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ARTICLE INFO ABSTRACT

Keywords: Gastric distension and detection of macronutrients (calories) in the gut are determinants of satiation and satiety.
Hunger We tested effects of these variables on body sensations after eating, and their connection with visual-analogue
Fullness

scale (VAS) hunger and fullness ratings. Participants completed VAS ratings and quality and location of body
sensations tasks after consumption of milk chocolate (38 g, 200 kcal) versus fresh apple fruit matched for weight
(38 g, 20 kcal) and matched for calories (380 g, 200 kcal). Effects of food weight (380 vs 38 g) were large and
located predominantly in the abdominal region. They also occupied a greater body area and occurred sooner
after eating than effects related to calories (200 vs 20 kcal). The same pattern was apparent in the results from
the quality of sensations task. VAS ratings indicated that hunger was affected by food volume and calories,
whereas fullness was affected primarily by food volume. Together, these results provide evidence of dissociation
of the perceived after-effects of food ingestion related to food volume and food calorie content in humans.
Additionally, the studies demonstrate the utility of two rarely used, semi-quantitative tasks, which generate

Body sensations
Gastric distension
Food energy density

information on the identity, intensity, valence, and location of eating-related sensations.

1. Introduction

In many studies of human appetite control, participants are asked to
make hunger and fullness ratings. As we have described elsewhere [1],
these ratings tend to be highly negatively correlated, which is consistent
with a relative lack of fullness (an ’empty stomach’) being a major
stimulus for appetite or desire to eat [2-4]. In everyday language we
typically express this state as being ‘hungry’, even though only a few
hours or less may have elapsed since our last meal and we are not
significantly ‘depleted’ of fuel [2]. In turn, it is well-established that
both gastric distension (via stretch and tension mechanoreception) and
detection of macronutrients in the gut contribute to late meal and
post-meal states of the inhibition of appetite (i.e., satiation and satiety)
(e.g., [5-10]). The extent to which distension-related and calorie-re-
lated’ signals contribute to satiety will presumably vary with food cal-
orie density, with the distension signal being relatively more dominant
for calorie-dilute foods and the calorie signal being relatively more

dominant for calorie-dense foods [11].

Based on these considerations, the primary question we sought to
answer in the present study was whether these signals give rise to
discriminably different body sensations. To achieve this aim we
measured the magnitude, location, time course and valence of body
satiety-related sensations in participants after they had consumed an
energy-dilute food (apple) and an energy dense food (chocolate). In
addition to visual analogue scale (VAS) ratings of hunger and fullness
[12], we used measures that built on methods developed in infrequently
cited earlier studies [13-15]. These studies investigated body sensations
accompanying primarily the imagined or actual experience of brief or
longer periods of food deprivation, although some information was also
collected on body sensations experienced during and after eating. For
example, in the study by Friedman and colleagues [13], study partici-
pants recorded their body sensations during an actual 22 h fast, and
immediately and 4 h after eating. We also used the thought-listing task,
borrowed from cognitive psychology [16].
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! The presence of sugars, amino acids and fatty acids in the upper gastrointestinal tract triggers neuroendocrine signals that are major contributors to satiation and
early post-prandial satiety [49,50]. Calorie-for-calorie, these nutrients vary somewhat in their satiating potency, however from the perspective of energy balance it is

the overall energy content of a meal that matters [37].
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Apple and chocolate differ ten-fold in energy density, due largely to
the difference in their water content. Importantly, however, a substan-
tial amount water in fresh apple is contained within intact cells in the
fruit [17], so it will contribute significantly to stomach distension. This
contrasts with the same volume of water drunk with food, which empties
rapidly from the stomach, due to the process of gastric sieving [18-20].
Consistent with this, consumption of water on its own has little effect on
hunger and fullness (e.g., [21,22]).

We compared the effects of consuming 38 g (200 kcal) of chocolate
on satiety-related body sensations with the effects of consuming
amounts of fresh apple matched with the chocolate for calories (380 g,
200 kcal), and for weight (38 g, 20 kcal). We conducted a preliminary
study on imagined consumption of apple and chocolate to pilot our
measures and to estimate effects sizes. The results of this preliminary
study (described in supplementary materials) indicated that together the
various measures should be able to distinguish between distension (380
g apple versus 38 g chocolate) and calorie (38 g chocolate versus 38 g
apple) effects.

