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INTRODUCTION
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The biological response to a meal, considered as a whole, includes
physiological changes, primarily the digestive process, and a sensory
experience, involving homeostatic sensations (satiety, fullness) with hedonic
dimension (gustation, satisfaction, mood). The responses to a meal include a

series of events before, during and after ingestion.



1. THE DIGESTIVE RESPONSE TO FOOD INGESTION

The digestive process starts in mouth by chewing, the initial step of meal
digestion. Food is, than, transferred through the finely regulated system of
hollow viscera and modified first by digestion and then by absorption.
Intraluminal nutrients contribute to the regulation of stomach and small bowel
activity, however their effect on colonic activity is limited. Undigested rest
products serve as nutritious ground for large community of colonic bacteria.
Hence, the digestive system has a clear functional division: meal processing
takes place primarily in the upper part, stomach and small intestine, while the

colonic environment welcomes intestinal microbiota.!

The digestive system is controlled by a complex net of feedback
mechanisms, by which the gut is able to sense and react to a variety of stimuli.
Feedback control of gut function is operated via reflex pathways distributed
within the enteric nervous system and the autonomic, both sympathetic and
parasympathetic, nervous system. This organization allows the digestive

system a high degree of versatility and adaptation to a wide range of situations.?

1.1 Effect of food on gastric and small bowel activity

During fasting, patterned activity of gastrointestinal tract removes the

residues from the lumen and prepares the gut for the next meal ingestion.
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Ingestion of a meal interrupts this cyclic activity and activates a series of
reflexes that control the digestive process. Indeed, both motility and sensitivity

of the gut are influenced by the presence of intraluminal content?.

Traditionally the digestive process involves three phases: cephalic,
gastric and post-absorptive. These three phases are not strictly sequential, but
their effects overlap over time. Preparatory procedures of the gut occur prior to
meal ingestion. These events referred to as cephalic phase in normal conditions
also include an anticipatory reward sensation.* Meal ingestion activates
salivation in oral cavity and peristaltic movements in esophagus. The arrival of
the food into the stomach induces gastric accommodation, as well as secretion
of juices rich in enzymes. Motility, secretion and absorption of the small bowel
are influenced by the intraluminal nutrients adjusting the small bowel to the local
requirements of the digestive process. Meal ingestion governs the change in the
portion of gut proximal to the ileocecal junction, however the distal effect is

limited to the gastrocolonic reflex.?

The meal exhibits its effect through different gut receptors and neuro-
humoral pathways. This effect is rather complex due to the heterogeneous
composition on the meals. Undoubtedly, all components of the meal have effect
on the gastrointestinal tract, nevertheless, this effect seems to be most
prominent for fats as they powerfully modulate motility, sensitivity and barrier

function.> Different components of food manifest divergent responses with
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possible antagonistic effects. Moreover, the same component might produce
different effects when passing through different regions of the gut, i.e.,
stimulation of gastric secretion in the proximal small bowel and inhibition in the

distal.3

1.2 Food and colonic microbiota

The human microbiota consists of large community of microorganisms
predominantly located in the gut. Colon, providing the feeding substrate in form
of meal residues, is the area most densely inhabited by this symbiotic
organisms. The human organism and microbiota maintain a dynamic, mutually
beneficial, relation; while the human organism feeds and hosts the microbiota,
microbiota accomplishes a series of important functions for the host. However,
these interactions remain poorly understood. Colonic microbiota, outnumbering
the human cells more than 10 times, forms an ecosystem, of about 104
microorganisms ©, which globally accounts for a gene catalogue of 3.3 million
nonredundant genes, a figure 150 times larger than the human genome.” In this
community, specific functions can be taken over from one type of
microorganisms by another sharing the same genetic program for the metabolic
pathways involved. The microbiome develops in the early life and then remains
relatively stable. Humans share a common core of more prevalent species, and

individuals cluster into three major groups with different ecological types
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dominated by specific genera: Bacteroidetes-, Prevotella- and Ruminococcus-
enterotypes.8

Microbiota is involved in series of important biological functions for the
host %11 such as, a) development and functionality of innate and adaptive
immune responses; b) development of the central nervous system and
behaviour; ¢) modulation of metabolic activity, energy balance and growth; and
d) regulation of the digestive system.

Meal residues entering the colon serve as substrates for bacterial
metabolism and are thereby transformed. Some substrates undergo
fermentative pathways releasing gas. Gas-related symptoms, either bloating or
flatulence, are frequent complaints in patients with functional gut disorders.
Shortly after ingestion of a meal colonic gas production increases and this effect
lasts about 4-6 hours depending on the meal composition.'? The volume of gas
produced during 4 hours after meal increases from around 200 mL with a
standard breakfast to about 600 mL with a flatulogenic meal. Furthermore, diet
in a relatively short period of time modifies the composition of microbiota and
influences gas production.

There is evidence which suggests the existence of bidirectional
communication between the gut microbiota and the central nervous system
which probably involves multiple and still incompletely understood pathways.
The effects of microbiota on the central nervous system may have outcomes on

the gut by modulation of motility and barrier function. There is evidence which
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indicates that modulation of microbiota induces visceral hypersensitivity and

visceral pain perception in rodents.3-1



2. SENSITIVITY OF THE DIGESTIVE TRACT

The gut as an extensively innervated organ has the ability to activate
perception pathways and induce conscious sensations. The peripheral
neurones of this viscerosensory system originate from paravertebral
sympathetic ganglia, brainstem and peripheral afferent ganglia. Visceral afferent
innervation derived from the posterior root ganglia involves regulation of blood
flow, secretory functions and motility. Vagal nerve carries out dual function; via
efferent signals regulates motor functions and via afferent fibres sensory.1 16
To some extent, the sensory system may be also involved in pleasant gut
sensations, that may contribute to gastrointestinal comfort and well-being, but

this aspect is yet to be explored.

2.1 Assessment of visceral sensitivity

In normal conditions sensations originated in gut are not recognized. In
order to measure the visceral sensitivity different types of provocative tests
have been used. Most commonly applied test is the distension of hollow
viscera. Distension of gut in healthy subjects is associated with sensations such
as fullness and abdominal pressure and demonstrates poor discrimination when
it comes to the origin of the artificially induced stimuli. Interestingly, healthy

subjects under such experimentally induced conditions exhibit gut originated
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symptoms that are typically described by patients with functional gastrointestinal

disorders.17-20

Distension of gut has faced several methodological challenges primarily
dependant on the muscular tone of the gut walls. States of contraction or
relaxation significantly impact the perception of the stimuli produced by fixed -
pressure distensions or by fixed-volume distensions which created the need for
a paradigm shift.2! Introduction of tensostat or barostat, an air pump that applies
fixed computer calculated levels of tension on gut walls offered a solution to
these technical problems. Tensostat operates on the principle of Laplace’s law
and applies fixed-tension distensions adapting to the states of contraction or
relaxation of gut walls. It has been demonstrated that tension receptors rather
than the intraluminal pressure are responsible for the gut perception in healthy
subjects. Barostat is especially useful in evaluation of visceral perceptions in
patients with functional gut disorders primarily because it offers standardization

of distending stimuli.??

Even though somatic and visceral pain are two different entities some
techniques such as electrical nerve stimulation and thermal stimulation can be
used to evaluate both kind of responses.?® 24 Electrical nerve stimulation
provokes receptor independent response by signals emitted transmucosally
through endoluminal tube.?® Thermal stimulation by means of hot and cold in

combination with mechanical and electrical stimulation may provide useful
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information on visceral hypersensitivity.?6

2.1.1 Measurement of gut responses to experimentally induced stimuli

There are three types of responses to gut stimulation induced in the
laboratory that can be measured: conscious perception, evoked potentials at
various levels of the afferent pathways, and reflex responses. The methodology
for the first two has been developed in the area of somatic pain and later

applied to viscerosensory testing.

Different paradigms have been used to assess the threshold level of the
applied stimuli and to measure perceptual sensitivity. Conscious perception of
the probe stimuli applied into the gut should be measured by means of rating
scales instead of in the form of “yes-no” statement. Graduated scales may be
either analog, numeric or descriptive. Furthermore, the application of
guestionnaires in such experiments allows obtention of the additional

information regarding the type and location of the sensation.?®

Sensory evoked potentials are another way of assessment of visceral
sensitivity. Cortical evoked potentials represent electrical potentials generated
by cortical neurons as a response to the stimuli originated from the gut. Central
processing of gut stimuli can be recorded by means of cortical evoked
potentials and magnetoencephalography. However, more advanced imaging

technigues such as positron emission tomography (PET), single-photon
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emission computer tomography (SPECT), and functional magnetic resonance
imaging (fMRI) offer more precise information by providing images of the brain

regions that change the level of their activation by visceral stimulation.?”: 28

Reflex motor responses may be elicited by gut stimuli in the experimental
conditions. Both pulse and sustained contractions are generated in the gut.
Conventional manometry records phasic activity (pulse contraction) by
measuring pressure changes within the gut. On the other hand, tonic
contractions do not produce detectable changes in intraluminal pressure, and
thus, the evaluation of sustained activity demands a different methodological
approach. Barostat has the ability to record both gastrointestinal and intestino-
intestinal reflexes as well as somatovisceral reflexes. Using the isobaric
approach, changes in gut tone can be measured as changes in the volume of
air within an intraluminal bag, maintained at a fixed pressure level by an
electronic air pump.?® 30 When the gut relaxes the barostat injects air into the
intraluminal bag to prevent a pressure fall, and thus, a volume expansion
reflects a relaxation. By contrast, when the gut contracts the barostat withdraws

the air, representing a volume reduction the contraction of the gut wall.1% 20

Data from different studies demonstrate a rather heterogeneous nature of
the perceptual and reflex responses to gut distension indicating that perception
and reflex responses are dissociable entities probably mediated by different

mechanisms.'® 20 These findings imply that perception and reflex responses to
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gastrointestinal stimuli may be independently altered in some conditions.
Undeniably, more refined studies of reflex activity offer proves of involvement of
both sensory and motor pathways. Altered reflex activity seems to be a

common substrate in functional gastrointestinal disorders.

2.2 Modulation of gut sensation
The sensory signals from the gut can be modulated by different
mechanisms on various levels of the gut-brain axis. Final perception depends

on the interaction of these modulatory mechanisms.

The effective stimulus determines the perception in such way that the
level of conscious sensation is related to the magnitude of the stimulus applied.
However, a number of other factors such as the amount of receptors activated
and spatial summation phenomena considerably influence visceral perception in
humans. The extension of the particular area in intestine to which the
stimulation is applied determines the intensity of perception. Furthermore, in the
proximal portion of the small bowel the summation effects are similar
independently of the location of fields stimulated.3! These findings imply that the
intestine may tolerate circumscribed activation of sensory terminals without
perception and on the contrary stimulation of remote areas of the gut may

induce symptoms.

Conscious perception is also influenced by synergistic effect of different
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types of stimuli in the gut. Even at subthreshold levels, transmucosal electrical

nerve stimulation amplifies the perception of concomitant gut distension.?®

Intraluminal nutrients heighten gastrointestinal perception. This effect is
more or less prominent depending on the type of nutrient and its concentration.
In normal circumstances lipids have more remarkable effect in comparison to
the carbohydrates.3? The effects of nutrients on perception and alteration of gut
motor activity are independent. Intraluminal lipids increase the sensitivity of the
gut, however, this is not due to the changes in intestinal compliance.
Nevertheless, sensations produced by lipids appear to be particularly related to
mechanoreceptors.3® Cholecistokinin has been shown to increase the
mechanoreceptors response 34, and hence, it could be involved in these effects.
Furthermore, in the presence of intestinal lipids, loxiglumide, a CCK-A receptor

antagonist reduces perception of gastric distension.3®

2.2.1 Somatovisceral interactions

A phenomenon known as counterirritation or stimulation analgesia
represents a complex neural circuitry that modulates somatic pain and can be
triggered by somatic stimulation. Spinal transmission is controlled by brain stem
via descending inhibitory pathways as well as by higher levels of the somatic
projection system.3®: 37 This control system is shared by the perception of
somatic pain and visceral sensitivity and, therefore, allows the modulation of

visceral perception by application of somatic stimuli. It has been shown that
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transcutaneous electrical nerve stimulation applied on the hand reduces the
discomfort produced by distension of hollow viscera.®® Somatic stimuli may
have the ability to attenuate the perception of uncomfortable, but not
necessarily painful gut sensations. Impairment of these modulatory
mechanisms responsible for the down-regulation could lead to visceral

hypersensitivity.37 38

2.2.2 Autonomic nervous system

Experimental evidence suggests that increased sympathetic activity
enhances perception of gut stimuli, without affecting somatic perception 3°
triggering visceral hypersensitivity of patients with functional gut disorders.*°
Interestingly, patients with the irritable bowel syndrome manifest visceral
hypersensitivity by displaying increased sympathetic activity 41, but with normal
or even increased tolerance to somatic stimuli.®® Hence, sympathetic

dysregulation of visceral sensitivity may have clinical relevance.

2.2.3 Cognitive processes

Cognitive processes regulate the sensitivity to intestinal stimuli in a
selective manner. It has been shown that anticipatory knowledge increases
perception to visceral stimuli from gut without the change in intestinal reflexes.*?
These findings may indicate the hypervigilant nature of the functional patients.
Furthermore, it has been demonstrated that psychological mechanisms such as

stress induced anxiety modify the perception of gut stimuli in healthy subjects.*3
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Several psychological treatments have proven to offer long-term maintained
results in patients with irritable bowel syndrome. Cognitive behavioural therapy
and hypnosis appear to be effective even in settings with fewer sessions or via

phone contact.** 4

2.3 Abnormal gut sensitivity as a cause of functional digestive symptoms
In normal conditions, the digestive response to a meal involves a
cognitive-emotive component with a pleasant sensation of satiation, digestive
well-being, even with positive influence on mood.*® Patients with functional
gastrointestinal disorders (FGID) exhibit abnormal gut function and increased
sensitivity due to a mixed sensory-reflex dysfunction, so that physiological,
normally unperceived, stimuli induce symptoms.4”- 48 Nutrients modulate the
responses of the gut to various stimuli; and some of these modulatory
mechanisms are abnormal in patients with FGIDs, which may explain the
relationship between nutrients and functional GI symptoms. For instance, it has
been consistently shown that FGID patients are much more sensitive to small
intestinal lipid exposure than healthy controls.*®%?> These effects seem to be
specific for fat, as isocaloric administration of other nutrients does not result in
comparable symptomatic responses.>38 Capsaicin, an important ingredient in
hot and spicy foods, induces sensations of burning and pain via stimulation of
TRPV1 receptors on nociceptive C-fibres.® It has been shown that, acute

ingestion of capsaicin induces more symptoms in patients with functional
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dyspepsia than controls.>® Repeated capsaicin exposure desensitizes C-fibres
by temporarily depleting the nerve terminals of substance P so that the fibres
become unresponsive to nociceptive stimuli.?% In large, community-based
studies coffee and alcohol do not appear as risk factors for functional

dyspepsia.bt: 62

Dyspeptic patients report the following foods to be associated with their
symptoms: fried foods (52% of patients), pastry (33%), pickles (30%), spices
(27%) and oranges (26%).52 Other potentially offending foods include citrus
fruit and fruit juices (30-46% of patients), spicy foods (32-54%), certain
vegetables, including onions, cabbage and capsicum (24-56%), red meat (25—
64%), coffee (32—72%), alcohol (57-80%), milk and dairy products (30—-83%),
carbohydrate-containing and wheat-containing foods, including pasta, breads,
banana, beans and sweets (37-53%), as well as carbonated drinks (35—
63%).5457 Despite the general acceptance that functional gut symptoms are
induced, or exacerbated, by food ingestion, few studies have been performed to

evaluate the role of specific foods.

Cognitive factors may contribute to functional digestive symptoms,
because previous negative experiences might influence a patient’s anticipation
of symptoms. The role of anticipation has been shown in healthy subjects.®

Study in patients with functional dyspepsia showed that information about the
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fat content of a test meal increased the symptoms induced by a low-fat yoghurt

when the patients were (mis)informed that the yoghurt was high in fat.59

Few studies have evaluated dietary habits in patients with FDG and the
global outcome is not clear-cut.%4 66. 70. 71 Furthermore, it is not clear whether the
differences observed are the cause of symptoms, or whether the differences
just reflect dietary modifications to prevent symptoms. One study reported a
reduction in fat intake with a concomitant increase in percentage of
carbohydrate intake in patients with functional dyspepsia.®* By contrast, another
study " reported higher fat intake and lower carbohydrate intake, in patients

with FGD including both dyspepsia and IBS.

As discussed before, sensations originating in the gut depend on three
factors: luminal content, gut function and sensitivity. Recent data indicate that
microbiota might influence these three factors, and hence, may contribute to
functional gut symptoms. Recent data suggests that microbiota in patients with
functional gut disorders might exhibit some differences as compared to healthy
subjects.’”? 73 Dysbiotic traits of microbiota, easily modified with flatulogenic diet,
are present in patients complaining of flatulence. It was further found that a
number of gut bacterial taxa correlate with anal gas evacuations and volume of
gas evacuated.? However, these differences become blurred by the
heterogeneity of functional gut disorders. It is conceivably that specific

pathophysiological mechanisms in functional gut disorders are related to
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variance in the composition of colonic microbiota. Given the heterogeneity of
functional gut disorders, thorough physiological testing should be applied to
select specific subgroups of patients that share a pathophysiological
mechanism, and then analyze the composition of colonic microbiota. In these
homogeneous subgroups classified by mechanistic criteria, the likelihood of

detecting significant differences in microbiota composition might be higher.
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3. CEPHALIC PHASE OF THE RESPONSE TO A MEAL

Before the meal, a series of factors related to the activity of the digestive
system and the cephalic phase of digestion determine the pre-meal experience.
Some characteristics of the meal, particularly smell and appearance, play a
major role. The main factors determining the predisposition of the subject
include appetite, cognitive factors and expectations. In the context of
motivational aspects of food consumption the concept of “wanting”, as a
response (desire of eating) to a particular food has been a focus of a recent

research.

Two main sensations dominate the ingestive experience: the

homeostatic hunger/satiation drive and the hedonic palatability construct.”

3.1 Palatability

Palatability is not a characteristic of the food, but the way it is perceived,
specifically the hedonic gustatory component. Palatability depends on the
organoleptic characteristics of the meal and the individual receptiveness:
sensory response and interpretation. As the counterpart or complement of
“‘meal wanting”, the concept of “meal liking” was developed. The gustatory
experience of meal ingestion can be considered the component of meal liking

that occurs during the ingestion process. Meal liking can be considered to
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extend beyond the gustatory process and include the postprandial sensation of
digestive well-being, although the original definition of the concept does not

consider these correspondences.”

3.1.1 Sensing the organoleptic characteristics of food

Flavour can be defined as a “Complex combination of olfactory, gustatory
and trigeminal sensations perceived during tasting. The flavour may be
influenced by tactile, thermal, painful and/or kinaesthetic effects.” (Delwiche
2004.). Flavour, one of the most powerful human sensations, is an active
multisensorial experience comprised of several exteroceptive and interoceptive

Senses.

Smell. Humans might be the only beings with two types of smell.
Growing body of empirical evidence suggests the presence of orthonasal and
retronasal system of odor perception. Through orthonasal system the odor
molecules are inhaled via nostrils which results in the interaction with odor
receptors. Retronasal system, on the other hand, detects the odors through
posterior nares during the processes of chewing and swallowing of the food
when we breathe out. After the odor molecules interact with the sensory
epithelium the signals are being transported by two separate inputs to the brain

where they are being processed in different areas.”® 77

Taste. Humans are sensitive to 5 basic tastes: sweet, salty, sour, bitter
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and umami. Previously it was believed that each taste had a specific position of
the taste buds on the tongue. Newer studies report that the taste buds for all
tastes are evenly distributed on the tongue with the highest density in the area
of the tip of the tongue.”® 7 Nevertheless, the number of taste buds varies
greatly among people. Around 25 % of persons have higher number of taste
buds than the rest of the population. Due to this increase in the density of taste
buds they are extremely sensitive to bitter taste and can be categorized as

supertasters.8°

Scientific evidence demonstrates strong interaction between olfactory
and gustatory sensations in such way that gustatory cues enhance the
perception of olfactory stimuli and vice versa even when presented

subliminally.®!

Touch. Oral cavity is one of the best innervated regions of the human
body. This characteristic allows the perception and discrimination of fine stimuli

by various receptors and nerve endings.

Texture of food refers to the qualities that can be perceived by the sense
of touch; it is essentially how food feels in the mouth when it is eaten or in the
hand when it is cut or touched. It is substantial for food preference and

appreciation and represents the indication of the freshness of the food.??

Discrepant pairing of texture with food has influence not only on the
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subjective perception of food but also on satiation and with that on energy
consumption. However, studies have shown that this discordant texture -
nutrient pairing has most of its effects of energy intake in the initial exposure

and that the effect is lost with multiple exposures.®3

A number of different factors influence texture. Some of them, such as
culture, expectation, sensitivity of the mouth or saliva are subject dependant.
Others like flavour, temperature, production and ingredients depend on the
meal itself. Texture can be perceived by visual cues even before the process of

eating starts.®*

Temperature. Temperature modulation on different parts of the tongue
can evoke the sensations of sweet, salty, sour or bitter without actually tasting
them. This concept is known as a thermal taster. A simple experiment that can
characterize one as a thermal taster consists of placing the ice cube on the
lateral part of the tongue. In case of perception of any taste one can be
considered a thermal taster. Interestingly, many supertasters are also thermal

tasters.8>

Sound. Since the perception of taste is a multi-sensory experience the
sound as "the forgotten flavor sense" should be mentioned here as it has
relevant influence on taste modulation. How important is the crispness of french
fries for the experience of eating them? It is almost impossible to imagine french

fries that do not produce the exciting noise when being eaten. Participants in a
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study investigating the influence of crispness of french fries rated them as
fresher when the sound they produced when eaten was louder and of higher
frequency.® The sounds like crispy, crunchy or the sound of carbonation of a
fizzy drink are the kind of sounds that make difference in our perception of

food.8”

Vision. Perhaps the most investigated visual aspect of the food is color.
Studies have shown that the addition of yellow color to the sweet solution
significantly reduced the participant's sensitivity to sweetness while adding
green color increased it.%8 Red color, on the other hand, has no significant effect
on sweetness threshold.® It is demonstrated that visual sense is superior and
thus dominates other senses in such way that when fruit juices are colored
differently the participants of the study identified wrongly the taste and their
answers were more driven by colors than by the taste itself.°° Color of a meal
plays an important part in the expectations related to the dining experience,

because we first eat with our eyes.

3.1.2 Taste preferences

All human senses are established at the very early stage. As early as the
embryonic phase and at the beginning of the foetal phase. Nevertheless, their
development rate differs, primarily depending on the maturation of the central
nervous system. The appearance of the first taste buds at the end of embryonic

phase (8th week of gestation) leads to the formation of the sense of taste. In
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utero events and swallowing of the amniotic fluid are the first taste “lessons”
and represent the initiation of the stimulation of the taste buds. Prenatal
circumstances modulate the taste preferences meaning the beginning of the
cultural exposure to taste stimuli long before tasting the actual food. Amniotic
fluid is a unique blend of flavours and aromas reflecting maternal diet that
enables diverse prenatal taste experiences. Furthermore, the formation of the
taste preferences continues through the breastfeeding. Breast milk, similarly, to
the amniotic fluid has a dynamic composition which continues to shape the

acceptance of foods later on in life.%% 92

In the first weeks of life the taste sense is already the most important and
most developed of all senses. The newborn shows a preference for sweet taste
that is independent of the learning experience and aversion to greater extent to
sour and to lesser extent to salty and bitter taste. Salt and bitter taste
preferences are developed later at the age of small and school-child and are

associated with a learning experience.®?

The innate preference for sweetness can be explained by the fact that
the sweet taste indicates a source of energy (carbohydrates). A bitter taste, on
the other hand, represents a warning sign of toxic and sour of spoiled foods,
while salty may be related to the presence of minerals in the food. The fifth

basic taste umami might be associated with a source of proteins.%

Studies dealing with the preference of taste have a methodological
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problem; mostly examining basic tastes isolated in the dimension of sweet, acid,
salty and bitter taste, while not taking into an account that the sensory qualities
of foods are multidimensional and in interaction with different flavouring agents,
taste mediators and other factors like texture, colour, temperature, or smell.
Additionally, the highest level of scientific evidence is provided by a
randomized, double-blind, placebo controlled clinical trials. The application of
placebo in food related studies is in some cases troublesome due to the
difficulty to find the appropriate placebo. In dietary intervention studies, unlike in
pharmacological clinical trials, it can often be challenging to elaborate the

adequate sham test meal.%

3.1.3 Taste education

The formation of taste for food and the establishment of nutritional habits
dependents on contact and experience with certain foods that will later on
determine taste preferences. Training in the family as well as at the preschool
and school on a daily basis develops habits of highly specialized feeding
behaviours that will later in adulthood be regarded as normal behaviours in the
diet. This actually represents sociocultural process of learning which includes

creation of the taste preferences towards specific foods.

