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Abbreviations

AgRP  Agouti-related protein

BOLD Blood oxygenation level dependent
EEG Electroencephalography

ERP Event related potential

fMRI Functional magnetic resonance imaging
LiCL  Lithium chloride

LPP Late positive potential

MNE  Minimum norm estimate

Nc Nucleus
NPY Neuropeptide Y
PET Positron emission tomography

POMC Proopiomelanocortin
rCBF  Regional cerebral blood flow
ROI Region of interest

142.1 Introduction

The Russian physiologist Pavlov considered eating as the most powerful relationship an organism
has to its surrounding world (Pavlov 1953). This “food connection” is heavily regulated by internal
state variables such as hunger. Prolonged periods of starving are one of the most tragic experiences
of humanity and even mild conditions of food deprivation clearly affect consummatory behavior as
reflected in the saying “hunger is the best spice”.

Everybody knows about the effects of deprivation. The effects appear intuitively so obvious that
the phenomenon receives paradoxically rather too little than too much attention. Consider for
instance the work of Pavlov and Skinner, in which food stimuli play a central role. The empirical
finding that the contingent pairing ol a tone and [ood establishes new behaviors is nowadays taught
in high school. After training, the dog salivates to a previously neutral stimulus. Similarly, knowledge
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about the Skinner box, in which rats may learn to vigorously press a button to obtain food, is well
perceived in the public. Imagine what would happen, if the animals were tested while satiated? The
simple answer is they would probably not learn to press the button or to salivate. The role of depri-
vation in these learning principles is easily overlooked. However, Pavlov was very clear in his writ-
ing by stating that even the most avaricious dog will not learn the salivary response when satiated
(Pavlov 1953). Accordingly, internal state variables have profound effects on responding to and
learning about food cues.

In humans, the effects of prolonged periods of reduced food consumption were investigated in the
Minnesota semi-starvation experiment, which was conducted during Second World War by Keys and
colleagues (Keys et al. 1950). Food intake was greatly limited for several months resulting in pro-
nounced loss of body weight (~25kg). The experiment revealed massive physiological and psycho-
logical effects of semi-starvation. One notable finding is that food became the most important thing
in life (Keys et al. 1950). Preoccupation with food and episodes of binge eating may be also induced
by voluntary restricting food intake as in dieting and restrained eating (Polivy 1996). However,
deprivation need not be sustained over long periods to affect the human feeding system. Acute food
deprivation is associated with increased food consumption compared to nondeprived control groups
(Spiegel et al. 1989; Drobes et al. 2001; Mauler et al. 2006) and increases the reinforce value of food
in behavioral choice paradigms (Raynor and Epstein 2003).

142.2 Deprivation and the Feeding System: Conceptual Considerations

Deprivation affects almost every aspect related to food intake. Animal research over the past decade
allows sketching a basic scheme of the feeding system providing a conceptual framework for the
understanding of the effects of food deprivation on ingestive behaviors. As illustrated in Fig. 142.1,
the organization of goal-directed ingestive behaviors rests on the integration of information about
internal state (e.g., food deprivation), cues from the environment (e.g., availability of palatable food),
and behavioral state (e.g., circadian rhythm). Furthermore, ingestive behavior is temporally orga-
nized in distinct appetitive and consummatory phases (cf., Timberlake 2001). To obtain food, one
has first to look for potential food sources. A general search mode occurs when the subject does not
know where to look for food. Exploratory behaviors bring the organism close to food and a focal
search mode is engaged readying the organism for consummatory behaviors of chewing and swal-
lowing. Ethological observations reveal reflexive-stercotypic behaviors during food consumption,
while appetitive behaviors are more variable and non-stereotypic. These motivational stages differ in
many respects such as temporal and spatial proximity to food consumption, engagement of distinct
perception-action units, and specific cues sensitizing the engagement of stages. Recent research also
suggests that the weighting of external and internal information differs among motivational stages.
When food was readily available, consumption was controlled by the palatability of the food inde-
pendent whether the animal underwent food restriction (~85% of normal weight) or not. Conversely,
measurement of anticipatory locomotor behaviors revealed significant deprivation effects, which
were independent from food palatability (Barbano and Cador 2005).

