individual characteristics such as BMI, age and sex have been

proposed to influence AS, but with varying levels of experimental
support. With respect to BMI, multiple studies have compared
fasting and/or postprandial appetitive ratings between people
who are lean or have obesity and observed no significant group
differences [6, 8, 9]. Where positive associations have been noted,
they are not robust. For example, a significant correlation with BMI
may be noted for one index (e.g., hunger but not fullness) in one
study [3]; but a different index in another [46, 47]. Among the
tertiles of hunger and fullness sensations in the present study,
there was no difference in BMI or BMI category. Because thirst
facilitates drinking, and there is evidence individuals with obesity
consume higher quantities of energy-yielding beverages [48, 49],
we hypothesized that higher thirst would be positively correlated
with BMI. However, neither BMI nor BMI category was associated
with thirst tertiles in this study. Some previous studies of free-
living individuals also reported no associations between BMI and
thirst ratings [22] or thirst sensations were even lower in
dehydrated individuals with obesity [50].

Some evidence suggests males and females differ in AS [6, 7]
but the preponderance of evidence indicates hunger and fullness
ratings are not significantly different between men and women in
either the fasting [10, 23] or post-prandial [11, 23] state. Thirst was
also similar between free-living males and females [22] including
under extreme conditions following endurance exercise [51]. The
current study also did not find sex differences in AS.
Inconsistent findings have been reported on the effects of age

on AS by multiple small trials [12, 13]. Our larger sample of healthy
individuals failed to reveal significant differences. A meta-analysis
reported that the hunger ratings of older adults (60–88 year-old)
were 25 and 39% lower after overnight fasting or in a postprandial
state, respectively, compared to younger adults (22–50 year-old)
and fullness ratings of older adults were 39 and 37% greater after
overnight fasting or in a postprandial state, respectively, than
younger adults [14]. However, these findings may reflect
deteriorating health [52], medication use [53] and reduced
physical activity [54, 55] rather than the aging process. Mixed
findings are also reported on the relationship between thirst and
fluid intake in older adults [56, 57] that may, again, be related
more to medication use and disease burden [58, 59]. Thus, the
largely negative findings on associations between AS and BMI, sex
and age in this trial are generally in line with the literature. It is not
argued that these individual characteristics are unrelated to AS,
but rather that they are often superseded by other factors,
especially environmental influences [37, 60, 61].
Some limitations of this study warrant mention. First, to reduce

respondent burden, we did not measure desire to eat and
prospective consumption. These two sensations are also drivers of
intake and further research on them will be informative. Second,
because this was an observational study, many unmeasured
factors might also affect appetite ratings. Third, mis-reporting of
energy intakes was prevalent (68 and 20 participants reported
lower and higher than expected energy intakes, respectively) as is
the case in many trials of free-living individuals [62, 63]. Although
this may weaken associations between appetitive sensations and
energy intake, the overall directionality of the relationships was
supported by multiple analyses including CCF, and correlation.
In summary, this study discovered marked and consistent inter-

individual differences in hunger, fullness, and thirst sensations.
While the implications for quality-of-life issues were not explored,
the associations between AS and dietary patterns and EI were very
weak across the range of AS ratings. Stronger associations were
observed for the effect of EI on AS than the reverse. If true, this
suggests AS hold limited impact on or predictive power for intake.
Further, no robust associations between AS and age, BMI, or sex
were observed. Whether the relationships between AS and
ingestive behaviors differs under more extreme conditions of
energy (im)balance warrants further study.
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