Specifically, we hypothesised differences in effects on fullness versus
effects on hunger, based on the possibility that food volume primarily
drives fullness, and food calorie content primarily affects hunger.
Because there is lag phase in the gastric emptying of solid meals (e.g.,
[23]), and distension and calories seemingly act synergistically to
inhibit appetite (e.g., [6]), we also hypothesised that the effects of cal-
ories would be delayed compared with the effects of food volume.
Therefore, we applied all our measures immediately, and 10, 60 and
120 min after food consumption. However, for two reasons we focused
our analyses on the 60 min timepoint. First, this was because previous
studies have demonstrated reliable effects of calorie manipulations on
appetite 60 min post ingestion, as measured by hunger and fullness VAS
ratings and test-meal energy intake (e.g., [24-26]). And second, because
the results of our preliminary study suggested that effects of distension
persist for at least 60 min after the consumption of a relatively large
volume of food (380 g apples). Additionally, we included the 120 min
timepoint to test for the potential longevity of effects.

2. Methods
2.1. Overview

In a within-subjects design, 3 h after breakfast participants
consumed, on separate days, 380 g apple, 38 g chocolate and 38 g apple.
Immediately, 10 min, 1 h and 2 h after finishing eating the portion of
apple or chocolate, they completed three tasks measuring the identity,
intensity, quality and location of satiety-related sensations.

2.2. Participants

The effect sizes observed in the preliminary study were very large.
For example, Cohen’s d,, [27] for the difference in VAS hunger after
eating apple and chocolate was 1.96, and for the difference in VAS
fullness it was 1.59. Even assuming zero correlation between the sets of
measurements, a sample size of n < 6 is needed to obtain 95% power to
detect effect sizes of these magnitudes at alpha = 0.05 (2-tail) [28].
Accordingly, six participants (3 women and 3 men) were recruited for
the study. Participants were recruited via social media and word of
mouth. They were of varied ethnic backgrounds, but all were fluent
English language speakers. Their mean age was 33 years (range 22-60
years). Five participants were of healthy weight, whilst there was one
participant with overweight. They were low to moderately active in-
dividuals (mean + SD physical activity score of 32 + 13, self-rated on a
0-100 point visual-analogue scale, anchored ‘sedentary’ to ‘very phys-
ically active’).

The procedures for this study, and the preliminary study, were
approved by the University of Bristol, Faculty of Science Human
Research Ethics Committee (approval code: 070313FSSOP). Informed
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consent for participation in the studies was obtained from all partici-
pants via a written or electronic document.

2.3. Design

The study was conducted according to a within-subjects design.
Participants completed satiety-related measures following consumption,
on consecutive days, of 380 g apple (200 kcal), 38 g milk chocolate (200
kcal) and 38 g apple (20 kcal). The order in which these foods were
tested was fully counterbalanced across participants.

2.4. Materials

The foods were fresh Red Delicious apple and ION milk chocolate
(ION S.A., Piraeus, Greece). The apple was served as either twenty (380
g portion) or two (38 g portion) approximately equal-sized, wedge-
shaped pieces, with the core and stalk removed. 380 g is the weight of
2-3 medium-sized apples. The chocolate was served as two, equal-sized
squares (38 g portion).

We created an e-document in Microsoft Word which contained step-
by-step instructions for the test session, together with response pages on
which the participants recorded their responses (e.g., by typing the
words they generated in the quality of body sensations task, or using the
Microsoft Word shapes tool (circle shape) to complete the location of
body sensations task). The study was described in this document as the
‘Apple and chocolate study’.