The comparison of the taste preferences between parents and their
children, with a few exceptions, demonstrates similarities in the rejection of

certain foods. This can partially be explained by the fact that the parents who do
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not like certain food will also not buy it in which case the mere exposure effect is
not achieved. The exception to this rule refers to the candies. There is a great
overlap in what both parents and children prefer and less in what they do not. It
has been shown that children have similar food preferences as their parents

and, especially, their siblings.%®

Children born in different cultures learn and accept a certain taste that is
preferred in that culture by means of liking by tasting. The acceptance of some
of the characteristic flavours, which are normally spontaneously rejected, e.qg.
coffee, is formed only under the social influence and by repeated exposures to
these tastes. The need for social acceptance plays an important part in this
process. All the models of behaviour in relation to food intake are subject to a

process of learning that depends on the experience.%’

3.2 The hunger/satiation axis

The normal homeostatic response to eating is a shift in the
hunger/satiation axis as a mechanism that determines meal consumption. The
pre-meal level of hunger influences the cephalic phase of digestion, the pre-
meal experience and both the hedonic (gustatory) and homeostatic (satiation
rate) components of the ingestive experience. Satiation has been measured
under two paradigms: the level of satiation on a scale induced by a fixed meal

or the amount “ad libitum” consumption.®®
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Appetite, hunger and satiation describe interoceptive sensations that
govern the eating behaviour and should be able to explain what it is that triggers
eating, maintains and ends it and what are the conditions that condition the

choice of food/meal.

Hunger and appetite refer to such signals that as starting signals lead to
the initiation of the food intake, and to satiation described as stop signal, which
contributes to the completion of the food intake. However, in humans such
experiences and signals do not fully control the behaviour of eating, because
the man is able to eat even in the absence of hunger or appetite.®® 19 |jkewise,
food intake can be completed even in the absence of satiation, as evidenced by

hunger strikes, fasts and starvation in anorexic patients,10% 102,103

Although, terms hunger and appetite are often used with the same
meaning, these two experiences may differ significantly. Appetite is motivation
for eating which is often directed at specific foods. Hunger is, on the other hand,
the requirement to eat something, where that requirement is generally not

directed towards a particular food.1%4

There are no concepts for satiation that highlight the quality of the
satiation. Satiation is defined as "the physiological process of completion of the
meal, which is caused by ingesting the food" and therefore prompts the
termination of food intake. The result of the satiation process - satiety influences

the period between two meals in which no food ingestion takes place. Signals
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and processes that lead to the interruption of a meal or hinder the start of a new

meal are often referred to as intra-meal satiety and inter-meal satiety.1%
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4. THE POSTPRANDIAL EXPERIENCE
The sensory response to a meal involves homeostatic sensations that
have a hedonic dimension. The sensory experience is linked to the
physiological response, and a distortion of the digestive process may impair
postprandial satisfaction or even induce aversive sensations, i.e. digestive
symptoms. Postprandial symptoms can be produced in the laboratory by
experimental distortion of the digestive function in healthy subjects or may

develop spontaneously in healthy subjects with functional gut disorders.1%¢

The postprandial experience in normal conditions includes homeostatic
sensations. After the meal the subjects experience a shift in the hunger/satiety
axis towards a degree of satiety.”* As an exception, “appetizers” have allegedly
the function to increase hunger sensation and “open the appetite” in preparation
to a forthcoming meal, but the evidence behind this effect is not clear. In English
language a distinction is made between satiation, a homeostatic mechanism to
terminate meal ingestion, and satiety, a postprandial mechanism to determine
the inter-meal interval. Other languages lack such precision, with one term for
both conditions.0”

Postprandial satiety is frequently associated to sensation of abdominal
fullness. Subjects could clearly distinguish between both sensations. It has
been shown that the degree of fullness is lower than that of satiety (i.e., in

general fullness sensation parallels satiety at a lower level.*®
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Homeostatic sensations have a hedonic dimension and are associated to
changes in the sensation of digestive well-being and mood. An agreeable meal
is followed by an increase in the sensation of digestive well-being (satisfaction)
and mood.”* The postprandial effect on mood is a constant feature in different
experiments and has probably influenced business culture of closing deals over
succulent meals. With agreeable meals the hedonic intensity parallels the
homeostatic sensation up to a certain extent but this relation remains unclear,
because even palatable meals may induce a negative hedonic sensation.
However, both homeostatic and hedonic sensations are mediated by
different mechanisms and are dissociable, so that postprandial satiety/fullness
may have a satisfactory or an aversive dimension depending on the conditions,
including the type of meal, the digestive response and other conditioning factors
such as the palatability of the meal.1%®
Homeostatic and hedonic sensations evolve along the postprandial
period. Usually sensations are more intense immediately after the meal and
gradually decay depending on the amount and type of meal ingested until
satiety extinguishes and the sensation of hunger reappears as a homeostatic
signal for the next food load. However, in some cases satiety increases during
the early postprandial period, as if the satiation signal to stop ingestion were
delayed, and this may lead to excessive fullness sensation a while after the

meal.*6
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5. MECHANISMS AND MEDIATORS OF SENSATION
5.1 Relation between digestive and sensory responses to a meal

A proper digestive response to a meal seems key to a satisfactory
postprandial experience, but the specific contribution of the different steps of the
digestive process to sensations is not clear. Antral contractions have been
associated with hunger pangs during fasting.1®

Some data indicate that, disruption of the digestive response hampers
the sensory experience. For instance, experimental increase of the tension of
the gastric wall, by means of an intragastric bag connected to a tensostat,
increases postprandial satiety and fullness and impairs digestive well-being.
Experimental infusion of lipids directly in the duodenum via an intraluminal
catheter during the postprandial period induces a similar effect of homeostatic
sensations, increasing satiety and fullness, but does not affect the hedonic
response.110

In patients with functional dyspepsia the stomach fails to relax in the
process of meal accommodation with a stretch of the gastric wall by food
ingestion and activation of tension receptors, and this is one of the mechanisms
of their symptoms: early satiation, fullness and discomfort.!t1 112, 113

By contrast, the role of gastric secretion in this context seems limited,
because, potent antisecretory agents extensively used are not suspected to
affect the postprandial experience, although this point has not been

experimentally proven.
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5.2 Circulating metabolites

Blood levels of many compounds change in relation to meal ingestion.
These compounds may derive from the meal, such as glucose and lipids, or
from the responses to the organism to the meal, such as hormones. Metabolites
derived from the microbiota metabolism of meals residues may play an
important, yet unknown, role. Interestingly studies indicate that some of these
metabolites and hormones are related to specific homeostatic and hedonic
sensations. !4 115

Meal ingestion prompts the hormonal response that interacts with the
decision making circuitry and influences the quantity of the food intake. Leptin is
a circulating hormone secreted by adipocytes that indicates the size of
peripheral energy stores. It decreases food intake as energy stores increase by
reduction of the hedonic response to palatable food among other
mechanisms.6. 117. 118 Ghrelin is a peptide hormone secreted which influences
food initiation and termination. The concentration of ghrelin increases in the
state of hunger and decreases with satiation.'% 120. 121 However, its levels are
influenced not only by the meal's nutritional content but also by the cognitive
beliefs about how much was consumed. Nevertheless, it does not seem to
increase the hedonic responses to food.1??

The level of gastric relaxation and gastric emptying, as well as the

distribution of other hormones such as cholecystokinin, peptide YY, insulin and
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the stimulation of certain chemoreceptors in the stomach and upper small
intestine likewise play an important part in hunger/satiety states.'23 124

By post resorptive processes are meant those satiation mechanisms that
are caused by the reception of nutrients and several of their metabolites. These
include the effects of glucose and various amino acids (e.g., tryptophan and
tyrosine), that are protagonists in the central management of the postprandial

experience after overcoming the obstacles of the blood-brain barrier.125 126

5.3 Brain activity

Meal ingestion has been shown to induce changes in brain activity. The
central nervous system plays a key role in homeostasis and control of food
intake. Recent studies have detected changes in brain activity, specifically
related to homeostatic and hedonic sensations.?7: 128, 129

In humans changes in brain activity can be detected by different
methods. Historically, neuroimaging was used to describe the structure of the
brain. However, in recent years (since 1990s) the imaging techniques are
emerging as a powerful tool for objectivization of not only neural structure, but
also function providing substantial biomarkers for different conditions.
Techniques like functional magnetic resonance imaging (fMRI), positron
emission tomography (PET), multichannel electroencephalography (EEG),
magnetoencephalography (MEG), near infrared spectroscopic imaging (NIRSI)

and Single-photon emission computed tomography (SPECT) are providing
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information by measuring localized neural activity or by recording of electrical
currents or magnetic fields.'3% 131 A Jarge amount of data obtained from
neuroimaging studies approached through machine learning models offer
relevant predictions on an individual scan basis and maximize the prediction

accuracies based on big data.132 133

fMRI is a technique used for measuring and mapping brain activity and it
operates on the principle of the blood-oxygen-level dependent (BOLD) signal;
an indirect measure of neural activity. Neurons use glucose as a primary source
of energy for their function. When a particular part of the brain is activated
(neuronal activation) the blood flow in that area is increased in order to bring
more glucose but also more oxygen (phenomenon called hemodynamic BOLD
response). This implies a replacement of blood depleted in oxygen with blood
that is rich in oxygen. Oxygen in blood is transported by hemoglobin an iron-
containing metalloprotein transporter situated within the red blood cells.
Hemoglobin differs in the way it responds to magnetic waves. Deoxygenated
and oxygenated hemoglobin have distinctive magnetic susceptibility and
therefore demonstrate different magnetic properties which lead to generation of

fMRI, a widely used experimental tool, involves several different
experimental designs. The first one to be used was block design where “off” and

‘on” periods take turns. During “on” periods subject is performing a particular
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task (experimental condition) and during “off’ periods baseline task (control
condition).137. 138, 139, 140 Apngther paradigm is resting-state fMRI; a method
measuring brain activity when a subject is not performing any particular task

and when the brain is at rest.141

Resting state networks (RSNs) localize the gray matter regions of the
brain 142 143 and cover a wide range of functional areas such as sensory and
motor cortices, language and memory systems. Major brain networks identified
using fMRI while the brain is at rest 44 include: a) visual areas - correspond to
visual behaviour; b) default mode network (DMN) - the most studied brain
network. It was proposed by the Gusnard and Raichle (2001) 4° as the baseline
network and represents an interconnected and anatomically defined brain
system that is active when brain is awake and at rest. It was shown that it is
most commonly deactivated in task-based experiments; c) cerebellum -
corresponds to action-execution and perception-pain paradigms; d)
sensorimotor - responsible for action-execution and perception-somesthesis
domains; e) auditory - accountable for auditory processing and language
comprehension; f) executive control - involved in regions modulating cognitive
control; g) frontoparietal - responsible for language/cognition as well as pain

perception.
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5.3.1 Brain regions involved in the control of food intake

Hypothalamus has significant role in maintenance of integral
homeostasis through management of various vital functions among which are
appetite and food intake regulation 146 147 as well as survival responses.48 149
Series of studies conducted mostly on animals have concluded that some kind
of the centre for satiation can be seen in the medial hypothalamus, more
specifically in the paraventricular nucleus (PVN). If this centre is stimulated,
either by electrical stimuli, or by neurotransmitter serotonin (5-
Hydroxytryptamine, 5-HT), the amount of food intake is reduced by shortening
the time of eating, and the speed of the food intake is also lower (intra-meal

satiety).1%0. 151

The reverse effect is observed when it is interfered with PVN by the
neurotransmitter noradrenaline (norepinephrine) via its effects on alpha-2
receptors: the level of food intake increases, extending the duration of the meal.
These considerations are also supported by the fact that an increase in the flow
of norepinephrine is observed in food deprivation. The increase of food intake is
noted in case of targeted destruction of this brain region.%°

The lateral hypothalamus, especially perifornical region represents, on
the other hand, the centre for hunger. If this centre for hunger is interfered with
the neurotransmitter dopamine, food intake is reduced, especially because of

the delaying of the start of new food intake, while the duration of the meal does
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not change. Therefore, it is considered that perifornical region participates in
inter-meal satiety.'®0 If this brain region is destroyed, the decrease in food
intake is observed, the so-called hypothalamic anorexia.'>?

Furthermore, it can be determined that the food intake has a direct
impact on central management of eating behaviour. A meal rich in
carbohydrates leads to a significant secretion of insulin which increases the
proportion of the amino acid tryptophan in the blood plasma in comparison with
neutral amino acids. As a result, the influx of tryptophan in the brain is
increased. Since tryptophan is precursor of the neurotransmitter serotonin, the
serotonin synthesis is increased, which results in satiation with carbohydrates.
According to this model, intake of carbohydrates would lead as a consequence
to the specific carbohydrate satiation. Protein intake, on the other hand, reduces
the supply of tryptophan to the brain, and leads to lesser synthesis of
serotonin. 1?5 153

There are indications that the intake of carbohydrates and proteins
increases the availability of amino acid tyrosine in the brain, wherein the effect
of a protein-rich meal is greater than the effect of high-carbohydrate meal. Since
tyrosine is metabolic precursor of the neurotransmitter dopamine and
noradrenaline, analogue processes of control and feedback could as well take
place.1>*

The latest discoveries of orexin and melanin hormone expressing

neurons in the lateral hypothalamus offer further understanding of cognitive and
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hedonic dimension on eating. Acting as metabolic sensors these anatomical
projections act as a mediator between interoceptive stimuli and external
environment in establishing homeostasis. 15 156, 157, 158

Brain regions involved in hedonic dimension of eating (insula, amygdala
and orbitofrontal cortex) are activated during the fasting periods.'>® Similarly,
the relay area between subcortical areas and cerebral cortex (thalamus) as well
as the area corresponding to motivational aspects of food (caudate) respond to
hypoglycemia by increase in activity.'6%-162 These brain regions decreased the
activity after the infusion of different macronutrients (fat, glucose and protein
drinks) demonstrating slightly stronger response of amygdala to protein
ingestion. 163

Intragastric infusion of fatty acids induced the changes in the activity of
lipid-activated brain matrix including brain stem, pons, hypothalamus as well as
cerebellum and cortical motor areas.'®* The excessive hedonic drive is
attributed to the ingestion of energy dense foods which through the brain reward
circuitry generate pleasant emotional responses. Indeed, the altered function of
orbitofrontal cortex, insula and operculum observed in obesity may imply higher
sensitivity to food stimuli and determine the risk for increased food intake.®® In
spite of the inconsistency of the neuroimaging studies conducted in obese
patients, most of them suggest that obese individuals in comparison to lean
demonstrate higher anticipatory responses and increased activity in brain

regions related to reward as well as possible impaired function of inhibitory
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regions.%® This discrepancy indicates that the mechanisms of food reward are
rather heterogenous and require a broader approach that would take into an
account other factors from both hedonic and cognitive sphere of perception as

well as the biological aspects.
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6. REGULATION OF FOOD INTAKE
Regulation of food intake is a complex psychological process.
Biologically, meal consumption is regulated by homeostatic mechanisms
operated by the hunger/satiation sensation. Satiation is specific of taste and so
food variety influences meal consumption.1®” A specific aspect is the dessert
mentality, getting space for a sweet dessert after salty meal. The concept of
alliesthesia in regard to the homeostatic control of food ingestion has been
proposed: the choice of food is driven by the needs of the individual. This is
clear for water and liquid consumption, but may apply also to more specific

foods.168

However, other mechanisms, particularly the hedonic drive, play an
important role. In fact, hedonic eating frequently over rules the homeostatic
control of food ingestion, and this seems to be a key mechanism in eating
disorders and obesity.16% 170

In most individuals cognitive factors strongly influence the decision of
meal choice and the amount consumed. However, in general, the ultimate factor
that determines meal consumption is food availability (what is served on the
plate or is the menu). Hence, acquisition of healthy habits and control of serving
sizes are key factors in controlling food consumption both at the individual level
and collectively. Indeed, excessive serving size has been proposed as an

important factor in the epidemic overweight in some populations.’t 172
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The ingestion rate is also determined by similar factors: homeostatic
(pre-meal level of hunger), hedonic (meal palatability), cognitive (the idea of the
amount to be consumed), habits and extrinsic factors (duration of lunch break,

dinning company).

6.1 Mechanisms of satiation

There are a variety of mechanisms that contribute to the process of
satiation that is induced by physical and chemical qualities of ingested food.
Blundell proposed the model of satiety cascade which includes the relationship
between satiety and satiation as well as different influencing mechanisms and
mediating factors related to these processes. This model connects different
mechanisms of satiation with the various stages of the process of satiety.'”3

Specific properties of the food such as appearance, taste and smell have
notable effect on sensory processes. Positive labelling of different sensory
gualities can lead to increased food intake based on the fact that the stop
signals for food intake are reduced or delayed (the influence of food on the
satiation). These processes are in conjunction with sensory specific satiety
described as the phenomenon of ending the ingestion of food with certain
sensory characteristics. If, nonetheless, other foods with different sensory
gualities are offered the process of eating continues. Consequent application of
this principle is a menu comprised of several dishes (appetizer, main course,

dessert). It would be almost impossible to defeat the same amount of only one
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meal because of sensory specific satiety. However, the change in the type of
the taste creates the possibility and prerequisite that the offered amounts of
food can be eaten as well as the different types of foods.1’4 17>

Cognitive processes describe the effects which are based on the
opinions or representations of opposite foods. It was shown that for people who
can restrain their food intake presumed (not actual) calorie content of the food
to be eaten has a significant impact on the amount of food eaten.'76. 177

Historically introduced models for the regulation of food intake known as
glucostatic hypothesis, thermostatic hypothesis and lipostatic hypothesis can be
classified in relation with post resorptive mechanisms.

Glucostatic hypothesis assumes that the diminished availability of
glucose leads to starvation (interoception reciprocal of satiety), thereby
stimulating food intake. The hypoglycemia is in normal physiological conditions
the signal for hunger. This signal is perceived by glucose sensors which are
located in the hypothalamus, a base of the brain and the liver. Meal ingestion
causes the rise of glycemia back to normal levels and the food intake ends
(post resorptive satiation).178 179

Thermostatic hypothesis is based on the observation that a warm-
blooded organisms consume more food when the temperature of the
environment is lower. It is assumed that the heat regulation, measured by the
interior temperature sensors, has impact on the food intake. Reduction of heat

production would thus lead to the creation of hunger.*&
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Lipostatic hypothesis proposes the existence of lipid sensors, which can
register metabolites of lipid metabolism. The reduction of fat depots in the
absence of food or accumulation of fat in elevated food intake could be
considered as signals of hunger and satiation respectively. This theory has
undergone further fame upon the detection of obesity genes.18!
Different processes and mechanisms of satiation cascade overlap in their
central effects and thus lead to a combined process of satiation, which

integrates different components due to the learning process.

6.2 Cognitive mechanisms

A significant component in the regulation of eating behaviour lays in the
learning process. Food and energy intake commences anticipatory in greater
level, if possible due to situational (and cognitive) factors and not when the
intense sensation of hunger appears. Also, the intake of food often ends only
after the appearance of an intense feeling of satiety. Appetite and satiety may
be understood as a reaction in accordance with the scheme learned from

classical conditioning.182-184

Model of satiation as a conditioned reaction is based on the fact that
certain signals such as the sensory impressions or filling of the stomach are as
conditioned stimuli associated with the unconditioned stimuli in form of

nutritional effects of food. Nutritional consequences & as unconditioned stimuli
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enhance the conditioned stimuli. The components of the food that was eaten
reach through bloodstream the satiation centres in the brain and act as the
unconditioned stimuli causing post resorptive satiation, wherein the strength of
this unconditioned stimuli is related to energy level of the food that was eaten.
On the other hand, the change in the level of absorption of certain nutrients in
the gastrointestinal tract, which occurs shortly after food intake, can serve as an
unconditioned stimulus.'® A particular effect of carbohydrates, fast-oxidizing
substances, such as alcohol, fats, and essential amino acids as unconditioned

stimuli has been shown.

Almost all body signals or stimuli from the environment as well as social,
cognitive or emotional circumstances can serve as conditioned stimuli. In
particular, some of the properties of food such as taste, smell, appearance and
texture should be considered apart and it can be presumed that the rapid
satiation as a result of food intake is partly conditioned by taste stimuli and

partly by signals of intragastric chemoreceptors.'

Such conditioned stimuli generally do not act isolated, but rather in a
complex interaction with other stimuli and can be denoted as forms of appetite.
Identical learning principles can be applied to a specific appetite, hence the
constant preference for certain foods depends on the condition of the organism.
Thus, appetite and satiation can be understood as a conditioned preferences or

aversions, which depend on the nutritional status of the organism.85 187
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6.3 Set-point theory

The term set-point represents referential signal in the control circuit and a
value to be attained with which the state of the system is compared. When
deviations from these values occur appropriate procedures are activated in
order to regulate and re-stabilize the entire system. In the set-point theory the
condition of the system is evaluated via a size that can be measured (feed-
back), and this value can be compared with a value to be attained.

Application of the set-point theory to the body weight indicates that the
stability of the body weight in adults is predetermined and controlled by feed-
back mechanisms. These mechanisms are by no means simple and do not rely
on only one variable in order to attain the referential value. Many different
biological and psychological factors contribute to the balance of the system.
Characteristics of the meal such as its composition and organoleptic properties,
hormonal parameters and factors involved in central control of food intake such
as particular brain regions and neurotransmitters all act in conjunction and
contribute to the maintenance of stability.188 189

Theoretically such model representations are closely associated with the
concept of homeostasis, which was introduced in 1932. by Cannon.
Homeostasis is the state of the body (steady state), which is actively maintained
by an appropriate physiological mechanisms and/or the appropriate behaviour.
Compensating procedures achieve a high level of stability for the value that is

regulated. However, stability does not mean that the regulated parameter
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occupies only one specific value. In physiological conditions, depending on the
particular circumstances or any malfunction, set-point values vary within certain
areas of tolerance. Blood pressure, body temperature and blood electrolyte
levels are only some of the examples of such regulated values.% 192

However, set-point theory might not be fully applicable for the
explanation of the astounding constant of body weight. According to this theory
the daily intake of 100 kcal more than the number of calories necessary for the
functioning of the body would cause a gain of 104 kg in 20 years. On the other
hand, if a person eats less than what is needed, it could be calculated how long
it would take to achieve a weight of 0 kg.