Great progress has been made to delineate mechanisms how information about internal state is
represented in the brain and controls ingestive behaviors. The brain perceives an array of interosen-
sory signals conveying information about the availability of food and nutrients generated by the
gastrointestinal tract, postabsorptive sites (pancreas, liver, muscle), and stored nutrients in adipose
tissue (Woods et al. 2000; Berthoud and Morrison 2008). While it is recognized that multiple brain
regions are important for perceiving internal state, specific nuclei in the hypothalamus are consid-
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Basic Scheme of the Feeding System
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Fig.142.1 Conceptual framework of the organization of the feeding system (Based on Swanson 2000; Timberlake 2001)

ered as key sites for the integration of metabolic-related information. The nucleus (Nc) arcuatus is
assumed to integrate metabolic information via two populations of neurons (Neuropeptide Y (NPY)/
Agouti-related Protein (AgRP), Proopiomelanocortin (POMC)). These neurons are sensitive to a
number of metabolic-related information (e.g., leptin, insulin, ghrelin) and exert opposite actions on
feeding behavior. Efferents from these neurons to the paraventricular, lateral, and ventromedial
hypothalamus provide a gateway for the translation of metabolic information to adaptive feeding
responses as these neurons project widely through the entire brain (Swanson 2000; Watts and
Swanson 2002; Berthoud and Morrison 2008). Based on anatomical, developmental, genetic, and
functional data, Swanson introduced the concept of the behavioral control column in the rostral
hypothalamus, which is considered as key motor control structure for motivated behaviors of feed-
ing, reproduction, and defense (Swanson 2000). Consistent with its presumed role for ingestive
behaviors, the paraventricular Nc affects many brain regions implicated in the selection, planning,
and execution of specific somatic motor behaviors (cortical, striatal, and pallidal motor structures,
brain stem motor nuclei), endocrine and autonomic responses and behavioral state regulation (see
Fig. 142.2a). Overall, distinct nuclei in the rostral hypothalamus appear critical for the representation
of internal state and provide mechanisms how food deprivation exerts motivational control on inges-
tive behaviors.

The incentive value of food is dynamically adjusted according to variations in internal state of
energy balance. Even the tastiest food item is not consumed when satiated. This finding requires that
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Neural Mechanisms of the Feeding System
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Fig.142.2 (a) Illustration of the concept of the behavioral control column in the medial zone of the hypothalamus. The
rostral segment is thought to regulate basic classes of motivated behaviors (ingestive, reproductive, defensive).
Exploratory or foraging behaviors are assumed to involve the caudal segment (The graph is based on Swanson (2000)
and Watts & Swanson (2002) and the reader is directed to these sources for details) (b) Schematic diagram of key struc-
tures of the motive circuitry implicated in the perception of reward and the activation of adaptive behavioral responses

reward perception is at least in some neural structures profoundly dependent on internal state of
energy balance. Many neural structures sensitive to food reward have been revealed in the past
decade. In the rat, a motive circuitry has been delineated responding to appetitive food stimuli includ-
ing regions in the orbitofrontal cortex, insular cortex, amygdala, Nc. Accumbens, ventral pallidum,
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ventral tegmental area, and dorsal thalamus (see Fig. 142.2b; Kalivas and Nakamura 1999; Holland
and Gallagher 2004; Berridge and Kringelbach 2008; Smith et al. 2009). While the specific contribu-
tions of these structures to the organization of motivated behaviors remains to be determined, unique
contributions among selected structures in controlling ingestive behaviors have been demonstrated.
For instance, recent research has revealed “hedonic hot spots” in the Nc. accumbens and ventral pal-
lidum of the rat brain with different functions in instrumental responding to and consumption of food
and hedonic liking responses measured by facial expression (Smith et al. 2009). Furthermore, core
structures of the motive circuitry are differentially implicated in the phenomenon of classically con-
ditioned eating. In the learning phase, a cue is repeatedly presented when hungry rats are allowed to eat.
During testing, presentation of this cue can stimulate eating even when the rat is satiated. A recent
study suggests that this phenomenon relies on direct pathways from orbitofrontal cortex and basolat-
eral nuclei of the amygdala but not from Nc. accumbens (Petrovich et al. 2005). Furthermore, new
learning induced by devaluation of the food with LiCL (lithium chloride) is abolished when the
orbitofrontal cortex but not the amygdala is lesioned before the devaluation procedure (Pickens et al.
2003). Thus, the orbitofrontal cortex seems to be critical for learning about changes in the stimulus-
reinforcement contingencies. Further differentiation among the contribution of neural structures of
the motive circuitry is suggested when considering the inhibition of the feeding response by fear.
Specifically, inhibition of feeding by presenting a classically conditioned fear stimulus is abolished
when leasoning the central (but not the basolateral) nuclei of the amygdala (Petrovich et al. 2009).
Overall, an interconnected network of neural structures has been revealed which mediates reward
perception and provides gateways to the engagement of feeding motivation and the organization of
appropriate motor responses. In humans, a growing number of studies investigated the hypothesis
that core structures of reward perception are sensitive to incentive value using functional neuroimag-
ing (e.g., Arana et al. 2003; Killgore et al. 2003; Kringelbach et al. 2003; Beaver et al. 2006; Porubsk4
et al. 2006; Schienle et al. 2009). Despite notable differences, the findings support the notion that
incentive value modulates neural activity in core structures of reward processing.