2.5. Measures

2.5.1. Task 1: quality of body sensations task

This task was based loosely on the thought-listing procedure
reviewed by Cacioppo and colleagues [16]. We used a similar task
successfully in previous research on attitudes and appetite in relation to
eating chocolate [29]. Participants were instructed to (apple example)
‘Please consider carefully what sensations you would feel in your body
as a result of eating the apple pieces, and then write down in the box
below as many single words or short phrases as you can to describe those
sensations.” No time limit was placed on this activity. Next, participants
were instructed to rate ‘the pleasantness of each of the sensations you
have listed, on a scale from —2 to +2, where —2 = very unpleasant, —1
= unpleasant, 0 = neutral, +1 = pleasant, and + 2 = very pleasant’. This
procedure was designed to access words that participants choose spon-
taneously to describe the after-effects of eating, and to record the
valence they assign to each of those words. For analysis, synonymous
words (e.g., ‘full’ and ‘fullness’) were merged into a single category, and
mean valence assigned to those synonymous words was calculated. The
term ‘quality of body sensations’ task therefore refers collectively to the
identity of the sensation or feeling (fullness, nausea, sweetness, etc.) and
to its valence (positive, neutral and negative).

2.5.2. Task 2: location of body sensations task

This task was very similar to that described by Friedman and col-
leagues [13]. Participants were presented with a sex-neutral outline of a
human figure (as shown in Fig. 1, with results added), scaled to 15.3 cm
tall on an A4-size page below the instruction: ‘On the figure below, circle
the place(s) in your body where you feel the effects of the apple pieces
you have just finished eating. With your circle(s) show the size of the
place(s) affected. Mark with a cross the place exactly where you feel the
strongest effect.” (Apple, immediately after eating timepoint example.)

2.5.3. Task 3: visual analogue scales

The final task completed by participants comprised eight, 100-point,
visual-analogue scales (VAS) (e.g., [1,12]). The instruction was: ‘Please
answer the following questions about how you feel by drawing a short
vertical line at the appropriate point through each horizontal line.” The
scales were labelled: ‘I feel HUNGRY’, and ‘I feel FULL’.
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2.6. Procedure

Participants were sent an information sheet to enable them to make a
final, informed decision as to whether to participate in the study. The
information sheet was titled ‘Body sensations after food consumption’,
and it provided an outline description of the study procedures but gave
no obvious clues as to the research hypotheses.

The study was conducted during COVID-19 lockdown. Participants
were tested individually in their own home, supervised by the Experi-
menter (A.M.) via a Skype videocall. Each test session beganat 11 am, 3 h
after the participant had eaten their usual breakfast. The participant was
seated in a room with minimal distraction. The food (i.e., apple or
chocolate) was prepared and served to the participant on a white plate by
a housemate (a relative or friend), according to instructions provided
earlier. The time taken to consume the food was recorded covertly by the
Experimenter. The Experimenter only answered procedural questions,
for example about when to move on to the next task. The participant’s
responses on the various tasks were not visible to the Experimenter during
the test session. The tasks were completed in the order described above
(Sections 2.5.1 — 2.5.3), immediately, 10 min, 1 h and 2 h after eating the
food. Participants also completed the hunger and fullness VAS ratings
task shortly before the food was served. During breaks between tasks,
participants engaged in normal, non-intensive activities. They were
asked to neither eat nor drink anything further, except for a small amount
of water if desired. The test session lasted approximately 2'4 hours in
total. The participant’s final task was to save the completed response
document and email it to the Experimenter. Each participant completed
their three test sessions (each in a different order) on consecutive days.

On completion of the study the participants were informed about the
full purpose of the study, and they were thanked for contributing to our
research.

It is worth noting that the method of testing participants remotely via
a videocall functioned successfully. An advantage was that the Experi-
menter was able to supervise the participant in the familiar environment
of each participant’s own home, rather than requiring them to travel to
be tested in an unfamiliar laboratory environment. Arguably, compared
with laboratory-based studies, the method of testing we used (out of
necessity) has the advantage of generating data more relevant to
everyday life settings (i.e., it has greater ecological validity). Further-
more, home testing is more convenient and accessible for participants.

Table 1
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2.7. Data analysis

We tabulated and summarised the frequencies and calculated the
mean valences of the different words generated in the quality of body
sensations task, separately for the three food conditions at each
timepoint.