Although set-point theory looks attractive because it can somewhat
explain the apparent stability of body weight in case of healthy eating habits,
according to current scientific attitudes this kind of regulation is lost in case of
unhealthy Western diets suggesting the implication of external factors which

lead to failure of biological mechanisms in the regulation of body weight.192

6.4 The energy requirements

Energy represents a fuel that is among other functions required for
metabolic and psychological processes, muscle activity, growth and synthesis
of new tissues.1% 1% The energy derived from food can be broken down into

three components: 1. The energy which is necessary to maintain the primary
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metabolic process in the standby mode - basal metabolic rate BMR, or resting
metabolic rate RMR. It comprises of set of vital functions such as cell
metabolism, maintenance of body temperature, brain function, heart activity,
motility of gastrointestinal tract and accounts for up to 70% of daily energy
needs, depending on age, gender, body size and composition 1%; 2. The energy
that is required for metabolism of ingested food. People who consume mixed
food can increase their energy expenditure by 10%; 3. The energy that is
necessary for the activity and movement.'®® Additionally consumed energy,
mainly in the form of fat, is saved. The Estimated Energy Requirements (EER)
represent daily need for energy. Calculation of EER is based on the parameters
like age, gender, weight, height and the level of physical activity. It represents
the amount of energy expressed in kilocalories (kcal) needed to be consumed
on a daily basis in conditions of equal level of physical activity in order to
maintain the constant body weight.%’

Studies dealing with the experimental formation of the excess of body
weight in humans who volunteered to overeat in order to gain 20-25% of their
body weight reported that some subjects were able to consume huge amounts
of food, up to 10000 kcal a day, and not to gain weight with the expected speed.
4-6 months of overeating were necessary to achieve the desired weight.
Achievement of stabile body weight required 27 additional kcal per kilogram of
body weight and the achievement of weight gain 37 additional kcal. After

returning to the "normal” diet, the weight of the subjects quickly returned to the
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starting weight. Only 4 out of 15 subjects quickly gained weight as consequence
of the intake of greater amounts of food. In the family history of 2 of these 4

subjects obesity or diabetes were recorded.198-200

6.5 Genetics and food consumption

Taste has repercussions on food choice and by that on food intake as
well. Starting from the premise that the taste is not completely the same for
everyone the importance of the genetic research in this field becomes
prominent as the physiological features such as the density of taste buds and
sensitivity of taste receptors among others are genetically dependant
characteristics. Studies demonstrate that sensitivity for bitter taste may be
associated to the body mass index, quantity of fat tissue in the body as well as
risk factors for cardiovascular diseases. Sensitivity for sweetness, on the other
hand, negatively correlated with body mass index.201-204

The brisk increase in obesity and associated conditions has urged the
modern genetics research to find out why we eat what we eat. Some rare
genetic disorders such as hyperphagia and some not so rare such as Prader
Willi Syndrome have been described. In spite of the rareness of hyperphagia
many less prominent variants exhibit their effects and contribute to the
development of the obesity and associated comorbidities.?%

The research conducted on twins, in which they consumed more calories
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than their energy requirements concluded that twins behave similarly (gain
weight) when given more calories. Large twin studies suggest that both genetic

and environmental factors are implicated in their dietary behaviour.2%

6.6 Energy storage

Apart from the quickly available glycogen storage 2%/, body is saving the
excess of energy primarily in the form of triglycerides in adipocytes of adipose
tissue. In longer energy deficits this energy becomes available by

decomposition of body fat.?%®

The amount of fat tissue is determined by 2 factors: the size and weight
of the individual fat cells and their number. Depending on these two factors, the
overweight can be classified in a form of hypertrophic overweight (higher
volume of the individual fat cells), hyperplastic form (greater number of fat

cells), as well as a combined form.2%9

Studies in animals demonstrated that once enlarged fat cells cannot be
reduced and for the long time it was believed that the situation in humans in the
same. By reducing food intake the volume of adipocytes decreases, i.e. the
weight of the individual fat cells, but their number remains the same.?'° There
are indications that, depending on various factors, the organism regulates the
average size of fat cells and maintains the stable population of adipocytes in

adults. The number of adipocytes appears to be the main determinant for fat
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mass in adults.?! Recent studies show that after the reduction of body weight
the number of fat cells decreases as well, however, not proportionally to the
weight loss. This slow turnover of white adipose tissue (10% every year) may
later lead to the accumulation of fat in the cells and failure of the dieting
strategies.?'? After long-term changes in body fat (which last from 6 to 10 years)
the number, but not the weight of fat cells is changed, while in the short-term
changes (1-2 years) the weight changes, but not the number of fat cells.
Sjostrom assumed that the degradation of deposits initially reduces the weight
of the individual fat cells, and then reduced weight of fat cells when it is
significant and sustained over longer time, causes the breakdown of fat cells. It
is unclear whether this degradation corresponds to the actual disappearance of

fat cells or whether the fat cells are converted into postadipocyts.?!3

6.7 Regulation of macronutrients intake

The discussion about set-point theory revolves around the question
whether and how are regulated the intake and energy expenditure in the body.
The nutritional energy is available to the body in the form of macronutrients -
carbohydrates, proteins, fats and alcohols. The question of whether the
organism itself regulates energy intake and expenditure is intensively examined

in recent years.
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In spite of the worldwide epidemic of obesity there is still no general
agreement on what is the optimal dietary pattern to prevent it.?'# There are a
variety of epidemiological findings which suggest that higher fat intake
corresponds to higher body weight and higher body mass index. These data are
consistent with the fact that in recent decades in western industrial societies a
percentage of fat in the diet increased and in parallel the proportion of
overweight people. The relationship between fat and obesity is to some extent
emphasized, while there is epidemiological evidence suggesting that the
number of people with excessive body weight is reduced by increasing the
intake of carbohydrates in diet. Such observations divert attention from fat to
carbohydrates. Low-carbohydrate diets are more effective in a short-term
weight loss, however it has not been demonstrated that this effect is maintained
over longer periods of time.?’® It seems that the optimal amount of
carbohydrates in diet that is inversely related to obesity is between 47% and
64% calories derived from carbohydrates.?'4

6.7.1 Metabolic destiny of macronutrients

Another impetus for studying the relationship of fat towards
carbohydrates in the diet comes from a series of calorimetric studies. Indirect
calorimetry as a gold standard in measuring the energy expenditure can
determine not only the energy consumption, but can also examine the extent of
oxidation of carbohydrates or fat, which means giving answer to which

macronutrients are used for energy.?16
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Many studies observed that after administration of carbohydrates the
oxidation of carbohydrates increases.?!” 218 This is partly inconsistent with the
long-term conviction that the excess carbohydrate is converted into fat and
stored in such a way. The conversion of carbohydrates into fat is a normal
metabolic pathway in some animals, for example in rats. In humans, this de
novo lipogenesis is possible, but under normal conditions it plays no role. Up to
a limit of 500 g of carbohydrates they are, in humans, first oxidized and only the
intake over 500 g leads to the de novo lipogenesis. In normal circumstances it is
not easy to consume 500 g of carbohydrates, which corresponds to 2,050
kcal.?1®
While higher carbohydrate intake leads to enhanced carbohydrate
oxidation, higher fat intake does not lead to increased fat oxidation. On the
contrary, after the meal, the fat oxidation reduces and the first to burn are other
macronutrients which results in the accumulation of fat in fatty tissue.??°
When it comes to macronutrients there is a clear hierarchy in relation to
their usage and storage. Alcohol due to its toxic effects on the body has no
reservoirs for storage and is always the first to oxidate. Followed by
carbohydrates for which there are little reserves of glycogen, and proteins,
which are stored in the form of endogenous proteins. At the end of the hierarchy
is the fat which is used to cover the remaining energy needs and whose excess

is stored in fatty tissue.??1 222
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6.7.2 Satiation by fats vs satiation by carbohydrates

A significant element in Flatts model about the importance of fats and
carbohydrates is the assumption that carbohydrates control short-term food
intake. If this assumption is correct, carbohydrates should have a much greater
satiating effect than fat.?>> A series of studies indirectly confirmed this

assumption.

Higher fat content in food is not equated with eating less. Fat exercises
less satiating effect in comparison to meals rich in carbohydrates and proteins,
therefore more nutritious energy is consumed at the high fat content intake. This
phenomenon called passive overconsumption with fats is one of the key

mechanisms leading to the obesity.?24 225

It is obvious that energy density (kcal per gram of food) plays an
important role in different satiation effect. Normally, the energy density of food
increases with higher fat content. Passive overconsumption with fat could not
be determined when studying variable proportions of carbohydrates and fat,

whereby the energy density was artificially kept constant.

6.8 The effect of preload

The preload paradigm is one of the most commonly used experimental

tools for the study of short-term regulation of food intake. The effect of preload
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should preferably be studied in a design which ensures the control condition,
e.g. in a form of placebo and within subject repeated measures. Preload
represents a defined portion of a meal with precisely characterized
macronutrient composition. After a certain amount of time posterior to the
ingestion of the preload the test meal is administrated either through accurately
monitored test meal or ad libitum in which case the amount of the meal eaten is
registered. The impact preload had on the consumption of the subsequent meal
is then examined. Subjective determinants of digestive sensations are
measured before and after the probe meal at predetermined time intervals.?2¢

Data from several studies indicate that expectations about satiating and
filling capacities of food influence decisions related to portion size, food intake
and food choice 2?7: 228. 229 put also the perception of postprandial sensations.
These expectations can be changed even by slight modifications of the sensory
characteristics of a food and have further repercussions on the sensation of
hunger and later energy intake 239 231 232 Fyrthermore, it has been recently
demonstrated that the presumed caloric content of the preload had effects on
the decision of the energy value of the subsequent meal. Interestingly, one
study demonstrated that expectations about food can override not only
subjective gastrointestinal perceptions, but also hormonal responses implicated
in food intake regulation. Consumption of what participants believed was the
‘indulgent” milkshake caused a steeper decrease in the levels of ghrelin in

plasma as compared to “sensible” milkshake?!.
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It was observed that the variation of the nutritional compositions and the
taste of different preloads influences the following meal ingestion. After the
high-fat preload subjects consumed more calories in comparison to the
preloads rich in carbohydrates and proteins. Based on the taste evaluation in
this experiment the mechanism of sensory specific satiety seemed superior to
the sensory properties of the meals, while the composition of nutrients was less
decisive.?33

The concept of restrained eating was firstly introduced in the literature
when it was observed that not only obese people differ in the level of set-point,
but that such differences can, likewise, be found in individuals with normal body
weight. People with statistically normal weight, but biologically underweight tend
to overeat. However, due to cultural and social pressure they limit their food
intake (restrain their eating), in order to achieve or maintain a desired weight.
Restrained eaters eat more when this conscious restriction of food intake is
highlighted by the experimental manipulation.?*

In an experimental design that included three groups of subjects in which
the first group received a milk-shake, the other two milkshakes, and the third
has not received preload participants consumed ice cream as a test meal ad
libitum. On the basis of a short questionnaire participants were furthermore
divided into 2 groups: "severely restrained eaters" and "less restrained eaters".
Results revealed that less restrained eaters behaved as expected: the more

milkshake they drank, the less ice cream they ate. However, strictly restrained
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eaters have behaved in a completely different manner: as soon as they drank
milkshakes, they ate ice cream.?3®

By the consumption of milkshakes restrained eaters, were, possibly,
experimentally forced to move their "allowed amounts” and to at least for a
while abandon their measured food intake. Experimental manipulation relaxed
cognitive control of eating behaviour and led to what is referred to as
disinhibition which demonstrated that people with normal body weight, which
usually eat less because they pay attention to their weight, under certain
conditions tend to overeat.?36

In a different set of studies all participants were given identical milkshake
as preload, but only half of the subjects was informed that this was a high-
calorie milkshake and the other half that it was a low-calorie milkshake. It was
shown that restrained eaters ate a little more, if they were convinced that they
have consumed a lot of calories, whereas unrestrained eaters ate a little less. It
is obvious that this effect is not responsible for the actual food intake, but a
subjective opinion, or attitude of subjects accordingly to how much they have
already eaten: if restrained eaters think they ate too much, they do not maintain

any more the control over food intake and eat more.?3’

6.9 Emotional overeating
In spite of the apparently self-explanatory name the nature of emotional

eating still remains evasive. This phenomenon was initially referring to negative
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emotions such as depression, anxiety 238 and stress induced loss of control over
eating.?® However, recent meta-analysis indicates that emotional eating can be
likewise associated with positive mood and to even greater extent than negative
mood.?*° In a series of experiments it was demonstrated that this aspect of
influence on eating behaviour was wrongfully neglected as positive emotions
increase the caloric intake as well.?** Moreover, it has been proven that the
term emotional eater may not fully describe the span of emotional states that
influence food ingestion.?*2 Emotional eating in terms of over- and under-eating
is a habit adopted during childhood which may have impact on body weight
regulation later in life.?*3 Interestingly, it was reported that the eating behaviour
is more powerfully driven by emotions rather than by healthy life-style which

provides a valuable information for future public health strategies.?*
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7. EATING BEHAVIOUR
7.1 Genesis of eating habits
Eating behaviour is a rather complex type of behaviour. It is shaped
since the early childhood through constant experiential training over the years
with extremely high quota of repetition leading to habitualization. At the early
age eating behaviour is primarily directed towards meeting the needs for
optimal growth and physical and mental development. Initially, all necessary
nutrients are obtained from one source i.e. milk which is later replaced by solid
foods at which point commences the creation of eating habits. Parents serve as
models for eating practices which results in transmission of behavioural patterns
to their children. For this reason eating behaviour is considered extremely

steady behaviour that cannot be changed in a short period of time.?*°

Children like adults eat more when presented with larger portion sizes.
Their eating behaviour is not exclusively influenced by the type of food present
in the household, but also by the amount of the food that is accessible.?4®
Cognitive education attempts to direct children's feeding behaviour by means of
rational presentation of the facts such as stories and pictures of caries in
connection with the consumption of sweets. However, it has been demonstrated
that children make healthier eating choices, such as vegetables consumption,
when observing the example of their peers rather than the example of an adult

indicating the presence of social modelling as early as at pre-school age.?*’
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Feeding behaviour of children has adapted to address two, in developed
countries historically present, major concerns for child’s health — shortage of
food and infectious diseases. The intention to preserve child’s well-being has
led to creation of feeding patterns that are being transferred though generations
forming routine practices. These practices may be inappropriate for current
circumstances and as well harmful due to the creation of blueprints for
unhealthy eating habits while failing to address challenges of modern societies

such as obesity.?48

7.2 Management of eating behaviour

Eating behaviour is regulated by two competitive control mechanisms.
Cultural norms reflecting eating habits of generations direct the eating
behaviour to be motivated and accustomed and are opposed to the biological
regulation related to instincts. Furthermore, eating behaviour has characteristics
of an automatic form of behaviour which indicates that it occurs without
cognitive direction. It has been demonstrated that people are often unaware of
the amount of food eaten playing portion size control a major role in prevention
of overeating.?*® Likewise, people often eat at meal time or if the food is

available at short distance in spite the absence of hunger.?*°

Nevertheless, cognitive component of eating behaviour is subject to
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external influences such as individual knowledge about nutrition, social norms
and attitudes. In contrast to the patterns generated through the training
processes not reflected on a conscious level, cognitive element represents the
simplest way to influence the behaviour in diet of an adult. This, however, might
not be the easiest way to influence it as it requires substantial amount of effort
to put food intake under control and “simply” refuse the dessert. Another
problem is the resistance to food temptation over longer periods of time as it
depletes mental reserves and becomes unsustainable commonly leading to the
weight regain.?®' As eating behaviour is an automatic behaviour people are,
typically, unaware that they are not in control of it. Experiments have shown that
when pointed out the automatic nature of their actions participants of the study
refused to believe that those actions had no cognitive implications.?>? This may
offer the explanation for eating of easily accessible energy dense foods.

By contrast, cognitive management can be placed at the service of such
needs that are causing depleted caloric intake in desire of an attractive figure.
This is very pronounced in some eating disorders such as bulimia and anorexia
nervosa, providing an example of how a motive for the attractive figure causes a
conscious degradation of nutrition in order to achieve the purposes for slimness

defined by the society.
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7.3 Concepts that influence decision-making

A series of factors have been described to influence eating behaviour
such as taste demanding (sweet pleasure), sensation of hunger, economic
conditions (special offer), cultural influences (croissant with coffee in the
morning), traditional influences (characteristic dishes for Christmas), conditions
of a habit (soup for lunch), emotional effect (chocolate in the stressful situation),
social reasons (eating fondue), social status conditions (lobster as a classy food
item). Choice is the consequence of the evaluation and judgement of multiple
options. It is therefore a subjective decision susceptible to numerous factors.
Decision making on a specific diet is actually a mixture of different motifs which
are to greater or lesser extent associated with the biological sense of providing
nutrients.2%3: 254

Consumers in developed countries are overwhelmed with the number of
choices they are to make on a daily basis when deciding on food. Choosing
between different brands, nutritional contents, organic versus conventional
growth etc. is strongly predicted by person's personal attitude and believes.

The individual decision on the diet is a subjectively customized decision,
based on the estimation of advantages and disadvantages, whereby, depending
on the individual situation motifs can be differently evaluated. Many studies
have shown that the nutritional knowledge plays an important role in food
related decision making. People who are aware of dietary recommendations

and understand the relation between nutrition and health and nutrition and
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disease are more likely to make the right - healthy choices when it comes to
food by using tools like for e.g. food labelling.?®> Furthermore, individual
characteristics of a person such as dieting status, weight, and gender, bias food

related decisions as influence people's perceptions of food.2%¢

Any particular selection of food and thus the eating behaviour represents
a multifunctional decision based on the optimization, which includes a wide
variety of aspects that individuals personally assess. Therefore, some eating
behaviour should not be characterized as inappropriate behaviour, but
preferably as subjectively optimized behaviour that came out as a result of

individual estimation.

The concept of inappropriate eating behaviour characterized by
unhealthy choices is rather frequently used both by common people as well as
by experts in the interpretations of the problems in relation with the eating
behaviour. It classifies unhealthy eating habits as a "mistake" because they are
not based on the norms of scientific knowledge regarding the optimization of
health functions. However, this point of view gives no answer to the question
why we eat what we eat in case of by passing cognitive control that adheres to

rational standards.

The theoretical considerations of decision-making start from the fact that
the decision about the diet depends on different motives. Each of these factors

has a different significance for each person, e.g. the factor of the "disease" is of
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less importance for healthy people, and it is difficult to significantly affect the
decisions related to the diet. Eating behaviour largely depends on the situation.
Thus, social context influences the way the meal is eaten. Modelling during
dinning influences taste preferences. Adoption of eating patterns in social
context is linked with the obesity through tendencies that promote overeating
such as large portion size.?®” Changes of the situations provide opportunities for
changing eating behaviour as both socio-psychological and environmental

strategies seem to have an effect in changing behavioural eating patterns.?%
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As in any biological model the effect of a meal can be framed based on a
stimulus-response model: specifically, our general hypothesis is that the
postprandial experience depends on the characteristics of the meal (the
stimulus) and the responsiveness of the subject (specimen tested) which can be
modified by a series of conditioning factors. The effect of a specific factor can
be tested keeping constant the rest. A large body of literature has focused on
the characteristics of the subject that influence meal selection and consumption.

However, their effect of the postprandial experience is not clear.
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The general objective of this work is to initiate the study of the mechanisms that
determine the postprandial experience. Initially, surrogate markers of the
subjective sensory experience will be searched in healthy subjects. For that
purpose, we designed a specific paradigm to measure brain response through
functional magnetic resonance and resting-state paradigm. Subsequently,
proof-of-concept studies on two categories of conditioning mechanisms will be
performed; specifically, we will investigate whether and to what extent the
physical status (level of appetite) and the cognitive status (educational

intervention) of the subject influence the postprandial experience.



68

Specific objectives

1. To investigate the reliability of brain imaging “in vivo”, by functional
magnetic resonance and the resting-state paradigm, to the study of the
subjective postprandial experience.

2. To determine the change in brain connectivity “in vivo”, measured by
functional magnetic resonance and resting-state paradigm, induced by
meal ingestion.

3. To establish the relation between postprandial perception and brain
activity measured by functional magnetic resonance and resting-state
paradigm, as potential surrogate markers of sensations.

4. To proof whether the physical status of the subject influences the
postprandial experience; specifically, to determine the effect of preload
conditioning of appetite on homeostatic and hedonic sensations.

5. To proof whether the cognitive status of the subject influences the
postprandial experience; specifically to determine the effect of cognitive

conditioning on homeostatic and hedonic sensations.
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ABSTRACT
Background: We recently reported interrelated digestive, cognitive, and
hedonic Responses to a meal. The aim of this study was to identify brain
networks related to the hedonic response to eating.
Methods: Thirty-eight healthy subjects (20-38 age range) were evaluated after
a 5-hour fast and after ingestion of a test meal (juice and warm ham and cheese
sandwich, 300 mL, 425 kcal). Perceptual and affective responses (satiety,
abdominal fullness, digestive well-being, and positive mood), and resting scans
of the brain using functional MRI (3T Trio, Siemens, Germany) were evaluated
immediately before and after the test meal. A high-order group independent
component analysis was performed to investigate ingestion-related changes in
the intrinsic connectivity of brain networks, with a focus on thalamic and insular
networks.
Key Results: Ingestion induced satiation (3.3+0.4 score increase; P<.001) and
abdominal fullness (2.4+0.3 score increase; P<.001). These sensations
included an affective dimension involving digestive well-being (2.8+0.3 score
increase; P<.001) and positive mood (1.8+0.2 score increase; P<.001). In
general, thalamo-cortical connectivity increased with meal ingestion while
insular-cortical connectivity mainly decreased. Furthermore, larger meal-
induced changes (increase/decrease) in specific thalamic connections were
associated with smaller changes in satiety/fullness. In contrast, a larger meal-

induced decrease in insular-anterior cingulate cortex connectivity was
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associated with increased satiety, fullness, and digestive well-being.
Conclusions and Inferences: Perceptual and emotional responses to food
intake are related to brain connectivity in defined functional networks. Brain
imaging may provide objective biomarkers of subjective effects of meal

ingestion.
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1 | INTRODUCTION

Meal ingestion has been well established to induce symptoms
in some patient populations'® and similar sensations can be in-
duced experimentally using aversive stimuli in the laboratory.’
However, the physiological mechanisms involved in the generation
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Abstract

Background: We recently reported interrelated digestive, cognitive, and hedonic
responses to a meal. The aim of this study was to identify brain networks related to the
hedonic response to eating.

Methods: Thirty-eight healthy subjects (20-38 age range) were evaluated after a
5-hour fast and after ingestion of a test meal (juice and warm ham and cheese
sandwich, 300 mL, 425 kcal). Perceptual and affective responses (satiety, abdominal
fullness, digestive well-being, and positive mood), and resting scans of the brain using
functional MRI (3T Trio, Siemens, Germany) were evaluated immediately before and
after the test meal. A high-order group independent component analysis was per-
formed to investigate ingestion-related changes in the intrinsic connectivity of brain
networks, with a focus on thalamic and insular networks.

Key Results: Ingestion induced satiation (3.3+0.4 score increase; P<.001) and abdomi-
nal fullness (2.4+0.3 score increase; P<.001). These sensations included an affective
dimension involving digestive well-being (2.8+0.3 score increase; P<.001) and positive
mood (1.8+0.2 score increase; P<.001). In general, thalamo-cortical connectivity in-
creased with meal ingestion while insular-cortical connectivity mainly decreased.
Furthermore, larger meal-induced changes (increase/decrease} in specific thalamic
connections were associated with smaller changes in satiety/fullness. In contrast, a
larger meal-induced decrease in insular-anterior cingulate cortex connectivity was as-
sociated with increased satiety, fullness, and digestive well-being.

Conclusions and Inferences: Perceptual and emotional responses to food intake are
related to brain connectivity in defined functional networks. Brain imaging may pro-
vide objective biomarkers of subjective effects of meal ingestion.

KEYWORDS
brain imaging, hedonic response, meal ingestion, postprandial sensations

of various subjective postprandial sensations remain incompletely un-
derstood.** 1 The subjective response to a meal involves a hedonic
dimension in the form of pleasure, satisfaction, and wellness, which
occurs when the characteristics of the meal (appearance, smell, taste,
quantity) and the digestive response are appropriate.’” By manipu-
lating the experimental conditions, we have previously demonstrated

wileyonlinelibrary.com/journal/nmo © 2017 John Wiley & Sons Ltd f 10f8
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that the postprandial sensation (satiation, fullness) and the valence
of this sensation (pleasure, digestive well-being vs unpleasant sensa-
tion, dissatisfaction) are dissociable,” ie depending on the conditions,
equal degree of satiation/fullness may have a pleasant or unpleasant
connotation. To further understand the central mechanisms underly-
ing the experience of postprandial sensations, we used resting state
MRI (rsMRI) to identify brain networks engaged by the ingestion of a
pleasurable meal. We examined changes in intrinsic brain oscillations
before and after a test meal which induced postprandial satiation/full-
ness associated with satisfaction in healthy male subjects. In rsMRI,
information from the intrinsic fluctuations in regional blood oxygena-
tion is used to identify brain networks without the need of an external
stimulus and is thus well suited to the study of physiological states.
We specifically focused on networks involving the thalamus and ante-
rior insula which are involved in sensory processing and interoceptive
awareness.“'"

By analyzing postprandial intrinsic connectivity changes within
these networks in healthy males following the ingestion of a pleasant
meal, we tested the following hypotheses: (i) meal ingestion is associ-
ated with changes in the intrinsic connectivity of thalamic and insular
networks; (i) subjective sensations with positive or negative valence
are correlated with distinct thalamic and insular connectivity changes.

2 | MATERIAL AND METHODS

2.1 | Participants

Thirty-eight healthy non-obese male subjects (median age 27.16 years;
age range, 20-38 years, body mass index range, 19.6-30.7 kg/m?),
right-handed, and without history of gastrointestinal symptoms
were recruited by public advertising to participate in the study.
Absence of current digestive symptoms was verified using a standard
abdominal symptom questionnaire (no symptom <2 on a 0-10 scale).
Psychol
tests: Hospital Anxiety and Depression scale (HAD), Dutch Eating
Behaviour Questionnaire (DEBQ—Emotional eating, External eating,
Restrained eating), and Physical Anhedonia Scale (PAS). Handedness
was determined using the Edinburgh test (laterality index).

The protocol for the study was approved by the Institutional

A,

| and eating di were excluded using the following

Review Board of the University Hospital Vall d'Hebron and was reg-
istered with Clinical Trials.gov as part of the study NCT02592239. All
participants gave written informed consent.