142.3 Food Deprivation and Incentive Value

The understanding of the neural organization of reward perception provides a roadmap for the neu-
roscientific examination of deprivation effects in humans. Early studies investigating fasting and
satiation effects on brain activity revealed that neural activity decreased among other regions in sev-
eral structures of the motive circuitry including orbitofrontal cortex, insular cortex, basal ganglia,
and hypothalamus in satiated as compared to hungry state (Tataranni et al. 1999; Delparigi et al.
2002, 2005). These findings imply that hunger may have profound effects on resting state activity of
the motive circuitry in the absence of external stimulation.

More recent studies investigated the effects of food deprivation on food-related stimulus process-
ing. Incentive motivation theory posits that incentive value of food items is modulated by physiologi-
cal drive states (Toates 1981). According to this hypothesis, core structures of the motive circuitry
are expected to show increased activity to food-related stimuli in deprived as compared to satiated
state. To identify relevant studies, a literature research on public databases (PubMed, Web of Science)
was conducted using a variety of key words (e.g., hunger, deprivation, eating, food). Nine studies
were identified, which directly contrasted deprived and satiated state and measured brain activity in
the motive circuitry to the presentation of food-related stimuli (Tables 142.1 and 142.2).

Hemodynamic measures were used in all studies with functional magnetic resonance imaging
(fMRI) being more common than positron emission tomography (PET), in particular in most recent



Table 142.1 Schematic overview of fMRI- and PET-studies investigating deprivation effects on food stimulus processing

Hours of Day time Manipulation Assessment
N deprivation (h) of session check of eating Method Task Stimuli
LaBar et al. 9 ~8 5:00-8:00pm  Self-report 1.5 T fMRI Control task Pictures of foods and
(2001) (8 women) Event-related objects
Design
Uher et al. 18 ~24 12:30-1:30pm  Self-report Three Factor Eating 1.5 T fMRI Evaluative Pictures of Foods and
(2006) (10 women) Biochemical Questionnaire Event-related & rating task Objects
measures Block-Design Taste of chicken broth,
chocolate milk,
saliva
Goldstone etal. 20 ~16 11:00-12:00am  Self-report Dutch Eating Behavior 3 T fMRI Evaluative Pictures of low- and
(2009) (10 women) Questionnaire Block-Design rating task high-caloric foods
SCOFF and objects
Hinton et al. 12 ~18 12:30-1:30pm  Self-report PET Evaluative Low and high
(2004) (0 women) Biochemical Block-Design rating task incentive menus
measures
Piech et al. 8 ~6 6:00-7:00pm  Self-report History of eating 1.5 T fMRI Evaluative Low and high
(2009) (3 women) disorder Event-related rating task incentive menus
Design
Morris and 10 ~16 4:00-5:00 pm Self-report History of eating PET Block- Picture Pictures of foods
Dolan (1 woman) Biochemical disorder Design recognition and objects
(2001) measures task
Mohanty etal. 7 ~8 ? Self-report Restrained Eating 3 T fMRI Mixed Spatial attention ~ Food and object
(2008) Event-related task pictures
Design
Siep et al. 12 ~18 1:00-3:00pm  Self-report History of eating 3T fMRI Attention task: Pictures of low- and
(2009) (12 women) disorder; Block-Design Attend taste, high caloric foods
Restrained Eating Attend objects, and objects
) Attend bars
Haase et al. 18 ~12 11:00-12:00am  Self-report Three Factor Eating 3 T{MRI No task Taste stimuli: caffeine,
(2009) (9 women) Questionnaire Event-related saccharin, sucrose,
Design sodium chloride,

guanosin 5’
monophosphate

Summary of selected methodological aspects of fMRI- and PET-studies examining food deprivation
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Table 142.2 Key findings of deprivation effects