For the location of body sensations task, we measured in mm the x
and y coordinates of the centre point and the diameter of the area(s)
circled by participants on the human figure outline (sized at 15.3 cm
tall), from which we made visual representations of the group data for
each food at each time interval using amCharts 5. This entailed super-
imposing the images from all participants. To avoid saturation of the
images, the opacity of the ‘strongest effect’ (that each participant
marked with a cross) at each time interval was weighted 0.2, and other
sensations were weighted 0.06. Therefore, in the resulting group figure
outline pictures, darker areas represent greater consensus of a sensation
experienced at that location.

We also conducted quantitative analysis of the location of body
sensations task area data (i.e., the sum of the areas marked by each
participant for each food at each time interval) using a 2-way repeated
measures ANOVA to test the effects of Food (380 g apple, 38 g chocolate
and 38 g apple) and Time (task completed immediately, 10 min, 1 h and
2 h after eating). Similarly, we conducted a 2-way repeated measures
ANOVA to test the effects of Food and Time on the VAS hunger and
fullness ratings data (after eating minus before eating ratings). Finally,
we followed up these analyses by conducting paired comparisons be-
tween the effects of the three food conditions at the 60 min time interval.
The statistical analyses were carried out using IBM SPSS 28.0.0.0.

3. Results
3.1. Quality of body sensations task

The words and phrases that participants generated spontaneously to
describe body sensations related to fullness and hunger after eating are
listed in Table 1, together with the number of occurrences of each of
those words and phrases. The overall number (grand total) of fullness-
related words generated was substantially larger after consumption of
380 g of apple compared with either 38 g of chocolate or 38 g apple. In
contrast, the number of hunger-related words generated was greatest
after consumption of 38 g of apple (20 kcal), with little difference be-
tween the number of hunger-related words generated after consumption
of 380 g of apple versus consumption of 38 g of chocolate (both

Results for the quality of body sensations task, showing the number of fullness- and hunger-related words generated for each food condition at each time interval®

Fullness-related words

Time after eating Food consumed

Hunger-related words
Food consumed

380 g apple 38 g chocolate 38 g apple 380 g apple 38 g chocolate 38 g apple
1 minute Full (4) Bloated(2) Hungry (2) Hungry (1)
Stuffed (3) Stuffed(1)
Bloated (2)
Nauseous (1)
Stomach distension (1)
Stomach pain (1)
Total (12) Total (0) Total (3) Total (0) Total (2) Total (1)
10 minutes Stuffed (4) Bloated (2) Stuffed (1) Want more chocolate (1) Hungry (3)
Full (3) Cravings (1)
Bloated(1)
Total (8) Total (2) Total (1) Total (0) Total (1) Total (4)
1 hour Full (6) Bloated (1) Bloated (1) Hungry (2) Hungry (4)
Full (1) Full (1) Cravings (1)
Total (6) Total (2) Total (2) Total (0) Total (2) Total (5)
2 hours Full (1) Bloated (2) Hungry (4) Hungry (1) Hungry (4)
Total (1) Total (2) Total (0) Total (4) Total (1) Total (4)

Grand total (27) Grand total (6)

Grand total (6)

Grand total (4) Grand total (6)

Grand total (14)

@ A full list of the words generated, together with their assigned valence, is presented in Supplementary Materials Table S1. Number of occurrences of each word are

shown in brackets.
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containing 200 kcals). The pattern of results at one hour after eating was
similar to this overall pattern: that is, fullness covaried with the weight
of food consumed and hunger covaried more with the energy content of
the food consumed. Furthermore, most of the words related to fullness
were generated 1 and 10 min after consumption of the largest volume of
food (380 g apple).

Mean valence (rated on a + 2 to —2 scale) assigned to fullness-related
words was —0.51. The valence assigned to the word ‘full’ itself,

Physiology & Behavior 259 (2023) 114051

however, was weakly positive (mean = 0.27), whereas the valence
assigned, for example, to the words ‘stuffed’ (—1.33) and ‘bloated’
(—1.36), was substantially negative. The mean valence assigned to
hunger-related words was —0.42. Valence assigned to these words did
not vary obviously with food consumed or time interval.

Fuller details of the words generated in this task, together with their
assigned valence, are presented in Supplementary Materials Table S1.