2.2 | Experimental design

The responses to a probe meal were studied in the afternoon after a 5-
hour fast on two separate days (Figure 1). Participants were instructed
to refrain from strenuous physical activity the day before and to have
their usual breakfast after the overnight fast. On both days, a series
of perception measurements (see below) were performed before and
at different intervals after the probe meal. (i) On the first day, partici-
pants were studied in a quiet, isolated room sitting on a chair; percep-
tion was measured at 5-minute intervals immediately before and up to

Key Points
Meal ingestion induces cognitive and hedonic sensations,

and our aim was to identify brain networks related to
these sensations

Perceptual and emotional responses to food intake are
related to brain connectivity in defined functional
networks

Brain imaging may provide objective biomarkers of sub-

jective effects of meal ingestion

30 minutes after ingestion of the probe meal. (i) On the second day,
brain imaging was performed (see below) immediately before (fasting
scans) and after the ingestion of the probe meal (postprandial scan);
the probe meal was ingested sitting in an isolated room adjacent to the
brain imaging room. To examine the effect of time, two fasting resting
scans were acquired before meal ingestion. Perception was measured
at three time points: after the fasting scan and before and after the
postprandial scan (20 minutes after the ingestion of the meal). For this
pilot study no formal sample size calculations were performed.

2.3 | Probe meal

A probe meal that induced a consistent cognitive response (satiation)
with a pleasurable hedonic dimension was developed by a systematic
series of preliminary studies performed in healthy subjects. The probe
meal consisted of a warm sandwich (58 g bread with 12 g butter, 38 g
ham and 38 g cheese) and an orange juice [(200 mL) 300 mL total vol-
ume (total caloric content of 425 keal; 47 g carbohydrates, 17 g lipids,
18 g proteins)]. The sandwich was cooked in a hot plate (Sandwich
Maxi 20, Fagor, Olite, Spain) for 3 minutes and administered at stand-
ard temperature (allowed to cool down covered by a napkin for 3 min-
utes at room temperature). Subjects were instructed to eat at their
rate of choice.

MEAL
DAY 1
Perception scales I I l l I ' | '
DAY 2
Brain activity: fMRI
oI 1l
Perception scales l I |
— )
0 30
min

FIGURE 1 Experimental design. Perception in response to a
probe meal was studied without (Day 1) and with brain imaging
(Day 2: structural scan; functional scanill)
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2.4 | Assessment of subjective responses

Four 10-cm scales graded from -5 to +5 were used to measure: (i) pal-
atability (very bad/disagrecable to very good/delicious), (i) hunger/
satiety-satiation, (iii) digestive well-being (unpleasant sensation/dis-
satisfaction to pleasant sensation/satisfaction), (iv) desire of eating a
food of choice (impossible/eagerly); and (v) mood (negative/positive).
Two additional 10-cm scales graded from O (not at all) to 10 (very
much) were used to measure: (vi) abdominal bloating/fullness; and (vii)
discomfort/pain. Subjects received standard instructions on how to
complete the scales. The palatability scale was only scored once im-
mediately after meal ingestion on the first study day. The other scales
were completed both before and after meal ingestion on both study
days. These scales have been previously used and were shown to be
sensitive to detect the effect of dietary interventions under different

conditions.'”*

2.5 | Brain imaging

2.5.1 | fMRI acquisition

One structural scan and two sequential resting (fast-1 and fast-2)
scans (total duration, 40 minutes) were performed immediately be-
fore the probe meal and one resting scan (duration, 20 minutes)
was performed immediately after finishing the meal (postprandial
scan) (Figure 1). During the resting scans, subjects rested with eyes
closed. Images were acquired on a 3.0 T whole-body MR scanner
with a 12-channel phased-array head coil and a whole-bady trans-
mit coil (Trio, Siemens, Germany). The protocol parameters were
chosen based on the ADNI initiative (http://www.adni-info.org/
Scientists/ADNIStudyProcedures.html) and included: (i) fast dual echo
T2-weighted transverse sequence (TR=3080 msec, TE,=21 msec,
TE,=91 msec, voxel size=0.78 x 0.78 x 3.0 mm’); (i) transverse
T2-FLAIR sequence (TR=9000 msec, TE=87 000 msec, TI=2500 msec,
voxel size=0.49 x 0.49 x 3.0 mm®); (jii) axial 3D T1-weighted gradient-
echo (MPRAGE) sequence (TR=2200 msec, TE=3.26 msec, voxel
size=1.0 x 1.0 x 1.0 mm“); and (iv) resting-state BOLD sequence
(TR=2000 msec, TE=28 msec, voxel size=3.4 x 3.4 x 4.0 mm°).

2.5.2 | fMRI pre-processing

Resting scan images were preprocessed using SPM8 software
(Welcome Department of Cognitive Neurology, London, UK). Data
were slice-time and motion corrected, spatially normalized to the
Montreal Neurological Institute standard template using their struc-
tural image, spatially smoothed with a 5 mm Gaussian kernel, and re-
sampled to a voxel size=2 x2 x 2 mm?. The first two volumes were
discarded to allow for stabilization of the magnetic field.

2.5.3 | Brain network connectivity

Group independent component analysis (ICA) was conducted to
quantify resting scan network (RSN) connectivity pre- and post-meal

ingestion. High-model-order ICA approaches of 70 components yield
refined independent component networks (ICNs) which correspond
to known anatomical and functional scgmentaﬁons.l“’ The pre- and
post-meal ingestion scans from all subjects were simultancously en-
tered into the ICA which was implemented in GIFT v4.0a (http://icath.
sourceforge.net). Seventy independent components were extracted
by independent component decomposition using the infomax algo-
rithm.”® Multiple runs (20 iterations) were performed using ICASSO
to increase robustness of the results.”? Individual subject maps were
back-reconstructed and converted into z-score maps representing
the degree of correlation between the voxel signal and the group-
averaged time course of the network (ie intra-network functional con-
nectivity). Higher z values indicate greater connectivity strength or
influence of that voxel on the network.>?

Components of interest were identified by spatial correlation with
published ICN templates.”® The anterior insula and the thalamus were
selected as the primary networks of interest and cortical networks
associated with sensorimotor, emotion-interoceptive, and emotion-
cognitive functions were selected as secondary networks of interest.
The thalamus was represented in two components, one comprising a
more dorsal aspect, and one comprising a more ventral aspect, extend-
ing into the midbrain. In addition, the anterior insula was represented
in two components, one comprising the leftinsula and one comprising
the right insula.

2.6 | Statistical analysis

2.6.1 | Perception measurements

Mean values (=SE) of the parameters measured were calculated in
each group of subjects. Normality of data distribution was evaluated
by the Kolmogorov-Smirnov test. Comparisons of parametric, nor-
mally distributed data were made by Student's t-test, paired tests for
intragroup comparisons and unpaired tests for intergroup compari-
sons; otherwise, the Wilcoxon signed rank test was used for paired
data within groups, and the Mann-Whitney U test for unpaired data
between groups. Correlations between parameters were evaluated by
Pearson’s test. Differences were considered significant at a P value
<.05.

2.6.2 | Brain imaging and correlations
with perception

The impact of meal ingestion on intra-network and inter-network
functional connectivity was evaluated using the MANCOVAN
toolbox in GIFT v4.0a. For the selected networks of interest, changes
in intra-network connectivity were evaluated with a paired t-test
(postprandial vs fast-2) using the subjects’' reconstructed spatial
maps. To evaluate changes in inter-network connectivity between
the primary and secondary networks of interest, subject-specific
ICN time courses were first detrended, despiked, and filtered using
a fifth-order Butterworth low-pass filter with a high frequency cutoff
of 0.15 Hz. Pairwise correlations between the preprocessed ICN time
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FIGURE 2 Cognitive and hedonic responses to probe meal in
separate experiments with and without brain imaging. No statistically
significant differences between study days were detected

courses were calculated and transformed to z-scores using Fisher's
z-transformation for each scan. The transformed correlation coeffi-
cients were then entered into a paired t-test (postprandial vs fast-2
scores). A corrected P<.05 using a false discovery rate (FDR) was con-
sidered significant.?* The relationship between changes in cognitive
and hedonic perceptions and changes in inter-ICN connectivity was
evaluated by Pearson correlation. A P<.05 was considered significant.

3 | RESULTS

3.1 | Perceptual/hedonic responses to the meal

On the first experimental day (without brain imaging) before the meal
(baseline fasting period), subjects reported a sensation of hunger and
a desire to eat which was accompanied by a positive mood (Figure 2).
Hunger correlated with the desire of choice eating (R=0.72; P<.01),
but not with digestive well-being or mood. Subjects did not report
any baseline symptoms of bloating, fullness, pain, or discomfort.
Participants ingested the test meal in 20312 seconds (at the rate
of their choice) and reported a palatability score 22 (3.820.1 score).
Ingestion of the test meal induced satiation, mild fullness, reduced the
desire of eating, induced a sensation of digestive well-being (P<.01;
0 minute postprandial vs fast for all), and slightly improved the posi-
tive mood state (P<.01; O minute postprandial vs fast), but did not

induce discomfort/pain. These sensations developed immediately
after ingestion and persisted over the 30-minute postprandial period:
30 minutes after ingestion all sensations were still significantly higher
than before ingestion (P<.01 for all); satiation and fullness decreased
slightly but significantly over the postprandial period as compared to
immediately after the meal (P<.01 vs O minute postprandial); however,
no significant changes were detected in digestive well-being, mood, or
desire for eating a food of choice during the postprandial observation
period (P>.05 vs O minute postprandial for the three) (Figure 2).

Sensations measured immediately before and after the test meal
on the second experimental day (with brain imaging) were similar to
those measured on the first study (Figure 2) and no statistically signifi-
cant differences were detected.

3.2 | Brain network connectivity

No differences were found between the two baseline fasting scans
(data not shown); thus, the second scan acquired immediately before
ingestion was chosen to represent the pre-meal brain activity.

3.2.1 | Intra-ICN connectivity

A significant meal-induced reduction in connectivity within several
component networks was observed, including the ventral thalamus
ICN and sensorimotor cortical ICNs (left and right sensorimotor ICNs,
bilateral secondary somatosensory ICN, bilateral SMA/paracentral
lobule ICN) (Figure 3).

3.2.2 | Inter-ICN connectivity

Meal ingestion significantly changed the inter-network connectivity
of the anterior insula with several other brain components, primarily
resulting in decreases in functional connectivity (Figure 4). Significant
meal-induced decreases were observed between the right insula ICN
and ICNs representing: (i) bilateral anterior cingulate cortex/medial
orhitofrontal cortex (ACC/mOFC), (i) right temporoparietal junction
(TPJ), and (iii) left dorsolateral prefrontal cortex (dIPFC). Significant
meal-induced decreases were also observed between the left insula
ICN and ICNs representing: (i) bilateral subgenual ACC, (i) bilateral
ACC/mOFC, (iii) left and right TPJ, (iv) right inferior frontal operculum,
and (v) bilateral medial PFC. Significant meal-induced increases were
ohserved hetween the left insula ICN and ICNs representing: (i) bilat-
eral midcingulate cortex and (i) dorsal thalamus.

Meal ingestion also significantly changed the inter-network con-
nectivity of the thalamus with several other brain components, pri-
marily resulting in increases in functional connectivity (Figure 4).
Significant meal-induced increases were observed between the dor-
sal thalamus ICN and ICNs representing: (i) primary somatosensory
(S1) cortex, (i) secondary somatosensory (S2) cortex, (i) subgenual
ACC, (iv) superior temporal cortex, (v) left TPJ, and (vi) right inferior
frontal operculum. Significant meal-induced increases were observed
between the ventral thalamus ICN and ICNs representing: (i} S1 cor-
tex, (i) subgenual ACC, (iii) right and left TPJ, (iv) precuneus, (v) mPFC,
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FIGURE 3 Composite image of the significant effects of meal
ingestion on intra-network connectivity. The effect size for each
component is shown to the right; primary networks of interest:
dorsal thalamus (DTh), ventral thalamus (VTh), right anterior insula
(Ral), left anterior insula (Lal); secondary networks of interest:
bilateral secondary somatosensory cortex (A), right sensorimotor
cortex (B), left sensorimotor cortex (C), bilateral subgenual anterior
cingulate cortex (D), bilateral caudate (E), bilateral pallidum/putamen
(F), bilateral hipp mpal gyrus/amygdala (G),
bilateral anterior cingulate cortex/medial orbitofrontal cortex (H),
bilateral paracentral lobule (1), bilateral primary somatosensory
cortex (J), bilateral superior parietal (K), bilateral supramarginal (L),
left temporoparietal junction (M), right superior/inferior parietal (N),
bilateral ventrolateral prefrontal cortex (O), right left temporoparietal
junction (P), bilateral medial cingulate cortex (Q), right inferior frontal
operculum (R), bilateral precuneus (S), bilateral superior temporal

(T), bilateral dorsal anterior cingulate cortex/medial cingulate cortex
(U), bilateral medial prefrontal cortex (V), left dorsolateral prefrontal
cortex (W)

lp\lslyal L',.,.

(vi) dIPFC, and (vii) right superior/inferior parictal cortex. In addition,
significant meal-induced decreases were observed: (i) between
the dorsal thalamus ICN and ventral thalamus ICN, (ii) between the
caudate ICN and dorsal/ventral thalamic ICNs, and (i) between the
ventral thalamus ICN and the MCC ICN.

3.3 | Relationship between perceptual and hedonic
perceptions and changes in inter-network connectivity

All significant meal ingestion-related changes in inter-ICN connectiv-
ity were examined for relationships with changes in subjective percep-
tions and hedonic responses (post-meal-1 minus pre-meal; ASatiety,
AFullness, AWell-being, AMood) (Figure 4). A significant negative

Significant effects of meal ingestion

)
-sign(t) log_1_0{P-value)

DTh VTh Ral Lal *
FIGURE 4 Effects of meal ingestion on inter-ICN connectivity.
Heatmap depicting significant effects between the primary networks
of interest (thalamus and anterior insula) and the secondary networks
of interest. The thalamus and anterior insula ICNs displayed
significant changes in connectivity with sensorimotor, emotion/
cognitive, and interoceptive ICNs. Significant correlations, positive
(+) and negative (-) correlation, between meal-induced connectivity
changes and meal-induced perceptual changes are also indicated:
Asatiety (S), Afullness (F), Awell-being (W). Considering the direction
of meal-induced changes, a greater decrease in insula~ACC/mOFC
connectivity is associated with a greater increase in satiety, fullness,
and digestive well-being. In contrast, a greater meal-induced
decrease in thalamus-caudate connectivity is associated with a
smaller increase in satiety, and a greater meal-induced increase in
thalamus-52 connectivity is associated with a smaller increase in
fullness. Primary networks of interest: dorsal thalamus (DTh), ventral
thalamus (VTh), right anterior insula (Ral), left anterior insula (Lal);
secondary networks of interest: bilateral secondary somatosensory
cortex (A), right sensarimotor cortex (B), left sensorimotor cortex
(C), bilateral subgenual anterior cingulate cortex (D), bilateral
caudate (E), bilateral pallidum/putamen (F), bilateral hippocampus/
parahippocampal gyrus/amygdala (G), bilateral anterior cingulate
cortex/medial orbitofrontal cortex (H), bilateral paracentral lobule (1),
bilateral primary somatosensory cortex (J), bilateral superior parietal
(K), bilateral supramarginal (L), left temporoparietal junction (M), right
superior/inferior parietal (N), bilateral ventrolateral prefrontal cortex
(O), right left temporoparietal junction (P), bilateral medial cingulate
cortex (Q), right inferior frontal operculum (R), bilateral precuneus
(S), bilateral superior temporal (T), bilateral dorsal anterior cingulate
cortex/medial cingulate cortex (U), bilateral medial prefrontal cortex
(V), left dorsolateral prefrontal cortex (W)

correlation was found between meal ingestion-related changes in
left anterior insula=ACC/mOFC connectivity and meal ingestion-
related changes in satiety, fullness, and digestive well-being ratings.
In addition, a significant negative correlation was found between
meal ingestion-related changes in dorsal thalamus-S2 connectivity
and AFullness. Finally, a significant positive correlation was found
between meal ingestion-related changes in dorsal thalamus-caudate
connectivity and ASatiety. Considering the direction of meal-induced
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changes as stated in the previous sections, these significant correla-
tions reflect: A greater meal-induced decrease in insula-ACC/mOFC
connectivity was associated with a greater increase in satiety, fullness,
and digestive well-being. In contrast, a greater meal-induced decrease
in thalamus-caudate connectivity was associated with a smaller in-
crease in satiety and a greater meal-induced increase in thalamus-S2
connectivity was associated with a smaller increase in fullness.

4 | DISCUSSION

The main findings of the study were: (i) Meal ingestion changed the
predominant baseline sensations and motivation from hunger and a
desire to cat to one of satiation and mild fullness. These postpran-
dial changes were associated with a feeling of digestive well-being.
(ii) Subjective postprandial responses were associated with significant
changes both in the connectivity within and between several com-
ponent resting state networks of the brain. (iii) Functional network
changes were correlated with changes in subjective responses to meal
ingestion. To our knowledge, this is the first demonstration of distinct
food-related changes in resting state networks in the brain follow-
ing the ingestion of a palatable meal which are associated with food-
related sensations and digestive well-being.

4.1 | Subjective responses to the meal

The ingestion of the test meal changed the sensation of hunger and mo-
tivation to eat into prolonged sensations of fullness and satiation, and a
feeling of digestive wellness. These changes can be assumed to be medi-
ated by the effects of endocrine and vagal afferent inputs to the hypo-
thalamus and thalamic nuclei.?® Postprandial hypothalamic and thalamic
activity signals the insular cortex and associated regions of the extended
central reward network, including the prefrontal/orbitofrontal cortex, an-
terior cingulate cortex, hippocampus and amygdala and basal ganglia.”

4.2 | Meal-related changes in intrinsic connectivity

Consistent with the known effects of meal-induced neuroendocrine
signaling to the brain, we observed major, distinct changes in the

brain’s resting state activity and architecture.

4.2.1 | Thalamic connectivity

The thalamus is a relay station for a wide range of sensory informa-
tion from the body. In particular, the ventral medial nucleus receives
directinput from the vagal nucleus of the solitary tract, which conveys
visceral and gustatory afferent activity, and projects to the anterior
insula.'*?7?% The thalamus and anterior insula then project to a wide
range of cortical regions. Ingestion of the test meal was associated
with extensive connectivity increases of both ventral and dorsal tha-
lamic ICNs with sensory and affective brain regions, and with reduced
connectivity between the two thalamic subregions and with the cau-
date nucleus, a brain region involved in reward and motivation. These

changes may reflect increased transmission of visceral and gustatory
signals from the thalamus to other brain regions, and a reduction in
communication with the caudate nucleus, a major component of the
brain's reward region.

4.2.2 | Insula connectivity

While the posterior aspects of the insular cortex represent the pri-
mary interoceptive cortex, anterior insula activity is associated with
the awareness of sensations, including hunger and satiation, and this
brain region is concerned with the integration of interoceptive, affec-
tive, attentional, and motivational signals.!® Furthermore, through its
connections with several other brain networks, the anterior insula is
a key node in other overlapping brain networks involved in ingestive
behavior and food-related sensations. These networks include the sa-
lience network, which in close association with the anterior cingulate
cortex functions to identify and respond to salient, homeostatically
relevant events among hoth internal and external stimuli,?® and the
extended reward network.”**?

Despite minor differences between left and right insula, meal-induced
reductions in connectivity were observed between the bilateral insula
and resting state networks representing bilateral anterior cingulate and
medial orbitofrontal cortex (ACC/mOFC), right temporoparietal junction
(TPJ), and medial and lateral prefrontal regions. The ACC and its subre-
gions have close connections with anterior insula and their co-activation
plays an important role in the generation of sensory and motivational
aspects of emotional ﬂ:cl'u'\gskM The medial OFC is part of the prefron-
tal cortex and receives projections from thalamic subregions. It plays an
important role in reward-related decision-making.*® The TPJ is an associ-
ation area which integrates information from both the external and the
internal environment. It incorporates information from the thalamus and
emotion-related brain regions, and from the visual, auditory, and somato-
sensory systems. When viewed together, the ingestion of the test meal
was associated with extensive reductions in connectivity of the bilateral
anterior insula with brain regions involved in sensory integration, salience
assessment, and reward. This may reflect a reduction in communication
within key regions of the salicnce network following meal ingestion.

4.3 | Correlation of functional network changes with
subjective meal responses

Postprandial subjective sensations (satiety, fullness) and valenced feel-
ing states (digestive well-being) depend on multiple factors. While the
underlying neural circuitry responsible for these subjective responses
is incompletely understood, we demonstrate significant correlations
between these subjective responses and particular alterations in brain
intrinsic connectivity. A greater meal-induced decrease in insula-ACC/
mOFC connectivity was associated with a greater increase in satiety, full-
ness, and digestive well-being. Thus, a reduction incommunication within
key regions of the salience network following meal ingestion appears to
be important for overall success of the meal in producing a homeostati-
cally favorable state. In contrast, a greater meal-induced decrease in
thalamus-caudate connectivity was associated with a smaller increase in
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satiety, and a greater meal-induced increase in connectivity between the
thalamus and the sensory cortex was associated with a smaller increase
in fullness. Thus, changes in thalamic connectivity appear to be more re-
lated to a state of unfulfillment following meal ingestion.

4.4 | Limitations of study

We acknowledge several limitations of our study. Firstly, to prevent
potential gender-related variability in the responses to food ingestion,
only males were included in this proof-of-concept study. Furthermore,
no formal sample size calculations were performed, and given the large

number of variables analyzed, some effects may have been missed.

4.5 | Conclusions and clinical implications

Our findings demonstrate extensive meal induced changes in the con-
nectivity of key brain networks and regions which are involved in the
sensory, affective and motivational aspects of food intake. The gen-
eral pattern suggests a reduction in connectivity within major sensory
brain networks, and between key regions of the extended reward net-
work. While the interpretation of all network changes will require ad-
ditional research, our findings suggest that postprandial sensations of
satiety and well-being are a reflection of specific connectivity changes
within the extended reward network (including anterior insula, thala-
mus, medial orbital frontal cortex, and caudate nucleus) and in sensory
brain networks. Future studies in patients with functional dyspepsia
who experience greater satiation and primarily negative-valence post-
prandial sensations will be able to identify disease-related differences
in these central network changes.
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ABSTRACT
Background: We have previously shown that the postprandial experience
includes cognitive sensations, such as satiety and fullness, with a hedonic
dimension involving digestive well-being and mood. Preload conditioning has
been shown to modulate appetite and food consumption under certain
conditions, but its effects on the responses to meal ingestion are not clear. We
hypothesized that appetite modulation by preload conditioning has differential
effects on the cognitive and the emotive responses to meal ingestion.
Methods: The effects of preload conditioning (ingestion of a low-vs a high-
calorie breakfast) on appetite and on the cognitive and emotive responses to a
comfort probe meal ingested 2 hours later (ham and cheese sandwich with
orange juice; 300 mL, 425 Kcal) was tested in healthy subjects (n=12) in a
cross-over design. Sensations were measured at regular intervals 15 minutes
before and 60 minutes after the probe meal.
Key Results: As compared to the low-calorie breakfast, the high-calorie
breakfast reduced basal hunger sensation and influenced the responses to the
subsequent probe meal: it increased satiety (4.3+0.2 score vs 2.7+£0.2 score;
P<.001) and fullness (5.4+0.5 score vs 3.1+0.5; P<.001), but reduced the
expected postprandial experience of digestive well-being after a palatable meal
(1.3£0.7 score vs 3.0+0.3; P=.045).
Conclusion and Inferences: Appetite modulation by preload conditioning has

differential effects on the cognitive and emotive responses to a meal. Preload
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conditioning of the postprandial experience may be applicable to dietary

planning and prevention of postprandial symptoms.
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1 | INTRODUCTION

Abstract

Background: We have previously shown that the postprandial experience includes
cognitive sensations, such as satiety and fullness, with a hedonic dimension involving
digestive well-being and mood. Preload conditioning has been shown to modulate
appetite and food consumption under certain conditions, but its effects on the
responses to meal ingestion are not clear. We hypothesized that appetite modulation
by preload conditioning has differential effects on the cognitive and the emotive
responses to meal ingestion.

Methods: The effects of preload conditioning (ingestion of a low- vs a high-calorie
breakfast) on appetite and on the cognitive and emotive responses to a comfort probe
meal ingested 2 hours later (ham and cheese sandwich with orange juice; 300 mL,
425 Kcal) was tested in healthy subjects (n=12) in a cross-over design. Sensations
were measured at regular intervals 15 minutes before and 60 minutes after the probe
meal.