Study Effect Orbitofrontal cortex  Insular cortex Amygdala  Striatum Hypothalamus ~ Other regions
LaBar et al. (2001) DEP Y Fusiform R, Parahipp R
Uher et al. (2006) Vision: DEP Fusiform LR
Goldstone et al. (2009) DEP x CAL LR LR LR LR, ventral Hipp, ACC, DLPFC
DEP: High vs. low CAL LR LR LR LR, ventral
SAT: High vs. low CAL
Hinton et al. (2004) DEP I R LR E Thal L, Brainstem, ACC R
Incentive Is L
DEP x Incentive I
Piech et al. (2009) Incentive L, medial L Cerebellum R
DEP x Incentive L, lateral
Morris and Dolan (2001)  Hunger R, anterior R, anterior R, NAcc R
Mohanty et al. (2008) DEP x Picture R Parahipp R, PCC LR, Brainstem
PC R, Peristriate cortex L
Siep et al. (2009) DEP x Picture LR, medial R L Fusiform, PCC
L. lateral
Uher et al. (2006) Taste: DEP L, anterior DLPFC R, MPEC R, Postcen L
Haase et al. (2009) DEP: Sucrose R R R R Parahipp LR, Thal R, Hipp LR
DEP: Saccharin Parahipp R, Thal R, Hipp R
DEP: Caffeine L LR Parahipp LR, Thal LR, Hipp R
DEP: Citric acid R LR LR LR R Parahipp LR, Thal L, Hipp LR

This table summarizes the main findings of deprivation effects in structures of the motive circuitry and other brain regions

DEP deprivation, CAL calorie, SAT satiated, L left, R right, ACC anterior cingulate cortex, DLPFC dorsolateral prefrontal cortex, Fusiform fusiform gyrus, Hipp hippocampus,
MPFC medial prefrontal cortex, NAcc nucleus accumbens, PC parietal cortex, PCC posterior cingulate cortex, Parahipp parahippocampal cortex, Postcen postcentral gyrus, Thal
thalamus

Stee
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studies. Accordingly, before considering empirical findings, basic principles of fMRI are briefly
summarized. The technique is not measuring neural activity directly but associated epiphenomena,
the local vascular response. Neuronal activation is associated with an increase in blood flow (cf.,
Logothetis 2008). For poorly understood reasons, the delivery of oxygenated hemoglobin is larger
than local oxygen consumption. Oxygenated and deoxygenated hemoglobin have different magnetic
properties and changes in their relative concentration can be revealed by magnetic resonance signals.
Like other brain imaging methods assessing blood flow, temporal resolution is on the order of sec-
onds as the changes in blood flow are relatively slow. However, spatial resolution is high as the brain
is divided in small cubes (e.g., 1 x 1 x 1 mm). The subtraction method is used to disclose deprivation
effects on food cue processing in which the Blood Oxygenation Level Dependent (BOLD) signal to
food cues under deprived versus satiated state is contrasted.