/

|
)
10

Apple 380 g
() @ (®) (®)
P S el C
( N . OB 5 =% 7 X

’ A ‘ A I\ | /\‘/'{' ‘\ ]/‘ A l\ " A 4 ’\

7. N\ //'A SR \.<\ \ //> o (\\
AL N\ _/// \!\\,_‘ J / \l N\ /] \.
WA W p | Wl [ | W 5 | W

.\ / \ /v ‘\ /\ /\ | /) / /\ ‘ J
AW AW FAW \
) ; \ |\ [; {\ \) / \ |\ !) (\
l\ / K\ /) \ / & / \ /’/ <\ /) \ // & /)
| | \ | | \ [ 'J( \ | | | \ |
) 8 RN S BN
Chocolate 38 g
) (o) (®) ®
)L @ He( DLIE Yol
f/ ' N /// N j/ g ™~ {/ N

/N )\\\ S 1/‘\\\ / /> > A\ J (‘\ \\

/[ // \ / \ \ A\ \\ / /) \ \ \
/:/ y / \’ \\ \\ / // \ \\ \\\ /// \ \\ \\V / ) // \‘ \ :
W [ n W[ W[ A | W p | W

\ [\ \ [\ \ [\ \ 1|
/ / \ o\ / / \ / / \ o\ )\
L) () \ /) () /() \ /()
\,| [\ \ (/ \ / \‘ (/ \ | \‘ // \ //
3 RN ) S & \S 2 S

Minutes after food consumption

60

Fig. 1. Location and extent of body sensations indicated by participants 1 min (immediately), 10 min, 1 h and 2 h after consumption on separate days of 380 g of
apple (200 kcal), 38 g of milk chocolate (200 kcal) and 38 g of apple (20 kcal). The circles represent the location and extent of where in their body participants felt the
effects of eating the different foods at the four post-prandial intervals. Each picture was made by superimposing the drawings from six participants, as described in

Section 2.7.
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Fig. 2. Quantification of the extent of body sensations, and 0-100 point VAS hunger and fullness at four intervals after consumption on separate days of 380 g of
apple (200 kcal), 38 g of chocolate of milk chocolate (200 kcal) and 38 g of apple (20 kcal).

3.2. Location of body sensations task

Fig. 1 shows the location and extent (size of area affected) of body
sensations resulting from consumption of the foods. For the consump-
tion of 380 g of apple, sensations were predominantly located in the mid
and lower abdominal areas, but with sensations also reported in upper
abdomen, throat and mouth at 1 and 10 min after food consumption.
Mid and lower abdominal sensations were reported after consumption of
38 g of apple, but these covered a much smaller area than reported after
consumption of 380 g of apple. A similarly small area of sensations was
reported for the consumption of 38 g of chocolate, but the location for
these sensations differed, being more focused in the areas of the upper
abdomen, mouth, throat and head.

Quantification of the total area affected for each food and each time
interval after consumption is shown in the left-hand panel of Fig. 2. This
confirmed an effect of Food F(2,10) = 17.24, p = 0.001, np2 =0.775, of
Time (F(3,15) = 5.75, p = 0.008, ryp2 = 0.535, and a Food by Time
interaction effect (F(6,30) = 19.51, p = 0.001, np2 = 0.501). The paired
comparisons (paired t-tests) at one hour after food consumption
revealed a difference between 380 g apple versus 38 g apple (p = 0.010),
a difference between 380 g apple versus 38 g chocolate (p = 0.045), and
a difference between 38 g apple versus 38 g chocolate (p = 0.029).

3.3. Visual analogue scale hunger and fullness ratings

The results for the VAS ratings of hunger and fullness are shown in
the middle and right-hand panels of Fig. 2. Hunger and fullness mostly
showed an inverse pattern of effects of food and time, except for the
effect of consumption of 38 g of chocolate (200 kcal) versus consump-
tion of 38 g of apple (20 kcal). These two 38 g food portions did not differ
much in their effects on fullness, but hunger was higher after 38 g of
apple than after 38 g of chocolate. Consumption of 380 g of apple had
the largest effect on both hunger and fullness.