Key Results: As compared to the low-calorie breakfast, the high-calorie breakfast
reduced basal hunger sensation and influenced the responses to the subsequent
probe meal: it increased satiety (4.3+0.2 score vs 2.7+0.2 score; P<.001) and full-
ness (5.4+0.5 score vs 3.1+0.5; P<.001), but reduced the expected postprandial ex-
perience of digestive well-being after a palatable meal (1.3+0.7 score vs 3.0+0.3;
P=.045).

Conclusion and Inferences: Appetite modulation by preload conditioning has differen-
tial effects on the cognitive and emotive responses to a meal. Preload conditioning of
the postprandial experience may be applicable to dietary planning and prevention of
postprandial symptoms.

KEYWORDS
meal ingestion, palatability, postprandial sensations, hedonic response, appetite, preload test

that these sensations have a hedonic dimension involving digestive
well-being, ie, satisfaction, and mood." When the conditions in terms

Meal ingestion induces a metered digestive response and conscious
sensations.’™ We have previously shown that the postprandial expe-
rience includes cognitive sensations, such as satiety and fullness, and

Abbreviations: LCB, low-calorie breakfast; HCB, high-calorie breakfast.

Neurogastroenterol Motil. 2017,e13072.
https://doi.org/10.1111/nmo.13072

wileyonlinelibrary.com/journal/nmo

of meal characteristics, subject preparation and digestive response,
are appropriate the cognitive sensations have a pleasant dimension;
however, in other conditions the same type of cognitive sensations, ie,
the same degree of satiety/fullness, may have an aversive dimension.
Hence, the cognitive and hedonic components of the postprandial

© 2017 John Wiley & Sons Ltd | 1of5



86

PRIBIC €7 AL

295 | WiLEY- [e——mm—m

experience are dissociable. A recent study further showed that both
components are associated to the activity in specific brain regions.”

The responses to meal ingestion are influenced by conditioning
factors.” Preload conditioning, ie, a previous meal has been shown
to modulate appetite and food consumption under certain condi-
tions, but its effects on the responses to meal ingestion are not
clear.®® We hypothesized that appetite modulation by preload con-
ditioning has differential effects on the cognitive and the emotive
responses to meal ingestion, specifically increase in satiety/fullness
and decrease in satisfaction. To test our hypothesis we designed a
cross-over study in healthy subjects testing the effect of preload
conditioning (ingestion of a low- vs a high-calorie breakfast) on ap-
petite and on the cognitive and emotive responses to a probe meal
ingested 2 hours later.

2 | MATERIAL AND METHODS

2.1 | Participants

Twelve healthy, weight-stable, non-obese men without history of
gastrointestinal symptoms were recruited by public advertising to
participate in the study. Exclusion criteria were chronic health con-
ditions, prior obesity, use of medications (except sporadic use of
NSAIDs and antihistaminics), history of anosmia and ageusia, current
dieting or any pattern of selective eating such as vegetarianism, alco-
hol abuse, and use of recreational drugs. Absence of current digestive
symptoms was verified using a standard abdominal symptom ques-
tionnaire (no symptom =2 on a 0-10 scale). Psychological and eating
disorders were excluded using the following tests: Hospital Anxiety
and Depression scale (HAD), Dutch Eating Behavior Questionnaire
(DEBQ-Emotional eating, External eating, Restrained eating), and
Physical anhedonia scale (PAS). Candidates were asked whether they
liked the test meals to be tested (see below) and only those who did
so were recruited.

Participants were instructed to refrain from strenuous physical
activity the day before and from alcohol and smoking on the study
day. The protocol for the study had been previously approved by the
Institutional Review Board of the University Hospital Vall d'Hebron,

and all participants gave written informed consent.

2.2 | Experimental design

The effect of a previous breakfast on the responses to a probe meal
was studied in a crossover design. The effects of low-calorie vs a
high-calorie test breakfasts were tested on different days and bal-
anced order. Participants were instructed to eat a standard dinner
the day before, to consume the test breakfast at home after over-
night fast, and to report to the laboratory, where the probe meal was
administered 2 hours after breakfast. Studies were conducted in a
quiet, isolated room with participants sitting on a chair. Perception
was measured at 5 minutes intervals 15 minutes before and 20 min-
utes after ingestion and at 10 minutes intervals up to 60 minutes
after the probe meal. Based on previous data with the same probe

Key points

= The postprandial experience includes cognitive sensa-
tions, such as satiety and fullness, with a hedonic dimen-
sion involving digestive well-being and mood.

Appetite modulation by preload conditioning influences
the responses to a subsequent meal ingested 2 hour

later.

Preload conditioning has differential effects on the cogni-
tive and emotive dimensions of the postprandial
experience.

meal,” sample size was estimated assuming a 15% difference in post-
prandial digestive well-being with 80% power and 5% significance
threshold.

2.3 | Test breakfast

2.3.1 | Low-calorie breakfast (LCB)

Coffee with semi-skimmed milk and five biscuits (181 Kcal, 5 g lipids,
27 g carbohydrate, 7 g protein).

2.3.2 | High-calorie breakfast (HCB)

Coffec with semi-skimmed milk and two chocolate doughnuts
(623 Kcal, 39 g lipids, 57 g carbohydrate, 11 g protein). To standard-
ize the high-caloric breakfast, participants obtained the doughnuts
directly in the research unit the day before the test.

24 | Probe meal

The probe meal consisted of a warm sandwich (58 g bread with 12 g
butter, 38 g ham and 38 g cheese) and 200 mL orange juice (300 ml
total volume, total caloric content of 425 Keal, 17 g lipids, 47 g car-
bohydrates, 18 g proteins). The sandwich was cooked in a hot plate
(Sandwich Maxi 20, Fagor, Olite, Spain) for 3 minutes and adminis-
tered at standard temperature (allowed to cool down covered by a
napkin for 3 minutes at room temperature). Subjects were instructed
to eat at their rate of choice. The probe meal was selected by a series
of preliminary studies in healthy subjects showing a consistent cogni-
tive response (satiety) with a pleasurable hedonic dimension (pleasant

sensation).”

2.5 | Perception measurements

Four 10 cm scales graded from =5 to +5 were used to measure: (i)
palatability (very bad-disagreeable/very good-delicious), (i) hunger/
satiety (extremely hungry/completely satiated), (iii) digestive well-
being (extremely unpleasant sensation/extremely pleasant sensa-
tion), and (iv) mood (negative/positive); two additional 10 cm scales
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graded from O (not at all) to 10 (very much) were used to measure:
(i) abdominal bloating-fullness, and (i) discomfort-pain. Subjects re-
ceived standard instructions on how to fill-out the scales.™'° The pal-
atability scale was only scored once immediately after ingestion of
the probe meal.

2.6 | Statistical analysis

Statistical analysis was performed using the SPSS 12.0 (SPSS Inc.,
Chicago, IL, USA) for Windows statistical package. In each subject, the
values were averaged over 15 minutes periods (mean of 3 measure-
ments) before and immediately after the probe meal. Mean or grand
mean values (+SE) of the parameters measured were calculated in
each group of subjects. Normality of data distribution was evaluated
by the Kolmogorov=Smirnov test. Comparisons of parametric, nor-
mally distributed data were made by Student’s t test, paired tests for
intragroup comparisons and unpaired tests for intergroup compari-
sons; otherwise, the Wilcoxon signed rank test was used for paired
data within groups, and the Mann-Whitney U test for unpaired data
between groups. Differences were considered significant at a P<.05.

3 | RESULTS

3.1 | Demographics

Participants were 21-45 years age range with 19.7-24.8 Kg/m? body
mass index range. All participants completed the studies and were in-
cluded for analysis.

3.2 | Baseline conditions before the probe meal

After the low-calorie breakfast, subjects reported hunger, with no sig-
nificant fullness and with sensation of digestive well-being. After the
high-calorie breakfast, participants reported satiety instead of hun-
ger and mild sensation of fullness (P<.001 vs LCB for both). Digestive
well-being was somewhat, but not significantly higher than after the
low-calorie breakfast (P=.102) and in both conditions participants re-
ported a similar level of positive mood. Breakfast preload in either

case did not involve any discomfort.

3.3 | Response to the probe meal

3.3.1 | Responses after the low-calorie breakfast

The test meal was ingested in 308=43s and all participants found
the probe meal highly palatable (mean palatability score 4.3z0.1).
Ingestion of the probe meal induced satiety (P<.001 vs baseline), full-
ness (P<.001 vs baseline), and improved both the sensation of diges-
tive well-being (P<.001 vs baseline) and mood (P=.008 vs baseline)
without abdominal discomfort (Figure 1). By the end of the postpran-
dial observation period all sensations, but mood, had significantly de-
creased (P<.036 for all), although they were all still above pre-meal
levels (P<.027 for all).

3.3.2 | Responses after the high-calorie breakfast

The test meal was ingested in 345=56s. Participants found the same
probe meal somewhat less palatable after the HCB (mean palatability
score 3.3+0.3; P=.006 vs LCB). Ingestion of the probe meal also in-
duced satiation (P<.001 vs baseline) and fullness (P<.001 vs baseline).
Absolute satiation and fullness scores were significantly higher than
after the low-calorie breakfast (P<.001 for both); as compared to the

Satiation

Hunger

10

Fullness

0- [ ]
10 7
Discomfort

0

5

Well-being

aL

postprandial, min

high-calorie —g—

previous breakfast || ‘& oo

*P < 0.05 high- vs low-calorie breakfast

FIGURE 1 Effect of appetite on the responses to a meal. As
compared to the low-calorie breakfast, the high-calorie breakfast
reduced basal hunger sensation, and selectively influenced the
responses to a meal ingested 2 hour later: it increased satiety and
fullness, but reduced the expected postprandial experience of
digestive well-being
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LCB the change from pre-meal levels was similar for fullness and sig-
nificantly smaller for satiation (P=.023). Interestingly, after the HCB
the probe meal had no significant effect on digestive well-being and
mood (P=.714 and P=.076 vs bascline, respectively); both the change
in well-being, and the postprandial scores, were significantly smaller
than after the LCB (P=.005 and P=.045 respectively). By the end of the
postprandial observation period satiety and fullness had significantly
decreased (P=.002 and P=.003 vs early postprandial, respectively); and
all sensations, but mood, scored the same as before the probe meal
(P>.082 for all). By the end of the postprandial observation period sati-
ety and fullness were still higher than after the LCB (P5.001 for both).

4 | DISCUSSION

Our study demonstrates that appetite modulation by preload condi-
tioning has differential effects on the cognitive and emotive responses
to a meal. Indeed, as compared to a low-calorie breakfast, a high-
calorie breakfast, that reduced basal hunger sensation, influenced the
responses to a subsequent meal: it increased satiety and fullness, but
reduced postprandial satisfaction and the expected sensation of di-
gestive well-being after a palatable comfort meal.

The relation between satiety/fullness and satisfaction after meal
ingestion is complex. Cognitive sensations that fit into the same de-
scriptors may have a different hedonic dimension. In a previous study
we observed that increasing the caloric content of a meal with minimal
change in meal volume and palatability (doubling the ham and cheese
portions of a sandwich) increased postprandial satisfaction with lim-
ited effects on satiation.” In these experiments we did not perform a
dose/response test, and hence, we cannot ascertain how the amount
of meal influences the relation between cognitive and hedonic com-
ponents of the postprandial experience. Conceivably, with small meals
satisfaction parallels satiation, but at a certain level of satiation, satis-
faction may decline; the factors that determine this yield point are not
clear, and our study demonstrates the contribution of preload condi-
tioning in this context.

Qur study proves the concept of preload conditioning of the post-
prandial experience, and conceivably this effect depends on a series
of interrelated factors in the conditioning paradigm. In the first place,
the effect depends on the characteristics of the preload stimulus. 111
In our experimental design we included two breakfasts with different
caloric content consumed under standard conditions (previous dinner

1 Ly s

and overnight fast), and their effect on b appetite, sp y
on hunger scores two hours later, was distinctively and significantly
different, hence, accomplishing the purpose of the preload test.

In previous studies, the effect of preload conditioning on appe-
tite levels and subsequent food consumption was variable 574 The
relation between the preload amount and the intermeal interval {time
lapse between conditioning and probe stimuli) are important, because
the effect of the preload fades overtime.'® Furthermore, food con-
sumption is not only driven by hunger, and other independent fac-
tors, such as “wanting’, education and personality traits, may have

confounded the effect of the preload test in previous studies ' The

impact of these factors was reduced in our design that evaluated the
effects after consumption of a standard probe meal.

The probe meal also determines the effect of com‘l'rtioning,"“'16
Indeed, previous studics showed that palatable meals with similar ca-
loric content to the current probe meal but different composition (lig-
uid nutrient preparations) induced satiation with a negative hedonic
dimension; ie, a sense of dissatisfaction.”'?

The preload test influences appetite by homeostatic and cogni-
tive/psychologic mechanisms, and these factors may be also involved
in conditioning the postprandial experience.” Indeed, preload condi-
tioning may influence visceral signaling, both gastric and intestinal,
post-absorptive effects and the homeostatic responses to the probe
meal.}”*® The individual role of these factors is difficult to determine,
because they are interrelated. In a previous study, we showed that
experimentally induced fullness sensation by either gastric distension
or intestinal nutrient infusion, conditioned the response to a meal and
the effect depended on whether nutrient or inert meals were tested.
Metabolomic studies showed that the cognitive and hedonic com-
ponents are related with different blood metabolites.! Furthermore,
studies with brain imaging indicate that both responses are linked to
specific brain activities.*?"?! These differences may explain the dif-
ferential effect of conditioning on the cognitive and hedonic responses
to the probe meal.

The cffects of preload conditioning, ie, increase in saticty/full-
ness and decrease in digestive well-being, are potentially relevant
for dietary planning in clinical practice, but are still a fragment of in-
formation to be considered within a very complex context involving
appetite, homeostatic signaling and eating behavior. Conditioning the
postprandial experience could also play a role in the management of
patients complaining of postprandial symptoms.”” On the other hand,
in the context of gastronomy, our data indicate that when considering
the dining experience, the guest’s previous meal may have to be taken
into consideration.
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ABSTRACT

Background: Ingestion of a meal induces homeostasis-related sensations
(satiety/fullness) that have a hedonic dimension (satisfaction/mood). We have
previously shown that a previous physiological intervention, a meal preload,
influences the responses to a subsequent meal, specifically: it increases
satiety/fullness and decreases satisfaction. We now wished to determine the
differential effects of education on the homeostatic and hedonic postprandial

experience.

Methods: Randomized, parallel study comparing the effect of real vs sham
education on the responses to a probe meal. In two groups of healthy subjects
(n = 14 each), homeostatic (satiety, fullness) and hedonic sensations (digestive
well-being, mood) in response to a probe meal (250 mL soup, 25 g bread) were
measured on 2 separate days before and after a single sensory-cognitive
educational intervention (taste recognition test of supra-and sub-threshold

tastands for real and sham education, respectively).

Key Results: Before education, in both groups the probe meal induced
homeostatic sensations (satiety, fullness) with a positive hedonic dimension
(increased digestive well-being and mood). In contrast to sham education, real
education enhanced both homeostatic and hedonic responses to the probe

meal (P < .05 vs sham education for all).
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Conclusions and Inferences: Education modifies the subjects’ receptiveness
and influences the responses to a meal, not only the hedonic postprandial
experience, but also homeostatic sensations. Since homeostatic and hedonic
responses are dissociable, education might be tailored to target different

conditions.
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1 | INTRODUCTION

F. Azpiroz"23

Abstract

Background: Ingestion of a meal induces homeostasis-related sensations (satiety/
fullness} that have a hedonic dimension (satisfaction/mood). We have previously
shown that a previous physiological intervention, a meal preload, influences the re-
sponses to a subsequent meal, specifically: it increases satiety/fullness and decreases
satisfaction. We now wished to determine the differential effects of education on the
homeostatic and hedonic postprandial experience.

Methods: Randomized, parallel study comparing the effect of real vs sham education
on the responses to a probe meal. In two groups of healthy subjects (n = 14 each),
homeostatic (satiety, fullness} and hedonic sensations (digestive well-being, mood) in
response to a probe meal (250 mL soup, 25 g bread) were measured on 2 separate
days before and after a single sensory-cognitive educational intervention (taste recog-
nition test of supra- and sub-threshold tastands for real and sham education,
respectively).

Key Results: Before education, in both groups the probe meal induced homeostatic
sensations (satiety, fullness) with a positive hedonic dimension (increased digestive
well-being and mood). In contrast to sham education, real education enhanced both
homeostatic and hedonic responses to the probe meal (P < .05 vs sham education for
all).

Conclusions and Inferences: Education modifies the subjects’ receptiveness and influ-
ences the responses to a meal, not only the hedonic postprandial experience, but also
homeostatic sensations. Since homeostatic and hedonic responses are dissociable,
education might be tailored to target different conditions.

KEYWORDS
appetite, education, hedonic response, meal ingestion, postprandial sensations, taste recognition
test

control of eating behavior.” The response to a meal has also a he-
donic dimension that influences digestive well-being and mood.***

Ingestion of a meal activates the digestive system and induces a me-
tered response to accomplish food digcstion.” Meal ingestion also
activates the central nervous system and induces conscious sensa-
tions, such as satiation and fullness, involved in the homeostatic

Neurogastroenterology & Motility. 2017,¢13197.
https://doi.org/10.1111/nme.13197

wileyonlinglibrary.com/journal/nmo

The responses to a meal depend on different factors including the
characteristics of the meal and the individuals' responsiveness,” 12
and these factors may affect differently homeostatic and hedonic

sensations. For instance, we recently showed that a preload modifies

© 2017 John Wiley & Sons Ltd I 1of9
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the individuals’ predisposition to ingestion (reduces appetite) and
thereby increases homeostatic sensations (satiety, fullness) and
impairs the hedonic response (satisfaction, mood) to a subsequent
meal.®

The potential to influence the individuals’ responsiveness to meal
ingestion may have practical relevance in promoting a healthy eating
behavior, as well as in clinical conditions involving impaired, excessive
or painful eating, eg, nutritional deficit, overweight or functional dys-
pepsia, respectively. Sensory-based food education programs have
shown to increase willingness to try vegetables, berries and the pref-
erence for novel foods in children.'*1* Based on these data we hy-
pothesized that education increases the hedonic responses to a meal,
and our aim was to determine the differential effects of education
on the homeostatic and hedonic postprandial experience. To this aim,
we designed a pilot, proof-of-concept study to compare in a parallel
design the effect of real vs sham education on the responses to a
probe meal. Since, cognitive interventions have been also shown to
131" we developed an educational

procedure that combined a sensory training experience plus a cogni-

influence the responses to a mea

tive intervention, to maximize its potential effects. As probhe meal we
used a soup with a rich, complex and unconventional flavor that was
tested before and after a single educational intervention. The changes
in the responses after real education were compared to those after
sham education.

2 | MATERIALS AND METHODS

2.1 | Participants

Twenty-cight healthy, non-obese men, non-dieting and weight-stable
without history of gastrointestinal symptoms were recruited by public
advertising to participate in the study. Exclusion criteria were chronic
health conditions, prior obesity, use of medications (except sporadic
use of NSAIDs and antihistaminics), history of anosmia and ageusia,
current dieting or any pattern of sclective eating such as vegetarian-
ism, alcohol abuse and use of recreational drugs. Absence of current
digestive symptoms was verified using a standard abdominal symp-
tom questionnaire (no symptom >2 on a 0-10 scale). Psychological
and eating disorders were excluded using the following tests:
Hospital Anxiety and Depression scale (HAD), Dutch Eating Behavior
Questionnaire (DEBQ - Emotional eating, External eating, Restrained
eating), and Physical anhedonia scale (PAS). Candidates were asked
whether in principle they liked vegetable soup (the probe meal to be
used; see below) and those who did not were not included.

The protocol for the study had been previously approved by the
Institutional Review Board of the University Hospital Vall d'Hebron,
and all participants gave written informed consent.

2.2 | Experimental design

This study was a randomized, single-center, parallel and single-blind
study performed between November 2016 and January 2017. The

Key Points

= Ingestion of a meal induces homeostasis-related sensa-
tions (satiety/fullness) that have a hedonic dimension
(satisfaction/mood).

* Education influences both homeostatic and hedonic re-
sponses to a meal.

« Since homeostatic and hedonic responses are dissociable,
education might be tailored to target different
conditions.

study investigated the effect of a sensory-cognitive educational in-
tervention on the postprandial experience by comparing the effect of
real vs sham education on the responses to a probe meal. The study
protocol was registered with the ClinicalTrials.gov (NCT02997917).
All coauthors had access to the study data and reviewed and ap-
proved the final manuscript.

2.3 | General procedure

In each group the responses to the same probe meal were meas-
ured on two consecutive days before and after the educational in-
tervention. The intervention was performed on the first study day
90 minute after the meal test. For both study days, participants were
instructed to refrain from strenuous physical activity and to eat a
standard dinner the day before (100 g chicken, 50 g rice, 50 g white
bread and 1 apple; 503 Kcal, 7 g fat, 82 g carbohydrates, 30 g pro-
tein), to refrain from smoking on the study day, to consume only
a standard breakfast at home after overnight fast (200 mL coffee
with semi skimmed milk and sandwich with 50 g white bread, 30 g
ham and 40 g cheese; 338 Kcal, 11 g fat, 38 g carbohydrate g, 24 g
protein), and to report to the laboratory, where the probe meal was
administered 3 hours after breakfast. Studies were conducted in a
quiet, isolated room with participants sitting on a chair. Perception
was measured at 5 minute intervals 10 minute before and 20 minute
after ingestion, and at 10 minute intervals up to 60 minute after the
probe meal. For this pilot study, no formal sample size calculation

was performed.

24 | Randomization and masking

Participants were randomized by a computer generated randomiza-
tion list. Participants did not know whether they were assigned to re-
ceive the real or the placebo education, and all underwent the same
interventions.

2.5 | Probe meal

The probe meal consisted of 250 mL vegetable soup and 25 g white
bread (Pan de molde blanco sin corteza, Hacendado, Valencia, Spain).
As in previous studies,! the soup was administered at controlled
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TABLE 1 Education procedure

Detection threshold

Tastands Supra-threshold®  Sub-threshold”
Sweet: glucose, %° 10 05
Salty: NaCl, %° 0.9 0.05
Umami: monosodium 15 0.02

glutamate, %°
Sour: citric acid, %° 0.5 0.025
Bitter: quinine, %° 0.01 0.00006
Carrot broth Original 99.40% dilution
Leek broth Original 99.85% dilution
Onion broth Original 99.85% dilution

“Real education.
“Sham education.
% = g/100 mL water.

temperature (55°C) and at a standard rate: 50 mL soup and 5 g bread
were administered every minute (total ingestion time 5 minute). The
main ingredients of the soup were onion, leek and carrot cooked at
low temperature to enhance their flavor.

2.6 | Perception measurements

Four 10 cm scales graded from -5 to +5 were used to measure: (i)
palatability (very bad-disagreeable/very good-delicious), (i) hunger/
satiety (extremely hungry/completely satiated), (iii) digestive well-
being (extremely unpleasant sensation/extremely pleasant sensa-
tion) and (iv) mood (negative/positive); two additional 10 cm scales
graded from O (not at all) to 10 (very much) were used to measure:
(v) abdominal bloating-fullness, and (vi) discomfort-pain. Subjects
received standard instructions on how to fill-out the scales.” The
palatability scale was only scored immediately after ingestion of the
probe meal.

2.7 | Educational intervention

The educational procedure consisted of a sensory training experience
combined with a cognitive intervention, whose rationale was to en-
hance the participants’ sensory discrimination and their taste aware-
ness of the probe meal. Solutions of the five basic tastes (sweet, salty,
umami, sour, and bitter) and broths of the 3 main components of the
probe soup (carrot, onion and leck) were used. Solutions at supra- and
sub-threshold concentrations for detection were prepared based on
published data '*® by a series of preliminary studies in a group of
healthy subjects, testing progressively increasing dilutions of the origi-
nal preparations (Table 1). Solutions (10 mL of basic tastes and 20 mL
of each compenent of the soup) were given every 10 minute with a
mouth rinse after each test. Subjects were instructed that they were
going to test a series of solutions and that after each test they had to
score the sensation of sweet, salty, umami, sour and bitter on 0-10
scales (tasteless—very intense taste), and palatability on a -5 to +5
score scale (see above).

— WILEY "’

In the real education group, supra-threshold solutions of each
tastand (Table 1) were given, and after each test the investigator
described the characteristics of the solution tested. At the end of
the tasting procedure, the investigator described the main ingredi-
ents of the soup (carrot, onion, leek) and its special preparation by
prolonged cooking at a low temperature to preserve and potentiate
the flavor of its components. In the sham education group, sub-
threshold tastands (Table 1) were tasted and rated with no expla-
nation provided.