The statistical analysis confirmed an effect of Food F(2,10) = 17.00,
p = 0.001, p? = 0.773, and an effect of Time (F(3,15) = 41.44, p <
0.0001, 5p? = 0.892 on hunger. There was not a Food by Time inter-
action effect (F(6,30) = 1.36, p = 0.264, ;1p2 = 0.213) for hunger. It
confirmed an effect of Food F(2,10) = 13.17, p = 0.002, npz =0.725, an
effect of Time (F(3,15) = 14.49, p = 0.0001, qu = 0.743, and a Food by
Time interaction effect (F(6,30) = 5.02, p = 0.001, npz = 0.501) for
fullness. The paired comparisons (paired t-tests) at one hour after food
consumption for hunger, revealed a difference between 380 g apple
versus 38 g apple (p = 0.0004), a difference between 380 g apple versus
38 g chocolate (p = 0.011), and a difference between 38 g apple versus
38 g chocolate (p = 0.009). The paired comparisons at one hour after
food consumption for fullness revealed a difference between 380 g apple

versus 38 g apple (p = 0.008), a difference between 380 g apple versus
38 g chocolate (p = 0.001), but no difference between 38 g apple versus
38 g chocolate (p = 0.493).

3.4. Eating time

The time taken to eat 380 g apple (24.8 + 2.7 mins) was greater than
the time taken to eat either 38 g chocolate (7.3 + 2.2 mins) or 38 g apple
(6.2 £+ 0.9 mins) (p < 0.0001, paired t-tests). The time taken to eat the
38 g food portions did not differ (p = 0.549).

4. Discussion

The effects of gastric distension and calories on satiety (and food
reward) and their underlying physiological mechanisms have been
studied extensively in non-human animals [e.g., [8-10,30,31]), but
much less research has been done to directly contrast these effects of
food ingestion in humans. The design of the present study, together with
the three measurement tasks, demonstrated a dissociation of effects
experienced by humans in relation to food volume and food calorie
content.

The effects of food volume (380 g apple versus 38 g chocolate or 38 g
apple) were clearly evident in all three tasks, including differences in the
number of fullness-related words produced in the quality of body sen-
sations task, and differences in the area occupied by sensations reported
in the location of body sensations task. The comparison between 38 g of
chocolate and 38 g of apple showed differences in the location of body
sensations throughout the two hours after eating (Fig. 1). At least in part,
this may be due to the different taste and texture of these foods, for
example a lingering taste of chocolate, including its sweetness, in the
mouth after consumption, compared with shorter-lasting sensations
related to the crispness and high water content of apple. However, it is
also possible that the location of sensations in the head, mouth, throat
and upper abdomen after eating chocolate reflect an effect of calories; in
contrast to the effect of volume felt primarily in the abdomen, initially in
the upper abdomen and subsequently descending to the lower abdomen.

Oral exposure can contribute to satiety (e.g., [32-34]). That being so,
the longer eating time (oral exposure time) for 380 g apple may account
in part for its large effects, although it is noticeable that there was little
difference between the apple conditions in area of sensations reported in
the throat, mouth and head at 1 and 2 h after eating (Fig. 1). It is also the
case that there were no substantial differences in hunger and fullness
between the three conditions at the 2 h timepoint (Fig. 2), indicating too
that participants were equally ready to eat again irrespective of the
volume or calorie content of the food they had consumed 2 h previously
(cf. [2,35D).
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The early post-prandial effects of consuming apple versus chocolate
on VAS hunger and fullness ratings appear to be driven by food volume,
with the magnitude of the effects on the two scales being similar. In
contrast, the VAS ratings completed at 1 h and 2 h after eating suggest
different effects of volume and calories (Fig. 2). Specifically, 1 h after
eating, fullness was higher in the large volume condition (380 g apple)
compared with both of the low volume conditions, but fullness did not
differ between the two low volume conditions (i.e., 38 g chocolate = 38
g apple) at this timepoint, or indeed at the other timepoints. In contrast,
1 h after eating, hunger differed between all three conditions (38 g
apple > 38 g chocolate > 380 g apple), as did the area of body sensations
reported (38 g apple < 38 g chocolate < 380 g apple). Together, these
results, which we at least partly hypothesised, can be interpreted as an
effect of volume, via gastric distension, on fullness, and a combined
effect of volume and calories on hunger. This dissociation between the
effects of food volume and calories is even supported by the patterns of
spontaneous reports of hunger and fullness across conditions 1 h after
eating (quality of body sensations task, Table 1).