28 | Statistical analysis

Statistical analysis was performed using the GraphPad Prism ver-
sion 6.00 for Windows statistical package, (GraphPad Software, La
Jolla, California www.graphpad.com). Mean (£SE) palatability scores
and basal sensations (average of the 3 premeal measurements) were
compared between study groups. Normality of data distribution was
evaluated by the Kolmogorov-Smirnov test. Comparisons of paramet-
ric, normally distributed data were made by Student's t-test, paired
tests for intragroup comparisons and unpaired tests for intergroup
comparisons; otherwise, the Wilcoxon signed-rank test was used for
paired data within groups, and the Mann-Whitney U-test for unpaired
data between groups.

Temporal responses to meal ingestion on each study day were
analyzed using one-way ANOVA for repeated measurements of the
whole curve (10 minute pre and 60 minute postprandial period);
when the ANOVA was significant, posthoc comparisons hetween
time and points were performed applying the Bonferroni muitiple
comparison correction procedure. Previous studies with the same
type of meal showed that the effects of the meal (and the differ-
ences between experimental conditions) were more prominent in
the early postprandial period. For this reason, the effect of educa-
tion (pre vs after and real vs sham) was evaluated using the first
three time-points after the meal. In each group, comparisons be-
tween pre- and after education (day effect) were performed with
a two-way repeated measure ANOVA (dependent variable: first
three postprandial sensations scores normalized from basal; within-
subjects factors: time and day). Comparisons between real and
sham education (education effect) were performed with a two-way
mixed ANOVA (dependent variable: change in normalized postpran-
dial sensations from day 1 to day 2; within-subjects factor: time;
between-subjects factor: education). ANOVA assumptions were
checked and when sphericity was violated, Greenhouse-Geisser

correction was applied.

3 | RESULTS

3.1 | Demographics and study compliance

No demographic differences were detected between the control
group (20-37 years age range; 19.5-24.9 kg/m” BMI; 11.7 = 1.1
stools per week; 3.5 = 0.2 score on the Bristol stool form scale)
and the education group (20-45 years age range; 21.5-24.7 kg/
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FIGURE 1 Effect of education on food liking. Real education
increased the palatability of the probe meal (pre- vs post by paired
Student's t test), whereas sham education had no effect. The effect
of real education (post minus prescores) was significantly higher than
that of sham education (by unpaired Student's t test). Individual data
and mean = SE shown

m? BMI: 12.5 + 0.9 stools per week: 3.8 = 0.1 score on the Bristol
stool form scale). All participants completed the tests (n = 14 per
group) and were included for analysis. In each test, participants
followed the instructions and ingested the probe meal at the rate
indicated.

3.2 | Control group: Within-group analyses

3.2.1 | First study day (pre-education)

Before the probe meal, participants reported significant hunger
(negative hunger/satiety scores) without fullness, neutral digestive
well-being and positive mood (Figure 2). Participants found the probe
meal palatable (Figure 1). Meal ingestion induced satiety, some degree
of fullness, and sensation of digestive well-being (main time effect
P <.001 for all; see Table 2) (Figure 2). These sensations gradually de-
cayed (Figure 2), but posthoc comparisons showed that all scores re-
mained significantly higher than premeal scores (applying Bonferroni
multiple comparisons correction) throughout the observation period,
except for fullness, which fell to premeal levels 15 minute after meal
ingestion.

3.2.2 | Sham education

All sub-threshold tastands were rated alike (Figure 3).

3.2.3 | Second study day (after sham education)

Baseline conditions before ingestion (mean premeal values day 1 vs
day 2) and palatability of the soup were similar to day 1. The responses
to the probe meal were all similar to day 1 without significant differ-
ences between both study days in any of the parameters tested (main
time effect P < .001 for all; main day effect P > .25 for all) (Table 2 and
Figures 1 and 2).

3.3 | Education group: Within-group analyses

3.3.1 | First study day (pre-education)

As in the sham education group, before the probe meal participants
were hungry and on a positive mood (Figure 2), and found the soup
palatable (Figure 1). Meal ingestion induced satiety, fullness, sensa-
tion of digestive well-being and enhanced mood scores (main time
effect P <.004 for all; see Table 2) (Figure 2). Postprandial scores
gradually decayed (Figure 2), but posthoc comparisons showed that
all scores remained significantly higher than premeal scores (applying
Bonferroni multiple comparisons correction) throughout the observa-
tion period except for fullness and mood, which fell to premeal levels
20 minute after meal ingestion.

3.3.2 | Real education

In the real education group, participants distinctively recognized the
five basic tastands and a sweet-salty-umami pattern in the carrot, leak
and onion broths (Figure 3).

3.3.3 | Second study day (after real education)

As compared to the first study day, before the meal, participants re-
ported somewhat more hunger (P = .006) and lower digestive well-
being (P = .005). The second study day. the palatability score (Figure 1)
was higher than the first study day (P < .001).

The responses to the probe meal were more pronounced than
during the first study day (main time effect P < .001 for all) with signif-
icant main day effect for satiety [F (1,13) = 28.5; P = .001] fullness [F
(1,13) = 8.1; P = .014] and well-being [F (1,13) = 30.8; P < .001] witha
trend for mood [F (1,13) = 3.5; P = .085] (Table 2).

34 | Effect of sham vs real education: Between-
group analyses

3.4.1 | Firststudy day (pre-education)

No consistent differences in baseline conditions, palatability of the
soup and in the responses to the probe meal were detected between
the education and the control group, except for somewhat less hunger
before the meal (P = .034) (Figure 1 and 2).
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TABLE 2 Statistical data

Satiety Fullness Well-being Mood
Temporal responses to meal®
Before sham education {day 1)
Timeeffect F(3.0,39.0)=27.5 F(26,334)=94 F(22,287)=9.2 F(19,252)=23
P<.001 P<.001 P<.001 P=.123
After sham education (day 2)

Time effect  F (3.2,42.7) = 28.7
P<.001

F(2.6,33.2) =100
P<.001

F(3.8,49.0) = 19.0
P<.001

F(2.1,27.0)= 1.0
P =375

Before real education (day 1)

Time effect  F(2.1,27.9) =127
P<.001

F(2.8,36.7) =108
P<.001

F(3.2,41.8) = 14.0
P<.001

F(3.2,42.0) = 4.0
P =004

After real education (day 2}

Time effect F (25,327} =47.2 F(3.9,51.3) =400 F(3.0,29.3)=41.2 F(3.3,428} =69
P <.001 P<.001 P<.001 P <.001
Pre- vs after education”
Sham education (day1 vs day 2}
Time effect  F (2, 26) = 1.41 F(2,26)=291 F(2,26)=3.14 F (2, 26) = 0,134
P=.263 P=.072 P =.060 P=.875
Dayeffect F(1,13)=0289 F(1,13)=143 F(1,13) = 0.904 F(1,13) = 0.967
P=.599 pP=.252 P=.359 P =.343
Time*day  F(2,26) = 1.00 F(2,26)=151 F (2, 26) = 0.157 F (2,26} = 0.134
interaction P =.382 P=.240 P=.856 P=.875
Real education (day 1 vs day 2)
Time effect  F (2, 26) = 1.05 F(2,26) = 1.44 F(2,26) = 0,426 F (2, 26) = 0.684
P =366 P =.256 P=.657 P =.513
Day effect  F(1,13) = 28.5 F(1,13) = 8.1 F(1,13) = 30.8 F(1,13) = 3.48
P=.001 P=.014 P<.001 P=.085
Time* day F(2,26)=1.93 F(2,26)=0220 F(2,26)=3.85 F(2,26)=1.71
interaction P =.165 P=.804 P=.034 P=.201
Sham vs real education”
Time effect F(2,52)=2.51 F(2,52) =0.676 F(2,52) =199 F (2, 52) = 0.597
P=.092 P=.513 P=.147 P=.554
Education F (1,26} =16.5 F(1,26)=8.76 F(1,26)=13.6 F (1,26} = 4.4
effect P =.004 P=.007 P=.001 P=.046
Time* F(2,52)=0769 F(2,52)=1.05 F(2,52)=1.23 F(2,52) =126
education P=.469 P=.356 P=.299 P=.292
interaction

“One-way ANOVA. Dependent variable: all pre- and postprandial values.
PTwo-way repeated measures ANOVA. Dependent variable: three-first postprandial values normalized

from basal,

“Two-way mixed ANOVA. Dependent variable: change in three-first postprandial values normalized
from basal, from day 1 to day 2.

3.4.2 | Education

In the real education group, ratings of the five basic tastes were sig-
nificantly different than the corresponding sub-threshold solutions
in the sham education intervention (P < .001 for all), NaCl (salty)
and citric acid (sour) solutions were also scored a mild umami taste
(P =.035 and P=.017 vs sub-threshold tastands, respectively) and
the bitter taste was found disagreeable (-3.7 = 0.4 palatability score
vs -0.2 £ 0.2 score with the sub-threshold tastand; P <.001). All 3
components of the soup (carrot, leak and onion broths) were found

palatable (1.7 = 0.4 score, 2.1 = 0.3 score, and 2.9 = 0.3 score, respec-
tively; P < .001 vs respective sham solutions for all) and with a differ-
ent sweet-salty-umami pattern than the sham solutions.

3.4.3 | Second study day (after real education)

Bascline sensations before the meal were similar as in the control
group. The second study day after the education intervention, the
palatability score (Figure 1) was higher than in the control group
(P =.001).
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FIGURE 2 Effect of education on the homeostatic (A) and the hedonic responses (B) to a probe meal. Real education increased both

the homeostatic responses and hedonic responses to the probe meal, whereas sham education had no effect. For clarity, only P values
corresponding to education effect are shown: comparisons between real and sham education (education effect) were performed with a two-
way mixed ANOVA using the change in postprandial sensations (first 3 time-points after the meal normalized from basal) from day 1 to day 2.
All sensations measured on 10 point scales (fullness scored from O to 10, and hunger/satiety, well-being and mood from -5 to +5). Data are

mean = SE

The change produced by real education (increase in sensation
scores from day 1 to day 2) was significantly different than that of
sham education (no change) with significant main education effect for
satiety [F (1.26) = 16.5; P = .004], fullness [F (1,26) = 8.8; P = .007],
well-being [F (1,26) = 13.6; P=.001], and mood [F (1,26) = 4.4;
P = 046] (Table 2).

4 | DISCUSSION

Our study demonstrates that education modifies the subjects’ recep-
tiveness and influences the responses to a meal, not only the hedonic
postprandial experience, but also homeostatic sensations.

The probe meal used in our study induced a clear and consistent
response, involving homeostatic sensations with a positive hedonic di-
mension, ie, pleasant satiety/fullness sensation. In contrast to sham ed-
ucation, real education had a series of significant effects: (i) participants
were hungrier before the probe meal, (i) rated the probe meal more pal-
atable, (iii) experienced more postprandial satisfaction and (iv) reported
higher satiety and fullness sensation. Different mechanism could me-
diate these effects of education on the responses to a meal (Figure 4).

In the first place, increased hunger sensation before the second
probe meal could be related to the dinner's sensory expectation, ie,

“anticipatory reward’, induced by the educative intervention.'™” It

has been shown that a milkshake presented as high-calorie, high-fat,
indulgent product elicited a higher rise in ghrelin in anticipation to
ingestion, a marker to hunger, than when the same shake was pre-
sented as low-calorie, low-fat, sensible product.’®

Higher palatability of the probe meal, indicative of “meal liking",
could be directly related to enhance sensory discrimination by the
taste identification test in the education procedure.’** Higher pal-
atability could be also related to more hunger before the meal: in a
previous study, appetite experimentally manipulated by a preload
test, was directly related to higher palatability ratings of a subsequent
probe meal.®

The increased hedonic response to the meal after education, an
indication of “consummatory reward”, could be related to several
factors, among them appetite. Indeed, in the previous preload ex-
periments, more hunger before ingestion was associated to more
postprandial satisfaction.® This could be considered an extension of
the concept of alliesthesia, postulating that the hedonic responses
depend on the internal state.’® Furthermore, increased palatabil-
ity may have also played a role, because under cqual conditions,
postprandial well-being is directly related to meal palatability. It
has been shown that postingestive signals influence perceived
pleasantness. Our study demonstrates a component of perceived



100

PRIBIC T AL
REAL EDUCATION SHAM EDUCATION
suprathreshold tastands subthreshold tastands

Glucose

.Lm_da__—_

10 4

NaC/

o

10 1

10 1

Citric
acid

(=]
b

Gluta-
mate
o
*
*
* -+
*

10

Quinin

E

[
o
J
)

Carrot
*
*
*

:
%

Leek
3

|

10

Onion

s ~
Y & >
S & & & S S &
5 & RS &
& S & ST s
* P<005 vs sham t P<.035 vs sham
FIGURE 3 Responses to tastands. Supra-thresholds tastands
in the real education intervention elicited distinctive gustatory

responses, whereas sub-threshold tastands in the sham education
intervention did not. Data are mean = SE

pleasantness that can be activated by a previous educational inter-
vention. However, whether this component is independent of post-
ingestive signals, is not clear, because it has been shown that the
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FIGURE 4 Effects of education on the responses to a meal:
potential mechanisms. Education resulted in a significant increase in
hunger (appetite), meal palatability, postprandial digestive well-being
and satiety/fullness; arrows indicate potential influences either
potentiation (green) or inhibition (red)

physiological responses to a meal (changes in ghrelin blood levels)
can be modified by a cognitive intervention influencing mindset be-
fore ingestion.'”

Interestingly, education also increased postprandial satiety and
fullness sensation. The effects of education on homeostatic sen-
sations seem not related to the hedonic responses, because the
mechanisms that may increase hedonic sensations, ie, hunger and
meal palatability, have been shown to reduce homeostatic sensa-
tions.**” Hence, the influence of education on postprandial saticty/
fullness observed might be mediated by independent mechanisms,
such as mindset, attention and more intense oropharingeal expe-
rience. Previous studies modulating attention/distraction indicated
that attention increases perception of intestinal stimuli,”? as well as
fullness sensation after a meal,”” and conceivably, the degree of the
dinner's attention to the probe meal was enhanced by education.
On the other hand, it has been shown that slower eating rate pro-
longs oropharingeal signaling and increases satiation, reduces meal
consumption and increases postprandial fullness.?*2 In our study,
both the eating rate as well as the amount of the probe meal con-
sumed were fixed, but it could be speculated that sensory education
enhanced the oropharingeal experience and stronger signaling in-
creased saticty and fullness.””%?

Qur proof-of-concept study demonstrates the potential effects
of education on the responses to food ingestion. We designed the
study with the educational intervention shortly after the first expo-
sure to the probe meal, but the influence of the timing of the in-
tervention with respect to the probe meals and the participant’s
digestive status, ie, fasting or fed state, is not known. Furthermore,
education involved both a cognitive intervention and a sensory train-
ing experience; arguably, the latter may be stronger, but our study
does not discriminate the contribution of each component. In our
paradigm, education enhanced the rewarding value of the meal, in-
creasing both satiation and satisfaction in parallel. This double ho-
meostatic and hedonic effect could be applicable to promote healthy
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eating behavior. However, since both dimensions are disscciable, ed-
ucation might be potentially tailored to produce differential effects.
Indeed, education could focus on emotional aspects targeting the
motivational value of reward clues, the reward secking behavior and
the valence of sensations.”*? Innocuous digestive sensations may
become frightful through associative learning *” and even palatable
foods may become aversive as a consequence of a postingestional
unpleasant experience.’! Hence, education may imprint long-lasting
conditioning effects with practical implications. By increasing satiety
and decreasing satisfaction, education could discourage unhealthy
eating behavior, making unhealthy foods more satiating and less
rewarding. On the other hand, decreasing satiety/fullness and in-
creasing the hedonic response could help in patients with impaired
appetite and deficient caloric intake. It is tantalizing to conceive that
education, by reducing homeostatic sensations and increasing the
hedonic dimension, could improve meal tolerance in patients with
functional gut disorders and reduce early satiation and aversive post-
prandial fullness sensation. 33
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Ingestion of a meal activates a series of receptors, initially linked to
cranial nerves, during the cephalic phase, and subsequently, gastrointestinal
receptors linked to myenteric and autonomic (predominantly vagal) afferents.
Most of these afferents are linked to reflex pathways controlling the digestive
response to the meal, but some afferents ascend up to the brain and mediate
cognitive and hedonic responses.?

Our data show that meal ingestion influences brain activity, and that the
responses of specific brain networks are related to homeostatic postprandial
sensations and their hedonic dimension. Hence, changes in brain network
activity, measured by functional magnetic resonance and resting-state
paradigm, identify the brain substrates of cognitive/hedonic responses to a meal
and may serve as biomarkers and objective surrogates of subjective perception.

In our study only one postprandial scan was acquired, so that our results
are related to the early postprandial phase. The first-day experiment with
sequential measurements of sensations showed specific time effects: while
satiation and fullness partially reverted by 30 min, the effects of meal on
digestive well-being and mood were more prolonged. Conceivably sequential
scanning along the postprandial period may allow to study the dynamic relation
of the cognitive to hedonic responses along the postprandial period.

The meal induced changes in intranetwork connectivity of sub-thalamic
regions and resting state networks implicated in sensory, reward and motivation

regions. These changes may indicate increased transmission of visceral and
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gustatory signals from the thalamus to other brain regions as well as the
implication of the brain’s reward region in the perception of the postprandial
experience. The changes observed in thalamic intrinsic connectivity appear to
be related to the achieving of the homeostatically favorable state.?>® The ventral
medial nucleus receives direct input from the vagal nucleus of the solitary tract,
which conveys visceral and gustatory afferent activity, and projects to the
anterior insula.?®® 2% Anterior insula is the overlapping region of the
homeostatically-relevant and reward related brain networks which plays a role
in the eating behavior and the awareness of food derived sensations.?%° Existing
data suggest that anterior insula, as part of the primary taste cortex, contains
taste neurons for encoding all five basic tastes.?®* Additionally, it appears to be
a processing center for sensations from oral cavity such as temperature and
texture of the food.?®? In our study the probe meal induced reduction in
connectivity of the bilateral anterior insula which may reflect a reduction of
communication within key regions of the salience network following meal

ingestion.

We have identified objective changes in brain connectivity after meal
ingestion under physiological conditions and intended to comprehend some of
the mechanisms which influence the homeostatic and hedonic aspects of the

postprandial experience. In clinical setting brain imaging studies may help to



106
elucidate the entire impact of meal-related complaints in patients with functional

gastrointestinal symptoms.

Meal ingestion induces satiety and fullness and these homeostatic
sensations have a hedonic dimension involving digestive well-being and
mood.*® The postprandial experience depends on the characteristics of the
meal as well as on the features of the subject which can be impacted by a large
variety of conditioning factors. The effect of a specific factor can be tested
keeping constant the rest. These factors are not independent one of the other
and any classification is rather artificial. In principle, in fasting, hungry subjects,
consumption of an appetizing, pleasurable meal up to a level of
satiation/fullness, i.e. hunger suppression, should have a positive hedonic
dimension with pleasurable sensation of digestive well-being and satisfaction.
Independent studies have demonstrated that the digestive well-being depends
on a proper digestive response to the meal: experimental distortion of digestive
function, for instance increasing intragastric pressure by a barostat, induced
satiation with a negative sensation of digestive well-being.*> Eventually, the
characteristics of the meal and external conditioning factors influence the
receptiveness and responsiveness of the subject.

Both the palatability and the composition of the meal play an
independent role. Previous studies have shown that equally likable meals, i.e.

with the same level of palatability, but different composition produced
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distinctively different homeostatic and hedonic postprandial responses, in such
a way that satiety/fullness may have a pleasant or an aversive dimension.” A
recent study from our laboratory showed that as compared to a light meal, a
meal high in fat content, but with otherwise identical characteristics,
presentation and palatability induced more satiety and fullness, but less
satisfaction (unpublished data).

Our studies have shown that the postprandial experience is not only
conditioned by the characteristics of the meal, but also by the status of the
eater. Different approaches can be undertaken to classify the factors not directly
related to the meal that can influence the individual responsiveness and the
postprandial experience. Subject related determinants such as homeostatic and
innate factors as well as education act in cohesion to shape postprandial
experience. The intrinsic innate factors seem to have the preconditioning effect.
However, it is not known whether the part of the population which possesses
the ability for finer taste distinction has as well different postprandial

experience.8% 200

We demonstrated that a breakfast preload influenced the responses to a
test meal eaten 2 hours later. The characteristics of the preload had a
determining impact on the subsequent meal. The high-calorie breakfast reduced
appetite and induced more satiety and fullness but lower postprandial

satisfaction as compared to a light breakfast. Additionally, the later meal was
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found less palatable. The high-calorie preload induced physiological
(homeostatic) effects that influenced the postprandial response to the
subsequent meal.

Our studies showed that education conditioned both homeostatic and
hedonic responses to the meal ingestion. The mechanisms by which education
influences the postprandial experience are not clear and several factors could
contribute to the final effect. The impact that cognitive intervention had on the
attention of the subjects may have influenced fullness sensation as well as the
perception derived from the stimuli originated in digestive tract in general.4t 263
The “anticipatory reward” produced by the educational intervention could be the
reason for increased hunger sensation before the second test meal.®®
Additionally, slower meal ingestion rate prolongs oropharyngeal signalling and
increases satiation and by that reduces the quantity of the ingested meal and
increases postprandial fullness.?64266,  Sensory training applied in our
experimental design may have refined the oropharyngeal signalling and
together with standardized meal ingestion contributed to the increased
perception of satiety and fullness.2%’

Cognitive intervention and sensory training influenced meal liking and
upgraded the sensory discrimination.?3 165 Food liking is directly interconnected
with the reward derived from the eating experience as it constitutes the
anticipation of the hedonic event produced by orosensory stimulation.268

Increased food liking and, therefore, increased anticipation leads to more
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pronounced sensation of hunger prior to the consumption of a meal. These
events in turn lead to increased appetite which may have reflection on the
mechanisms of overeating causing the altered hedonic set-point.58 183

Concurrent conditioning may also involve emotional or cognitive
mechanisms, but their potential effect on the postprandial experience has not
been formally investigated. Factors such as stress, attention and expectation
remain incompletely understood. Environmental conditioning (fragrance,
temperature, light, sound), meal presentation and company have impact on
meal selection and eating behaviour, but their influence on the postprandial
experience has not been investigated.

Some patients with functional gut disorders complain of meal-related
symptoms under certain conditions.® The hedonic dimensions of the response
to a meal in this context may play an important role in patients” behaviour.
Cognitive educational interventions may help change the expectations related to
a particular meal and, thus, a subsequent energy intake by “re-educating” some
aspects of eating behaviour. Our findings, obtained in the exploration of the
postprandial experience, may be applicable to public health strategies and
dietary planning in the management of obesity, eating and functional

gastrointestinal disorders.
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CONCLUSIONS
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. The functional magnetic resonance and resting state paradigm
procedure is reliable for the evaluation of the postprandial experience;
because postprandial sensations measured during the brain imaging
procedure were similar as during physiological conditions.

Perceptual and emotional responses to food intake are related to brain
connectivity in defined functional networks in conjunction with resting-
state paradigm.

Functional magnetic resonance in conjunction with resting-state
paradigm may provide objective biomarkers of subjective effects of meal
ingestion.

Physiological conditioning by appetite modulation influences the
postprandial experience with differential effects on the homeostatic and
hedonic components.

. Cognitive conditioning by education modifies the subjects” receptiveness
and influences the responses to a meal, not only the hedonic

postprandial experience, but also homeostatic sensations.



112

REFERENCES



10.

11.

12.

113

Johnson L, Ghishan F, Kaunitz J, Merchant J, Said H, Wood J.
Physiology of the Gastrointestinal Tract. vol. 1-2, 2012. Elsevier Inc.

Villoria A, Azpiroz F, Soldevilla A, Perez F, Malagelada JR. Abdominal
accommodation: a coordinated adaptation of the abdominal wall to its
content. Am J Gastroenterol. 2008 Nov;103 (11):2807-15

Boeckxstaens G. et al. Fundamentals of Neurogastroenterology:
Physiology/Motility — Sensation. Gastroenterology, 2016 May:150
(6):1292-304.e2

Power ML, Schulkin J. Anticipatory physiological regulation in feeding
biology: Cephalic phase responses. Appetite. 2008;50(2-3):194-206.

Feinle-Bisset C, Azpiroz F. Dietary lipids and functional gastrointestinal
disorders. Am J Gastroenterol 2013; 108:737-747.

Bajzer M, Seeley RJ. Physiology: obesity and gut flora. Nature.
2006;444(7122):1009-10.

Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A
human gut microbial gene catalogue established by metagenomic
sequencing. Nature. 2010;464(7285):59-65.

Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR,
et al. Enterotypes of the human gut microbiome. Nature.
2011;473(7346):174-80.

Simren M, Barbara G, Flint HJ, Spiegel BM, Spiller RC, Vanner S, et al.
Intestinal microbiota in functional bowel disorders: a Rome foundation
report. Gut. 2013;62(1):159-76.

Aziz Q, Doré J, Emmanuel A, Guarner F, Quigley EM. Gut microbiota
and gastrointestinal health: current concepts and future directions.
Neurogastroenterol Motil. 2013;25(1):4-15.

Wu GD, Lewis JD. Analysis of the human gut microbiome and ssociation
with disease. Clin Gastroenterol Hepatol. 2013;11(7):774-7.

Manichanh C, Eck A, Varela E, Roca J, Clemente JC, Gonzalez A, et al.
Anal gas evacuation and colonic microbiota in patients with flatulence:
effect of diet. Gut. 2014 Mar;63(3):401-8.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

114

Verdu EF, Bercik P, Verma-Gandhu M, Huang XX, Blennerhassett P, J
Jackson W, et al. Specific probiotic therapy attenuates antibiotic induced
visceral hypersensitivity in mice. Gut. 2006;55(2):182-90.

Eutamene H, Lamine F, Chabo C, Theodorou V, Rochat F, Bergonzelli
GE, et al. Synergy between Lactobacillus paracasei and its bacterial
products to counteract stress-induced gut permeability and sensitivity
increase in rats. J Nutr. 2007;137(8):1901-7.

Phillips RJ, Powley TL. Innervation of the gastrointestinal tract: patterns
of aging. Autonomic neuroscience : basic & clinical. 2007;136(1-2):1-19.

Accarino AM, Azpiroz F, Malagelada JR. Symptomatic responses to
stimulation of sensory pathways in the jejunum. Am J Physiol 1992;
263:G673.

Accarino AM, Azpiroz F, Malagelada JR. Selective dysfunction of
mechanosensitive intestinal afferents in the irritable bowel syndrome.
Gastroenterology 1995; 108:636.

Azpiroz F, Malagelada JR. Perception and reflex relaxation of the
stomach in response to gut distension. Gastroenterology 1990; 98:1193.

Rouillon JM, Azpiroz F, Malagelada JR. Reflex changes in intestinal tone:
relationship to perception. AM J Physiol 1991; 261:G280.

Notivol R, Coffin B, Azpiroz F, Mearin F, Serra J, Malagelada JR. Gastric
tone deternimes the sensitivity of stomach to distension.
Gastroenterology 1995; 108:330.

Distrutti E, Azpiroz F, Soldevilla, Malagelada JR et al. Gastric wall
tension determines perception of gastric distension. Gastroenterology
1999; 116:1035.

Price DD, Long S, Huitt C. Sensory testing of pathophysiological
mechanisms of pain in patients with reflex symapthetic dystrophy. Pain
1992; 49:163.

Gracely RH. Studies of pain in normal man. In: Wall PD, Melzack R, eds.
Textbook of Pain. 3rd ed. Edinburgh: Churchil Livingstone, 1994:315-
336.

Accarino AM, Azpiroz F, Malagelada JR. Gut perception in humans is
modulatedd by interacting gut stimuli. Am J Physiol 2002; 282:G220.



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

115

Villanova N, Azpiroz F, Malagelada JR. Perception and gut reflexes
induced by stimulation of gastrointestinal thermoreceptors in humans. J
Physiol (Lond) 1997; 502:215.

Van Oudenhove L, Vandenberghe J, Dupont P, Geeraerts B, Vos R, Dirix
S, Bormans G, Vanderghinste D, Van Laere K, Demyttenaere K, Fischler
B, Tack J. Abnormal regional brain activity during rest and (anticipated)
gastric distension in functional dyspepsia and the role of anxiety: a
H(2)(15)O-PET study. Am J Gastroenterol. 2010 Apr; 105(4):913-24.

Van Oudenhove L, Coen SJ, Aziz Q. Functional brain imaging of
gastrointestinal sensation in health and disease. World J Gastroenterol.
2007 Jul; 13(25): 3438—3445.

Apiroz F, Malagelada JR. Gastric tone measured by an electronic
barostat in health and postsurgical gastroparesis. Gastroenterology
1987; 92:934-943.

Azpiroz F, Savioli B. Barostat measurements. In: Shuster MM, Crowel
MD, Koch KL, eds. Schuster atlas of Gastrointestinal Motility in Health
and Disease. 2nd ed. Hamilton, ON: BC Decker, 2002: 151-170.

Serra J, Apiroz F, Malagelada JR. Modulation of gut perception by spatial
sumation phenomena. J Physiol (Lond.) 1998; 506:579-587.

Carrasco M, Apiroz F, Malagelada JR. Modulation of gastric
accommodation by duodenal nutrients. WJG. 2005; 11:4848-51.

Accarino AM, Azpiroz F, Malagelada JR. Modification of small bowel
mechanosensitivity by intestinal fat. Gut 2001; 48:690-695.

Davison JS, Clarke GD. Mechanical properties and sensitivity to CCK of
vagal gastric slowly adapting mechanoreceptors. Am J Physiol 1988;
225:G55-G61.

Feinle C, D"Amato M, Read NW. Cholecystokinin-A receptors modulate
gastric sensory and motor responses to gastric distension and duodenal
lipid. Gastroenterology 1996; 110:1379-1385.

De Broucker, Cesaro, Wilier, Le Bars. Diffuse noxious inhibitory controls
in man. Involvement of the spino reticular tract. Brain 1990; 113:1223-
1234.



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

116

Melzack R. Folk medicine and the sensory modulation of pain. In: Wall
PD, Melzack R, eds. Text-book of Pain. 3rd ed. Edinburgh: Churchil
Livingstone, 1994: 1209-1217.

Coffin B, Azpiroz F, Malagelada JR. Somatic stimulation reduces
perception of gut distension. Gastroenterology 1994; 1191-1208.

Ken K, Randich A, Gebhart GF. Effects of electrical stimulation of vagal
afferents on spinothalamic tract cells in the rat. Pain 1991; 44:311-319.

Aggarwal A, Cutts, Abell, Cardoso, Familoni, Bremer, Karas.
Predominant symptoms in irritable bowel syndrome correlate with
specific autonomic nervous system abnormalities. Gastroenterology
1994; 106:945-950.

lovino P, Azpiroz F, Domingo, Malagelada JR. The sympathetic nervous
system modulates perception and reflex responses to gut distension in
humans. Gastroenterology 1995; 108:680-686.

Accarino AM, Azpiroz F, Malagelada JR. Attention and distraction: effects
on gut perception. Gastroenterology 1997; 113:415-422.

Ford MJ, Camilleri M, Zinsmeister, Hanson. Psychosensory modulation
of colonic sensation in human transverse and sigmoid colon.
Gastroenterology 1995; 109:1772-1780.

Radziwon CD, Lackner JM. Cognitive Behavioral Therapy for IBS: How
Useful, How Often, and How Does It Work? Curr Gastroenterol Rep.
2017 Aug 17;19(10):49.

Windgassen S, Moss-Morris R, Chilcot J, Scibelli A, Goldsmith K,
Chalder T. The journey between brain and gut: A systematic review of
psychological mechanisms of treatment effect in irritable bowel
syndrome. Br J Health Psychol. 2017 Jun 1. doi: 10.1111/bjhp.12250.
Epub ahead of print.

Malagelada C, Mendez S, Accarino A, Molne L, Malagelada JR, Azpiroz
F. Digestive, cognitive and hedonistic responses to meal ingestion.
Neurogastroenterol Motil. 2012;2(24):A98.

Azpiroz F, Bouin M, Camilleri M, Mayer EA, Poitras P, Serra J, et al.
Mechanisms of hypersensitivity in IBS and functional disorders.
Neurogastroenterol Motil. 2007;19(1 Suppl):62-88.



47.

48.

49.

50.

51.

52.

53.

4.

55.

56.

117

Kellow JE, Azpiroz F, Delvaux M, Gebhart GF, Mertz HR, Quigley EM, et
al. Applied principles of neurogastroenterology: physiology/motility
sensation. Gastroenterology. 2006;130(5):1412-1420.

Feinle C, Meier O, Otto B, D'Amato M, Fried M. Role of duodenal lipid
and cholecystokinin A receptors in the pathophysiology of functional
dyspepsia. Gut. 2001;48(3):347-355.

Caldarella MP, Milano A, Laterza F, Sacco F, Balatsinou C, Lapenna D,
et al. Visceral sensitivity and symptoms in patients with constipation- or
diarrhea-predominant irritable bowel syndrome (IBS): effect of a low-fat
intraduodenal infusion. Am J Gastroenterol. 2005;100(2):383-389.

Simren M, Abrahamsson H, Bjornsson ES. Lipid-induced colonic
hypersensitivity in the irritable bowel syndrome: the role of bowel habit,
sex, and psychologic factors. Am J Gastroenterol. 2007;5(2):201-208.

van Boxel OS, ter Linde JJ, Oors J, Otto B, Feinle-Bisset C, Smout AJ, et
al. Duodenal lipid-induced symptom generation in gastroesophageal
reflux disease: role of apolipoprotein A-IV and cholecystokinin.
Nweurogastroenterol Motil. 2012;24(4):350-e168.

Barbera R, Feinle C, Read NW. Nutrient-specific modulation of gastric
mechanosensitivity in patients with functional dyspepsia. Dig Dis Sci.
1995;40(8):1636-1641.

Barbera R, Feinle C, Read NW. Abnormal sensitivity to duodenal lipid
infusion in patients with functional dyspepsia. Eur J Gastroenterol.
1995;7(11):1051-1057.

Serra J, Salvioli B, Azpiroz F, Malagelada JR. Lipid-induced intestinal
gas retention in irritable bowel syndrome. Gastroenterology.
2002;123(3):700-706.

Lacy BE, Carter J, Weiss JE, Crowell MD. The effects of intraduodenal
nutrient infusion on serum CCK, LES pressure, and gastroesophageal
reflux. Neurogastroenterol Motil. 2011;23(7):631-e256.

Simren M, Agerforz P, Bjornsson ES, Abrahamsson H. Nutrient-
dependent enhancement of rectal sensitivity in irritable bowel syndrome
(IBS. Neurogastroenterol Motil. 2007;19(1):20-29.



S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

118

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD,
Julius D. The capsaicin receptor: a heat-activated ion channel in the pain
pathway. Nature. 1997;389(6653):816-824.

Hammer J, Fuhrer M, Pipal L, Matiasek J. Hypersensitivity for capsaicin
in patients with functional dyspepsia. Neurogastroenterol Motil.
2008;20(2):125-133.

Holzer P. Capsaicin: cellular targets, mechanisms of action, and
selectivity for thin sensory neurons. Pharmacol Rev. 1991;43(2):143-201.

Richter JE. Stress and psychologic and environmental factors in
functional dyspepsia. SWcand J Gastroenterol. 1991;182:40-46.

Talley NJ, Weaver AL, Zinsmeister AR. Smoking, alcohol, and
nonsteroidal anti-inflammatory drugs in outpatients with functional
dyspepsia and among dyspepsia subgroups. Am J Gastroenterol.
1994:89(4):524-528.

Friedlander PH. Food and indigestion. An investigation of possible
relationships. Br Med J. 1959;2(5164):1454-1458.

Carvalho RV, Lorena SL, Almeida JR, Mesquita MA. Food intolerance,
diet composition, and eating patterns in functional dyspepsia patients.
Dig Dis Sci. 2010;55(1):60-65.

Filipovi¢ BF, Randjelovic T, Kovacevic N, Milini¢ N, Markovic O, Gaji¢ M,
et al. Laboratory parameters and nutritional status in patients with
functional dyspepsia. Eur J Intern Med. 2011;22(3):300-304.

Mullan A, Kavanagh P, O'Mahony P, Joy T, Gleeson F, Gibney MJ. Food
and nutrient intakes and eating patterns in functional and organic
dyspepsia. Eur J Clin Nutr. 1994;48(2):97-105.

Kaess H, Kellermann M, Castro A. Food intolerance in duodenal ulcer
patients, non ulcer dyspeptic patients and healthy subjects. A prospective
study. Klin Wochenschr. 1988;66(5):208-211.

Cecil JE, Francis J, Read NW. Relative contributions of intestinal, gastric,
oro-sensory influences and information to changes in appetite induced by
the same liquid meal. Appetite. 1998;31(3):377-390.



68.

69.

70.

71.

72.

73.

74.

75.

76.

17.

78.

79.

119

Feinle-Bisset C, Meier B, Fried M, Beglinger C. Role of cognitive factors
in symptom induction following high and low fat meals in patients with
functional dyspepsia. Gut. 2003;52(10):1414-1418.

Pilichiewicz AN, Horowitz M, Holtmann GJ, Talley NJ, Feinle-Bisset C.
Relationship between symptoms and dietary patterns in patients with
functional dyspepsia. Clin Gastroenterol Hepatol. 2009;7(3):317-322.

Saito YA, Locke GR, Weaver AL, Zinsmeister AR, Talley NJ. Diet and
functional gastrointestinal disorders: a population-based case-control
study. Am J Gastroenterol. 2005;100(12):2743-2748.

Rajilic-Stojanovic M, Biagi E, Heilig HG, Kajander K, Kekkonen RA, Tims
S, et al. Global and deep molecular analysis of microbiota signatures in
fecal samples from patients with irritable bowel syndrome.
Gastroenterology. 2011;141(5):1792-1801.

Jeffery IB, O'Toole PW, Ohman L, Claesson MJ, Deane J, Quigley EM,
et al. An irritable bowel syndrome subtype defined by species-specific
alterations in faecal microbiota. Gut. 2011;61(7):997-1006.

Ciccantelli B, Pribic T, Malagelada C, Accarino A, Azpiroz F. Relation
between cognitive and hedonic responses to a meal. Neurogastroenterol
Motil. 2017 May;29(5): e13011.

Berridge KC. Food reward: brain substrates of wanting and liking.
Neurosci Biobehav Rev. 1996;20(1):1-25.

Shepherd GM. The Human Sense of Smell: Are We Better Than We
Think? PLoS Biol. 2004. May;2(5): e146.

Lawless H. The sense of smell in food quality and sensory evaluation.
Journal of Food Quality 1991. 14(1): 33-60.

Todrank J, Bartoshuk LM. A taste illusion: Taste sensation localized by
touch. Physiol Behav. 1991 Nov;50(5):1027-1031.

Duffy VB. Variation in oral sensation: implications for diet and health.
Curr Opin Gastroenterol. 2007 Mar;23(2):171-177.

Hayes JE, Bartoshuk LM, Kidd JR, Duffy VB. Supertasting and PROP
bitterness depends on more than the TAS2R38 gene. Chem Senses.
2008 Mar;33(3):255-265.



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

120

Dalton P, Doolittle N, Nagata H, Breslin PA. The merging of the senses:
integration of subthreshold taste and smell. Nat Neurosci. 2000
May;3(5):431-432.

Liu D, Deng Y, Sha L, Abul Hashem M, Gai S. Impact of oral processing
on texture attributes and taste perception. J Food Sci Technol. 2017
Jul;54(8):2585-2593.

Hogenkamp PS. The effect of sensory-nutrient congruency on food
intake after repeated exposure: do texture and/or energy density matter?
Physiol Behav. 2014 Sep;136:86-90.

Bult JH, de Wijk RA, Hummel T. Investigations on multimodal sensory
integration: texture, taste, and ortho- and retronasal olfactory stimuli in
concert. Neurosci Lett. 2007 Jan 3;411(1):6-10.

Bajec MR, Pickering GJ. Thermal taste, PROP responsiveness, and
perception of oral sensations. Physiol Behav. 2008 Nov 28;95(4):581-
590.

Zampini M, Spence C. Assessing the Role of Visual and Auditory Cues in
Multisensory Perception of Flavor. In: Murray MM, Wallace MT, editors.
The Neural Bases of Multisensory Processes. Boca Raton (FL): CRC
Press/Taylor & Francis; 2012. Chapter 37.

Endo H, Ino S, Fujisaki W. Texture-dependent effects of pseudo-chewing
sound on perceived food texture and evoked feelings in response to
nursing care foods. Appetite. 2017 Sep 1;116:493-501.

Maga JA. Influence of color on taste thresholds. Chemical Senses. 1974
Jan; 1:115-119.

Frank RA, Ducheny K, Mize SJS. Strawberry odor, but not red color,
enhances the sweetness of sucrose solutions. Chemical Senses. 1989
June;14:371-377.

DuBose CN, Cardello AV, Maller O. Effects of colorants and flavorants
on identification, perceived flavor intensity, and hedonic quality of fruit-
flavored beverages and cake. Journal of Food Science. 1980; 45: 1393—
1399.

Beauchamp GK, Mennella JA. Flavor Perception in Human Infants:
Development and Functional Significance. Digestion. 2011 Mar;83(Suppl
1):1-6.



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

121

Forestell CA. The Development of Flavor Perception and Acceptance:
The Roles of Nature and Nurture. Nestle Nutr Inst Workshop Ser.
2016;85:135-43.

Drewnowski A, Mennella JA, Johnson SL, Bellisle F. Sweetness and
Food Preference. The Journal of Nutrition. 2012;142(6):1142S-1148S.

Chaudhari N, Roper SD. The cell biology of taste. The Journal of Cell
Biology. 2010;190(3):285-296.

Barham P, Skibsted L, Bredie W, Bom Frgst M, Mgller P, Risbo J,
Snitkjeer P,Mgrch Mortensen L. Molecular Gastronomy: A New Emerging
Scientific Discipline. Chemical Reviews 2010 110 (4), 2313-2365.

Pliner P, Pelchat ML. Similarities in food preferences between children
and their siblings and parents. Appetite. 1986 Dec;7(4):333-342.

Mura Paroche M, Caton SJ, Vereijken CM JL. Weenen H, Houston-Price
C. How Infants and Young Children Learn About Food: A Systematic
Review. Frontiers in Psychology 2017;8:1046. ISSN=1664-1078.

Tack J, Piessevaux H, Coulie B, et al. Role of impaired gastric
accommodation to a meal in functional dyspepsia. Gastroenterology
1998;115:1346-1352.

Birch LL, Fisher JO, Davison KK. Learning to overeat: Maternal use of
restrictive feeding practices promotes girls’ eating in the absence of
hunger. American Journal of Clinical Nutrition. 2003;78:215-220.

Fisher JO, Birch L. Restricting access to foods and children’s eating.
Appetite. 1999;32:405-419.

Herman CP, Polivy J. A boundary model for the regulation of eating. In:
Stunkard AJ, Stellar E, editors. Eating and Its Disorders. New York, NY:
Raven Press; 1984. 141-156.

Herman CP, Mack D. Restrained and unrestrained eating. Journal of
Personality. 1975;43:647—-660.

Stunkard A, Messick S. The three-factor eating questionnaire to measure
dietary restraint, disinhibition and hunger. Journal of Psychosomatic
Research. 1985;29:71-83.



108.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

122

Blundell JE, Hill AJ. Analysis of hunger: interrelationships with
palatability, nutrient composition and eating, in Hirsch J and Van Itallie
TB (eds). Recent advances in obesity research IV, 1985; 118-129.
London: Libbey.

Van lItallie TB, Vanderweele DA. The phenomena of satiety. In Bjorntorp
P et al. (eds.). Recent advances in obesity research Ill, 1981; 278-2809.
London: Libbey.

Malagelada C, Malagelada JR. The dysfunctional gut. Curr Gastroenterol
Rep. 2010 Aug;12(4):242-248.

Bellisle F, Drewnowski A, Anderson GH, Westerterp-Plantenga M, Martin
CK. Sweetness, satiation, and satiety. J Nutr. 2012 Jun;142(6):1149S-
1154S.

Sorensen LB, Moller P, Flint A, Martens M, Raben A. Effect of sensory
perception of foods on appetite and food intake: a review of studies on
humans. Int J Obes Relat Metab Disord 2003 Oct;27(10):1152-1166.

Sanger GJ, Hellstrom PM, Naslund E. The Hungry Stomach: Physiology,
Disease, and Drug Development Opportunities. Frontiers in
Pharmacology. 2010;1:145.

Caldarella MP, Azpiroz F, Malagelada J. Selective effects of nutrients on
gut sensitivity and reflexes. Gut. 2007;56(1):37-42.

Hunt RH, Camilleri M, Crowe SE, et al. The stomach in health and
disease. Gut. 2015;64(10):1650-1668.

Asano H, Tomita T, Nakamura K, et al. Prevalence of Gastric Motility
Disorders in Patients with Functional Dyspepsia. Journal of
Neurogastroenterology and Motility. 2017;23(3):392-399.

Brun R, Kuo B. Functional dyspepsia. Therapeutic Advances in
Gastroenterology. 2010;3(3):145-164.

Clarke G, Stiling RM, Kennedy PJ, Stanton C, Cryan JF, Dinan TG.
Minireview: Gut Microbiota: The Neglected Endocrine Organ. Molecular
Endocrinology. 2014;28(8):1221-1238.

Lyte M. Microbial endocrinology: Host-microbiota neuroendocrine
interactions influencing brain and behavior. Gut Microbes. 2014;5(3):381-
389.



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

123

Gao Q, Horvath TL. Neuronal control of energy homeostasis. FEBS
letters. 2008;582(1):132-141.

Dardeno TA, Chou SH, Moon H-S, Chamberland JP, Fiorenza CG,
Mantzoros CS. Leptin in Human Physiology and Therapeutics. Frontiers
in neuroendocrinology. 2010;31(3):377-393.

Park H-K, Ahima RS. Physiology of leptin: energy homeostasis,
neuroendocrine function and metabolism. Metabolism: clinical and
experimental. 2015;64(1):24-34.

Overduin J, Figlewicz DP, Bennett-Jay J, Kittleson S, Cummings DE.
Ghrelin increases the motivation to eat, but does not alter food
palatability. American Journal of Physiology - Regulatory, Integrative and
Comparative Physiology. 2012;303(3):R259-R2609.

Perell6 M, Zigman JM. The role of ghrelin in reward-based eating.
Biological psychiatry. 2012;72(5):347-353.

Mason BL, Wang Q, Zigman JM. The Central Nervous System Sites
Mediating the Orexigenic Actions of Ghrelin. Annual review of physiology.
2014;76:519-533.

Crum AJ, Corbin WR, Brownell KD, Salovey P. Mind Over Milkshakes:
Mindsets, Not Just Nutrients, Determine Ghrelin Response. Health
Psychology. 2011; 30(4), 424-429.

Camilleri M. Peripheral mechanisms in appetite regulation.
Gastroenterology. 2015;148(6):1219-1233.

Egecioglu E, Skibicka KP, Hansson C, et al. Hedonic and incentive
signals for body weight control. Reviews in Endocrine & Metabolic
Disorders. 2011;12(3):141-151.

Jenkins TA, Nguyen JCD, Polglaze KE, Bertrand PP. Influence of
tryptophan and serotonin on mood and cognition with a possible role of
the gut-brain axis. Nutrients. 2016;8(1):56.

Richard DM, Dawes MA, Mathias CW, Acheson A, Hill-Kapturczak N,
Dougherty DM. L-Tryptophan: Basic Metabolic Functions, Behavioral
Research and Therapeutic Indications. International Journal of
Tryptophan Research : IJTR. 2009;2:45-60.



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

124

O'Doherty JP, Deichmann R, Critchley HD, Dolan RJ. Neural responses
during anticipation of a primary taste reward. Neuron 2002; 33:815-826.

De Silva A, Salem V, Matthews PM, Dhillon WAS. The Use of Functional
MRI to Study Appetite Control in the CNS. Experimental Diabetes
Research. 2012;2012:764017.

Val-Laillet D, Aarts E, Weber B, et al. Neuroimaging and
neuromodulation approaches to study eating behavior and prevent and
treat eating disorders and obesity. Neurolmage : Clinical. 2015;8:1-31.

Gorgolewski KJ, Auer T, Calhoun VD, et al. The brain imaging data
structure, a format for organizing and describing outputs of neuroimaging
experiments. Scientific Data. 2016;3:160044.

Lowe MJ, Sakaie KE, Beall EB, et al. Modern Methods for Interrogating
the Human Connectome. Journal of the International Neuropsychological
Society : JINS. 2016;22(2):105-119.

Van Horn JD, Toga AW. Human Neuroimaging as a “Big Data” Science.
Brain imaging and behavior. 2014;8(2):323-331.

Mwangi B, Tian TS, Soares JC. A review of feature reduction techniques
in neuroimaging. Neuroinformatics. 2014;12(2):229-244.