Previously, we noted that there is often a strong inverse correlation
between VAS hunger and fullness ratings (e.g., r = —0.86, [1]; and see
also [12]), whereas this study demonstrates a partial dissociation of
hunger and fullness. One reason for the dissociation may lie in the body
cues that participants attend to when making judgments of their hunger
and fullness. When asked to rate ‘how full does your stomach feel’
(rather than ‘how full do you feel’), the correlation with hunger is
smaller (e.g., r = —0.44, [1]). Although the fullness question in the
present study was labelled simply ‘I feel full’, and the hunger question ‘I
feel hungry’ (both anchored ‘not at all’ to ‘extremely’), it is possible that
completing the previous tasks, which required participants to sponta-
neously generate words to describe their feelings after food consumption
and to record the body location and extent of those of feelings, facili-
tated discrimination between fullness and hunger.

Another example of the dissociation of hunger and fullness is that
inflation of an intra-gastric balloon was found to increase fullness
without having an appreciable effect on hunger [36]. The upper part of
the balloon was placed 2 cm below the gastro-oesophageal junction, and
it was inflated with 500 ml of warm water. Only the increase in fullness
(Cohen’s dyy = 0.78) was statistically significant, with much smaller
decreases in hunger (Cohen’s d,y, = 0.16) and desire for food (Cohen’s
d.y = 0.25), and a small increase in discomfort (Cohen’s d,, = 0.31)
(effect sizes calculated as described by Lakens [37] from the data pro-
vided by Wang and colleagues [36] in their Fig. 2). In an earlier study,
inflation of a gastric balloon was found to affect both hunger and full-
ness, however in that study there was also a significant increase in
discomfort, possibly because of a higher mean volume of balloon
inflation [38]. It does appear, therefore, that at least a moderate degree
of gastric distension is felt as fullness, without greatly affecting hunger.
That being so, it is understandable, notwithstanding the technical and
clinical challenges, that the chronic implantation and inflation (to 300
or 400 ml) of a gastric balloon failed to bring about clinically significant
weight loss in patients with obesity [39].

A hypothesis that follows from our proposal that hunger is affected
by food volume and calories, whereas fullness is affected primarily by
food volume, is that increasing the calorie content of a foodstuff without
increasing its volume will decrease hunger but will not increase fullness.
In partial support of this hypothesis, we found that consumption of a
glucose-sweetened yogurt [25] or a glucose-sweetened drink [22]
compared with the same volume of yogurt or drink sweetened with
low-calorie sweeteners decreased hunger somewhat more that it
increased fullness. The calorie differences in the yogurt and drink
studies were 164 kcal and 188 kcal, respectively. On the other hand,
Wardle [26], for example, found that manipulating the calorie content of
orange juice by adding soluble starch (300 kcal versus 50 kcal drinks),
affected hunger and fullness to a very similar extent. This suggests that
the (English) word fullness, does also readily express the reduction in
appetite caused by ingestion of calories, even though gastric distension
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is felt separately and is expressed separately as having a full stomach
and, after eating a large volume of food, as feeling, for example,
‘bloated’ or ‘stuffed’.

It is worth noting that labelling body sensations as hunger and/or
fullness rests on explicit knowledge of recent eating. For example, in-
dividuals with amnesia fail to show reduced hunger or increased fullness
after a meal despite reporting abdominal discomfort [40,41]. Further-
more, hunger was reduced more by intra-gastric infusion of soup when
participants (without amnesia) were told that the infusate was tomato
soup compared with when they were told it consisted of a ‘nutrient or
non-nutrient solution’ [42]. Usually, though, it would seem to be rela-
tively straightforward to locate and label sensations related to gastric
distension, in that finishing a meal that swells the stomach is accom-
panied by a degree of discomfort, together with tightening and even
visible swelling of the abdomen. In contrast, as discussed above, the
effects of calories (38 g chocolate versus 38 g apple) identified in this
study were associated with sensations referenced to predominantly
outside the abdominal area (Fig. 1).

Whilst throughout this paper we refer to the ‘effects of calories’
(versus effects of food volume), it is important to be clear that it is the
detection of macronutrients, primarily in the gut, rather than detection
of calories per se, that contributes to satiation and satiety [2,37].
Post-absorptive sensing of, for example, glucose may also influence
appetite, although the effects of hyperglycaemia on hunger, fullness and
food intake appear to be modest [37,43]. These considerations are
relevant to the current study because the chocolate and apple differed
both in energy density and macronutrient composition. Specifically, in
relation to the ‘calorie effect’ on hunger (Fig. 2, middle panel), the 38 g
portions of chocolate and apple differed substantially both in their
carbohydrate content (21 g vs 4.4 g) and their fat content (12 g vs 0.1 g).
The ‘calorie effect’, therefore, is underpinned at least in part by inde-
pendent effects of these macronutrients. Critically, though, as we note in
footnote 1, the current consensus is that, calorie-for-calorie, the mac-
ronutrients do not differ appreciably in their satiating capacity [37], so
it is reasonable to summarise the effects of energy density that we
observed as ‘effects of calories’.

Lastly, returning to our finding of a dissociation between hunger and
fullness, there is separate evidence showing that during a meal gastro-
intestinal detection of calories generates separate satiation and reward
signals (e.g., [30,31,44,45]). The calorie reward signal motivates eating
in the moment and supports flavour nutrient learning (e.g., [30,31,44,
45]), whereas it appears that neither gastric nor intestinal distension per
se is intrinsically rewarding, but instead potentially aversive (e.g., [31,
38,46]). We have shown, however, that fullness, together with meal
enjoyment (which is a measure of food reward experienced during the
meal), does contribute to eating satisfaction [47]. Our explanation of
this finding is that we (humans) value the feeling of a full stomach
because of the desire not to be distracted by the urge to eat between
meals. Thus, the desire to feel satisfied is an extrinsic motive to include
relatively bulky (energy dilute) foods in our diet. In support of this, in
the present studies, the word ‘full” was assigned weak positive valence,
whereas the word ‘stuffed’ and ‘bloated’” were mostly assigned strong
negative valence. Together, this suggests that the greatest satisfaction is
felt when eating enjoyment is high and postprandial fullness is moderate
to high, but not uncomfortable, and perhaps with tolerance of discom-
fort varying with the nature of post-prandial activities (e.g., resting
versus working) [2].

In conclusion, the after-effects of eating related to food volume and
calories are dissociable in both body location and quality of experience,
with the satiating effects of volume also being manifest sooner than the
effects of calories. Within this perspective, the decrease in hunger during
a meal and its subsequent rise during the post-prandial interval would
represent the integration of increasing and then decreasing volume and
calorie satiation/satiety signals. Fullness largely varies inversely with
hunger, although it appears to be more closely associated with the
volume of food consumed (via gastric distention), especially if the
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question is ‘how full is your stomach’ [1]. Elsewhere, we have argued
that, in the absence of knowing what there is to eat, a major determinant
of appetite (or by another name, anticipated food reward) is the time
elapsed since the previous meal and the size of that meal [1-4], which
correlates inversely with the inhibitory effects of the presence of food in
the gastro-intestinal tract. In everyday (English) language this is typi-
cally expressed in terms of how ‘hungry’ people say they feel.

Finally, it is worth reiterating that the quality of body sensations task
and the location of body sensations task used in this study have been
used only rarely in previous research on human eating behaviour;
nevertheless, they show promise in generating new insights into the
effects of the composition of foodstuffs on appetite. Whilst, testing the
effects of ‘real’ foods, such as apple and chocolate, has the advantage of
ecological validity, a next step might be to apply these measures
together with the independent and, if feasible, disguised manipulation of
the calorie content and volume of food consumed. These manipulations
and measures could also have utility for investigating relevant individ-
ual differences, such as BMI, interoceptive awareness and disordered
eating, or in studies related to, for example, mindful eating [48].
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