Ugurbil K., Ogawa S. From BOLD contrast to imaging human brain
function, in fMRI: From Nuclear Spins to Brain Functions, eds Uludag K.,
Ugurbil K., Berliner L., editors. Boston, MA: Springer US. 2015; 3-9.

Kwong KK. Record of a Single fMRI Experiment in May of 1991.
Neuroimage. 2012;62(2):610-612.

Soares JM, Magalhdes R, Moreira PS, et al. A Hitchhiker's Guide to
Functional Magnetic Resonance Imaging. Frontiers in Neuroscience.
2016;10:515.

Smith SM. The future of FMRI connectivity. Neuroimage. 2012;62:1257—
1266.

Friston KJ. Functional and effective connectivity: a review. Brain
Connect. 2011;1:13-36.

Liu TT. The development of event-related fMRI designs. Neuroimage.
2012;62:1157-1162.



139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

125

Dale AM. Optimal experimental design for event-related fMRI. Hum.
Brain Mapp. 1999;8:109-114.

Chen JE, Glover GH. Functional Magnetic Resonance Imaging Methods.
Neuropsychology review. 2015;25(3):289-313.

Beckmann CF, DeLuca M, Devlin JT, Smith SM. Investigations into
resting-state connectivity using independent component analysis.
Philosophical Transactions of the Royal Society B: Biological Sciences.
2005;360(1457):1001-1013.

De Luca M, Beckmann CF, De Stefano N, Matthews PM, Smith SM. fMRI
resting state networks define distinct modes of long-distance interactions
in the human brain. Neuroimage. 2006 Feb 15;29(4):1359-1367.

Smith SM, Fox PT, Miller KL, et al. Correspondence of the brain’s
functional architecture during activation and rest. Proceedings of the
National Academy of Sciences of the United States of America.
2009;106(31):13040-13045.

Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gushard DA,
Shulman GL. A default mode of brain function. Proceedings of the
National Academy of Sciences of the United States of America.
2001;98(2):676-682.

Kuenzel WJ. Central neuroanatomical systems involved in the regulation
of food intake in birds and mammals. J Nutr. 1994 Aug;124(8
Suppl):1355S-1370S.

Oomura Y. Input-output organisation in the hypothalamus relating to food
intake behavior. In Handbook of the Hypothalamus: Physiology of the
Hypothalamus. Vol Il. eds Morgane P J, Panksepp J(Dekker, New York).
1981;557-620.

Lin D, Boyle MP, Dollar P, Lee H, Lein ES, Perona P, et al. Functional
identification of an aggression locus in the mouse hypothalamus. Nature
2011;470, 221-226.

Lizarbe B, Benitez A, Pelaez Brioso GA, et al. Hypothalamic metabolic
compartmentation during appetite regulation as revealed by magnetic
resonance imaging and spectroscopy methods. Frontiers in
Neuroenergetics. 2013;5:6.



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

126

Stellar E. The physiology of motivation. Psychol Rev. 1954 Jan;61(1):5-
22.

Anand BK, Brobeck JR. Hypothalamic Control of Food Intake in Rats and
Cats . The Yale Journal of Biology and Medicine. 1951;24(2):123-140.

Uher R, Treasure J. Brain lesions and eating disorders. Journal of
Neurology, Neurosurgery, and Psychiatry. 2005;76(6):852-857.

Fernstrom JD. Effects on the diet on brain neurotransmitters.
Metabolism. 1977 Feb;26(2):207-23.

Shor-Posner G, Grinker JA, Marinescu C, Brown O, Leibowitz SF.
Hypothalamic serotonin in the control of meal patterns and macronutrient
selection. Brain Res Bull. 1986 Nov;17(5):663-671.

Hurley SW, Johnson AK. The role of the lateral hypothalamus and orexin
in ingestive behavior: a model for the translation of past experience and
sensed deficits into motivated behaviors. Frontiers in Systems
Neuroscience. 2014;8:216.

Reichelt AC, Westbrook RF, Morris MJ. Integration of reward signalling
and appetite regulating peptide systems in the control of food-cue
responses. British Journal of Pharmacology. 2015;172(22):5225-5238.

Blasiak A, Gundlach AL, Hess G, Lewandowski MH. Interactions of
Circadian Rhythmicity, Stress and Orexigenic Neuropeptide Systems:
Implications for Food Intake Control. Frontiers in Neuroscience.
2017;11:127.

Morganstern I, Chang G-Q, Karatayev O, Leibowitz SF. Increased orexin
and melanin-concentrating hormone expression in the perifornical lateral
hypothalamus of rats prone to overconsuming a fat-rich diet.
Pharmacology, biochemistry, and behavior. 2010;96(4):413-422.

Malik S, McGlone F, Bedrossian D, Dagher A. Ghrelin modulates brain
activity in areas that control appetitive behavior. Cell Metab 2008;7:400-
4009.

Arbelaez AM, Powers WJ, Videen TO, Price JL, Cryer PE. Attenuation of
counterregulatory responses to recurrent hypoglycemia by active
thalamic inhibition: a mechanism for hypoglycemia-associated autonomic
failure. Diabetes 2008;57:470-475.



160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

127

Teh MM, Dunn JT, Choudhary P, Samarasinghe Y, Macdonald I,
O'Doherty M, Marsden P, Reed LJ, Amiel SA. Evolution and resolution of
human brain perfusion responses to the stress of induced hypoglycemia.
Neuroimage 2010;53:584-92.

Page KA, Seo D, Belfort-DeAguiar R, Lacadie C, Dzuira J, Naik S,
Amarnath S, Cons RT, Sherwin RS, Sinha R. Circulating glucose levels
modulate neural control of desire for high-calorie foods in humans. J Clin
Invest 2011;121:4161-4169.

LiJ, An R, Zhang Y, Li X, Wang S. Correlations of macronutrient-induced
functional magnetic resonance imaging signal changes in human brain
and gut hormone responses. Am J Clin Nutr. 2012 Aug;96(2):275-282.

Lassman DJ, et al. Defining the role of cholecystokinin in the lipid-
induced human brain  activation  matrix.  Gastroenterology.
2010;138(4):1514-1524.

Szalay C, Aradi M, Schwarcz A, Orsi G, Perlaki G, Németh L, Hanna S,
Takécs G, Szabo |, Bajnok L, Vereczkei A, Déczi T, Janszky J, Komoly
S, Ors Horvath P, Lénard L, Karadi Z. Gustatory perception alterations in
obesity: an fMRI study. Brain Res. 2012 Sep 14;1473:131-140.

Weltens N, Zhao D, Van Oudenhove L. Where is the comfort in comfort
foods? Mechanisms linking fat signaling, reward, and emotion.
Neurogastroenterol Motil. 2014 Mar;26(3):303-315.

Hopkins M, Blundell J, Halford J, et al. The regulation of food intake in
humans. In: De Groot LJ, Chrousos G, Dungan K, et al., editors. South
Dartmouth (MA): MDText.com, Inc.; 2000-.

Cabanac M, Duclaux R. Olfactory-Gustatory Alliesthesia and Food Intake
in Humans. J Physiol (Paris) 1973;66(2):113-135.

Rogers PJ, Smit HJ. Food craving and food “addiction”: a critical review
of the evidence from a biopsychosocial perspective. Pharmacol Biochem
Behav. 2000;66:3-14.

Lutter M, Nestler EJ. Homeostatic and Hedonic Signals Interact in the
Regulation of Food Intake. The Journal of Nutrition. 2009;139(3):629-
632.

Benton D. Portion Size: What we know and what we need to know.
Critical Reviews in Food Science and Nutrition. 2015;55(7):988-1004.



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

128

Livingstone MBE, Pourshahidi LK. Portion Size and Obesity. Advances in
Nutrition. 2014;5(6):829-834.

Blundell J, Rogers P, Hill A. Evaluating the satiating power of foods:
implications for acceptance and consumption. In: Food Acceptance and
Nutrition, Eds J Solms, DA Booth, RM Pangborn & O Raunhardt.
London: Academic Press. 1987. 205-219.

Guinard JX, Brun P. Sensory-specific satiety: comparison of taste and
texture effects. Appetite. 1998 Oct;31(2):141-157.

Hetherington MM. Sensory-specific satiety and its importance in meal
termination. Neurosci Biobehav Rev. 1996;20(1):113-117.

Roberto CA, Larsen PD, Agnew H, Baik J, Brownell KD. Evaluating the
Impact of Menu Labeling on Food Choices and Intake. American Journal
of Public Health. 2010;100(2):312-318.

Forwood SE, Ahern A, Hollands GJ, Fletcher PC, Marteau TM.
Underestimating calorie content when healthy foods are present: an
averaging effect or a reference-dependent anchoring effect? Bruce A, ed.
PLoS ONE. 2013;8(8):€71475.

Chaput JP, Tremblay A. The glucostatic theory of appetite control and
the risk of obesity and diabetes. Int J Obes (Lond). 2009 Jan;33(1):46-53.

Mayer J. Glucostatic mechanism of regulation of food intake. N Engl J
Med.1953;249 (1):13-16.

Brobeck, J. R. Yale Journal of Biological Medicine. 1948; 20, 545-552.

Le Magnen J. Interactions of glucostatic and lipostatic mechanisms in the
regulatory control of feeding. In Hunger: Basic Mechanisms and Clinical
Implications, ed. Novin D, Wyrwicka W & Bray GA. 1976; New York:
Raven. 1976. 89-102.

Benoit SC, Davis JF, Davidson TL. Learned and Cognitive Controls of
Food Intake. Brain research. 2010;1350:71-76.

Yamamoto T, Ueji K. Brain Mechanisms of Flavor Learning. Frontiers in
Systems Neuroscience. 2011;5:76.

Booth DA. Satiety and appetite are conditioned reactions. Psychosom
Med. 1977 Mar-Apr;39(2):76-81.



184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

129

Booth DA, Shepherd R. Sensory influences on food acceptance: — the
neglected approach to nutrition promotion. Nutrition Bulletin, 1988; 13:
39-54.

Deutsch JA, Tabuena JA. Learning of gastrointestinal satiety signals.
Behav Neural Biol. 1986 May;45(3):292-299.

Booth, D. A. Mood- and Nutrient-Conditioned Appetites Cultural and
Physiological Bases for Eating Disorders. Annals of the New York
Academy of Sciences 1989, 575: 122-135.

Harris RB. Role of set-point theory in regulation of body weight. FASEB
J. 1990 Dec;4(15):3310-3318.

Garn SM. Role of set-point theory in regulation of body weight. FASEB J.
1992 Jan 6;6(2):794.

West BJ. The Wisdom of the Body; A Contemporary View. Frontiers in
Physiology. 2010;1:1.

Cannon WB. The wisdom of the body. 1932 New York: Norton.

Muller MJ, Bosy-Westphal A, Heymsfield SB. Is there evidence for a set
point that regulates human body weight? F1000 Medicine Reports.
2010;2:59.

Food and Nutrition Board. Dietary reference intakes for energy,
carbohydrate, fiber, fat, fatty acids, cholesterol, protein, and amino acids
(macronutrients) National Academy Press; Washington (DC): 2005.

Brooks GA, Butte NF, Rand WM, Flatt JP, Caballero B. Chronicle of the
Institute of Medicine physical activity recommendation: how a physical
activity recommendation came to be among dietary recommendations.
Am J Clin Nutr. 2004;79(5):921S-930S.

Melby CL, Ho RC, Hill JO. Assessment of human energy expenditure. In:
Bouchard C, editor. Physical activity and obesity. Champaign (IL):
Human Kinetics Publishers; 2000.

Jakicic JM. The role of physical activity in prevention and treatment of
body weight gain in adults. J Nutr. 2002;132(12):3826S—-3829S.

Gerrior S, Juan W, Peter B. An Easy Approach to Calculating Estimated
Energy Requirements. Preventing Chronic Disease. 2006;3(4):A129.



197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.

130

Sims EA. Experimental obesity, dietary-induced thermogenesis, and their
clinical implications. Clin Endocrinol Metab. 1976 Jul;5(2):377-395.

Sims EA, Danforth E Jr, Horton ES, Bray GA, Glennon JA, Salans LB.
Endocrine and metabolic effects of experimental obesity in man. Recent
Prog Horm Res. 1973;29:457-496.

Sims EA, Goldman RF, Gluck CM, Horton ES, Kelleher PC, Rowe DW.
Experimental obesity in man. Trans Assoc Am Physicians. 1968;81:153-
170.

Drewnowski A, Henderson SA, Shore AB, Barratt-Fornell A. Nontasters,
tasters, and supertasters of 6-n-propylthiouracil (PROP) and hedonic
response to sweet. Physiol Behav. 1997;62:649-655.

Duffy VB, Bartoshuk LM. Food acceptance and genetic variation in taste.
J Am Diet Assoc. 2000;100(6):647-655.

Tepper BJ, Nurse RJ. Fat perception is related to PROP taster status.
Physiol Behav. 1997;61(6):949-954.

Tepper BJ, Nurse RJ. PROP taster status is related to fat perception and
preference. Ann N Y Acad Sci. 1998;855:802—-804.

Grimm ER, Steinle NI. Genetics of Eating Behavior: Established and
Emerging Concepts. Nutrition reviews. 2011;69(1):52-60.

Hasselbalch AL, Heitmann BL, Kyvik KO, Sgrensen TI. Studies of twins
indicate that genetics influence dietary intake. J Nutr. 2008
Dec;138(12):2406-2412.

Radziuk J, Pye S. Hepatic glucose uptake, gluconeogenesis and the
regulation of glycogen synthesis. Diabetes Metab Res Rev. 2001 Jul-
Aug;17(4):250-272.

Frayn, K.N. Adipose tissue as a buffer for daily lipid flux. Diabetologia
2002, 45, 1201-1210.

Parlee SD, Lentz SI, Mori H, MacDougald OA. Quantifying Size and
Number of Adipocytes in Adipose Tissue. Methods in enzymology.
2014;537:93-122.

Gurr MI, Jung RT, Robinson MP, James WP. Adipose tissue cellularity in
man: the relationship between fat cell size and number, the mass and



210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

131

distribution of body fat and the history of weight gain and loss. Int. J.
Obes. 1982; 6, 419-436.

Spalding KL, Arner E, Westermark PO et al. Dynamics of fat cell turnover
in humans. Nature 2008; 453, 783-787.

Zahradka P, Taylor C. Understanding adipocyte types and adipose tissue
dynamics for obesity management, Clinical Lipidology, 2015; 10:1, 23-26.

Sjostrom L. Impacts of body weight, body composition and adipose
tissue. In: Stunkard AJ, Wadden TA (eds.), Obesity. Theory and therapy.
New York: Raven Press. 1993. 43-62.

Merchant AT, Vatanparast H, Barlas S, et al. Carbohydrate intake and
overweight and obesity among healthy adults. Journal of the American
Dietetic Association. 2009;109(7):1165-1172.

Malik VS, Hu FB. Popular weight-loss diets: From evidence to practice.
Nat Clin Pract Cardiovasc Med. 2007;4:34-41.

Lopes Rosado E, Chaia Kaippert V, Santiago de Brito R. Energy
expenditure measured by indirect calorimetry in obesity. In: Applications
of calorimetry in a wide context - differential scanning calorimetry,
isothermal titration calorimetry and microcalorimetry, Dr. Amal Ali Elkordy
(Ed.), InTech. 2013. Chapter 13. 309-322.

Jequier E. Carbohydrates as a source of energy. Am J Clin Nutr
1994;59:682S-685S.

Melzer K. Carbohydrate and fat utilization during rest and physical
activity. e-SPEN, the European e-Journal of Clinical Nutrition and
Metabolism 2011; 6(2): e45-e52.

Noack R, Barth CA. Kohlenhydrate unbegrenzt? Ernahrungsumschau
1993; 40:440-444.

Ravussin E, Smith SR. Increased fat intake, impaired fat oxidation, and
failure of fat cell proliferation result in ectopic fat storage, insulin
resistance, and type 2 diabetes mellitus. Ann N Y Acad Sci. 2002
Jun;967:363-378.

Pi-Sunyer FX. Metabolic efficiency of macronutrient utilization in humans.
Crit Rev Food Sci Nutr. 1993;33(4-5):359-361.



221.

222.

223.

224,

225.

226.

227.

228.

229.

230.

132

Galgani J, Ravussin E. Energy metabolism, fuel selection and body
weight regulation. International journal of obesity (2005). 2008;32(Suppl
7):S109-S119.

Flatt JP. Use and storage of carbohydrate and fat. Am J Clin Nutr. 1995
Apr;61(4 Suppl):952S-959S.

Blundell JE, MacDiarmid JI. Fat as a risk factor for overconsumption:
Satiation, satiety, and patterns of eating. J Am Diet Assoc. 1997;97:S63—
69.

Beaulieu K, Hopkins M, Blundell J, Finlayson G. Impact of physical
activity level and dietary fat content on passive overconsumption of
energy in non-obese adults. Int J Behav Nutr Phys Act. 2017 Feb
6;14(1):14.

Rouhani MH, Surkan PJ, Azadbakht L. The effect of preload/meal energy
density on energy intake in a subsequent meal: A systematic review and
meta-analysis. Eat Behav. 2017 Aug;26:6-15.

Blundell J, de Graaf C, Hulshof T, et al. Appetite control: methodological
aspects of the evaluation of foods. Obesity reviews : an official journal of
the International Association for the Study of Obesity. 2010;11(3):251-
270.

Brunstrom JM, Rogers PJ. How many calories are on our plate?
Expected fullness, not liking, determines meal-size selection. Obesity.
2009;17:1884-1890.

Wilkinson LL, Hinton EC, Fay SH, Ferriday D, Rogers PJ, Brunstrom JM.
Computer-based assessments of expected satiety predict behavioural
measures of portion-size selection and food intake. Appetite.
2012;59:933-938.

Bilman E. Doctoral Dissertation. The Wageningen University;
Wageningen, The Netherlands: Feb 26, 2014. Claiming Satiety:
Consumer Perception, Interpretation and Subsequent Food Intake.

Hogenkamp PS, Stafleu A, Mars M, Brunstrom JM, de Graaf C. Texture,
not flavor, determines expected satiation of dairy products. Appetite.
2011;57:635-641.



231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

133

McCrickerd K, Chambers L, Brunstrom J, Yeomans M. Subtle changes in
the flavour and texture of a drink enhance expectations of satiety.
Flavour. 2012;1:20.

Yeomans MR, Chambers L. Satiety-relevant sensory qualities enhance
the satiating effects of mixed carbohydrate-protein preloads. Am. J. Clin.
Nutr. 2011;94:1410-1417.

Herman CP, Mack D. Restrained and unrestrained eating. J Pers. 1975
Dec;43(4):647-660.

Herman CP, Polivy J. Anxiety, restraint, and eating behavior. J Abnorm
Psychol. 1975 Dec;84(6):66-72.

Mills JS, Palandra A. Perceived caloric content of a preload and
disinhibition among restrained eaters. Appetite. 2008 Mar-May;50(2-
3):240-245.

Spencer, J. A., & Fremouw, W. J. Binge eating as a function of restraint
and weight classification. Journal of Abnormal Psychology, 1979;88(3),
262-267.

Schiéth HB, Ferriday D, Davies SR, et al. Are You Sure? Confidence
about the satiating capacity of a food affects subsequent food intake.
Nutrients. 2015;7(7):5088-5097.

Laitinen J, Ek E, Sovio U. Stress-related eating and drinking behavior
and body mass index and predictors of this behavior. Prev Med. 2002
Jan;34(1):29-39.

Devonport TJ, Nicholls W, Fullerton C. A systematic review of the
association between emotions and eating behaviour in normal and
overweight adult populations. J Health Psychol. 2017 Mar
1:1359105317697813.

Bongers P, Jansen A, Havermans R, Roefs A, Nederkoorn C. Happy
eating: the underestimated role of overeating in a positive mood.
Appetite. 2013 Aug;67:74-80.

Bongers P, de Graaff A, Jansen A. 'Emotional' does not even start to
cover it: Generalization of overeating in emotional eaters. Appetite. 2016
Jan 1;96:611-616.



242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

134

Herle M, Fildes A, Steinsbekk S, Rijsdijk F, Llewellyn CH. Emotional
over- and under-eating in early childhood are learned not inherited. Sci
Rep. 2017 Aug 22;7(1):9092.

Koenders PG, van Strien T. Emotional eating, rather than lifestyle
behavior, drives weight gain in a prospective study in 1562 employees. J
Occup Environ Med. 2011 Nov;53(11):1287-1293.

Savage JS, Fisher JO, Birch LL. Parental Influence on Eating Behavior:
Conception to Adolescence. The Journal of law, medicine & ethics: a
journal of the American Society of Law, Medicine & Ethics.
2007;35(1):22-34.

Fisher JO, Rolls RJ, Birch LL. Children's Bite Size and Intake of an
Entree are Greater with Large Portions than with Age-appropriate or Self-
Selected Portions. American Journal of Clinical  Nutrition.
2003;77(5):1164-1170.

Birch LL. Effects of Peer Models' Food Choices and Eating Behaviors on
Preschoolers' Food Preference. Child Development. 1980;51:489-496.

LeVine RA. Human Parental Care: Universal Goals, Cultural Strategies,
Individual Behavior. In: Miller PM, editor. Parental Behavior in Diverse
Societies. New Directions for Child Development, No. 40: The Jossey-
Bass Social and Behavioral Sciences Series. Jossey-Bass; San
Francisco, CA: 1998. 3-12.

Bargh JA, Ferguson MJ. Beyond behaviorism: on the automaticity of
higher mental processes. Psychol Bull. 2000 Nov; 126(6):925-945.

Cohen D, Farley TA. Eating as an Automatic Behavior. Preventing
Chronic Disease. 2008;5(1):A23.

Rosenbaum M, Leibel RL, Hirsch J. Obesity. N Engl J Med. 1997 Aug 7;
337(6):396-407.

Bargh JA, Chartrand TL. The unbearable automaticity of being. American
Psychologist 1999;54(7):462-479.

Rangel A. Regulation of dietary choice by the decision-making circuitry.
Nature neuroscience. 2013;16(12):1717-1724.

Provencher V, Jacob R. Impact of Perceived Healthiness of Food on
Food Choices and Intake. Curr Obes Rep. 2016 Mar;5(1):65-71.



254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

135

Hardcastle SJ, Thggersen-Ntoumani C, Chatzisarantis NLD. Food
Choice and Nutrition: A Social Psychological Perspective. Nutrients.
2015;7(10):8712-8715.

Miller LM, Cassady DL. The effects of nutrition knowledge on food label
use. A review of the literature. Appetite. 2015 Sep;92:207-216.

Carels RA, Konrad K, Harper J. Individual differences in food perceptions
and calorie estimation: an examination of dieting status, weight, and
gender. Appetite. 2007 Sep;49(2):450-458.

Higgs S, Thomas J. Social influences on eating. Current Opinion in
Behavioral Sciences 2016, 9:1-6.

Craig AD. Interoception: the sense of the physiological condition of the
body. Curr Opin Neurobiol. 2003;13:500-505.

Menon V, Uddin LQ. Saliency, switching, attention and control: a network
model of insula function. Brain Struct Funct. 2010;214:655-667.

Kenny PJ. Reward mechanisms in obesity: new insights and future
directions. Neuron. 2011;69:664—-679.

Rolls E.T, Scott T.R. Central taste anatomy and neurophysiology. In:
Doty R.L, editor. Handbook of olfaction and gustation. 2nd edn. Dekker;
New York, NY: 2003. 679-705.

Verhagen J.V, Kadohisa M, Rolls E.T. The primate insular/opercular
taste cortex: neuronal representations of the viscosity, fat texture,
grittiness and taste of foods in the mouth. J. Neurophysiol.
2004;92:1685-1699.

Brunstrom JM, Mitchell GL. Effects of distraction on the development of
satiety. Br J Nutr. 2006;96:761-7609.

Andrade AM, Greene GW, Melanson KJ. Eating slowly led to decreases
in energy intake within meals in healthy women. J Am Diet Assoc.
2008;108:1186-1191.

Robinson E, Almiron-Roig E, Rutters F, et al. A systematic review and
meta-analysis examining the effect of eating rate on energy intake and
hunger. Am J Clin Nutr. 2014;100:123-151.



266.

267.

268.

136

Viskaal-van DM, Kok FJ, de Graaf C. Eating rate of commonly consumed
foods promotes food and energy intake. Appetite. 2011;56:25-31.

Raynor HA, Epstein LH. Effects of sensory stimulation and post-ingestive
consequences on satiation. Physiol Behav. 2000;70:465-470.

Mela DJ. Eating for pleasure or just wanting to eat? Reconsidering
sensory hedonic responses as a driver of obesity. Appetite.
2006;47(1):10-17.



	Títol de la tesi: Cognitive and hedonic responses to meal ingestion
	Nom autor/a: Teodora Pribić