Three studies examined the processing of food and control pictures in deprived and satiated state.
The first of these studies observed increased BOLD activity in the amygdala when viewing food
pictures in a deprived state (LaBar et al. 2001). In contrast, Uher and colleagues (2006) observed no
differential activity in the motive circuitry elicited by food pictures as a function of deprivation. A
recent study revealed that deprivation effects in the motive circuitry may appear specifically to high-
incentive food pictures (Goldstone et al. 2009). Pronounced increases in activation of orbitofrontal
and insular cortex, amygdala, and striatum were observed when contrasting high- and low incentive
stimuli during deprived but not satiated state. Presenting symbolic visual representations of food
items, in particular of high incentive value, is accordingly sufficient to elicit motivational responding
in humans. Two further studies relied to an even greater extent on the presentation of symbolic
stimuli and mental imagery. Specifically, a restaurant-like situation was realized, in which partici-
pants’ brain activity was measured while they read and chose between menus items consisting of
entrée, dinner, and dessert which were tailored individually to be of low and high incentive value
(Hinton et al. 2004; Piech et al. 2009). A PET-study revealed that food deprivation was associated
with increased BOLD activity in several structures of the motive circuitry (see Table 142.2).
Furthermore, regions in the orbitofrontal cortex were particularly activated when reading high incen-
tive menu items in a deprived state (Hinton et al. 2004). Using an event-related fMRI design, a fol-
low-up study revealed two regions in orbitofrontal cortex, which were similarly showing an interaction
of incentive value and motivational state. In addition, irrespective of food deprivation, amygdala
activation was increased for menu items of high compared to low incentive value (Piech et al. 2009).
Overall, food deprivation increases the incentive value of visual representations of food-related stim-
uli in the motive circuitry, possibly specifically for high-incentive stimuli.

Deprivation effects on the processing of taste stimuli were investigated in two studies. The study
by Uher and colleagues (2006) included a taste condition in which processing of chicken broth and
chocolate milk was compared to a control condition (artificial saliva). Deprivation did not alter the
activity in structures of the motive circuitry when processing these complex gustatory stimuli.
Studying pure taste stimuli, a recent study revealed deprivation effects in the motive circuitry (Haase
et al. 2009; see Table 142.2), which, however, were most pronounced for the highly pleasant sucrose
and mildly unpleasant citric acid stimuli. Overall, these studies reveal a pattern of findings similar to
studies examining visual processing.

From a theoretical perspective, these studies revealed deprivation effects on food stimulus pro-
cessing either in passive viewing or in active attention conditions, which were low in processing
demand. Recent research suggests that task focus may have pronounced effects on food processing
even when comparing passive viewing with evaluative rating tasks (Bender et al. 2009). It is there-
fore interesting to consider studies in which deprivation effects were investigated while participants
performed explicit tasks. The first of these studies (Morris and Dolan 2001) used PET to explore
whether food deprivation specifically enhances the recognition of food pictures. Blocks of either
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food or non-food pictures were presented and participants’ task was to indicate whether the seen
pictures was included in a memory set presented immediate before the scanning took part.
Furthermore, participants were initially tested in a deprived state and fed to satiety in the course of
the experiment. Hunger ratings were positively correlated with BOLD activity in the insular cortex,
Nc. Accumbens, and hypothalamus, irrespective whether participants viewed food or object pic-
tures. Specificity for food picture processing was seen in the right posterior orbitofrontal cortex,
which showed a positive relationship to hunger ratings. Several regions in the brain showed a rela-
tionship to memory performance, category-independent (e.g., orbitofrontal cortex) and category-
dependent (e.g., left amygdala, insula), which, however, was not modulated by the motivational
state. A second study examined the effects of spatial attention and food deprivation (Mohanty et al.
2008). The attention task consisted of valid, invalid, and neutrally cued responses to laterally pre-
sented target stimuli (donuts or tools) and foils (danishes and screws). In a mixed event-related para-
digm, food and nonfood pictures were shown in separate blocks. Deprivation increased BOLD
activity in the amygdala to blocks containing food pictures in a deprived as compared to a satiated
state (see Table 142.2 for other regions). This finding was specific to food picture processing and not
observed in blocks presenting tool items. A further aim of this study was to examine the relationship
of anticipatory activity in neural structures of the spatial attention network and speed of responding.
Deprivation specifically modulated anticipatory activity in parietal and posterior cingulate cortex
during blocks of food targets. Furthermore, medial sectors of the orbitofrontal cortex were related to
the performance in the attention task when hungry and lateral orbitofrontal cortex during satiety.
A third study examined deprivation effects on the processing of high and low caloric food and object
pictures in the context of an explicit object-based attention task (Siep et al. 2009). In separate blocks,
attentional focus was directed either toward food items, towards the color of the picture, or to bars
positioned at lateral sites of the pictures. A strict analysis revealed no significant three-way interac-
tion of picture type, attention focus and deprivation. Less stringent analysis revealed that regions in
the insular cortex, medial and inferior orbitofrontal cortex, and striatum showed an interaction
between picture type (low calorie, high calorie food, objects) and deprivation. In these structures,
low compared to high calorie stimuli seemed to elicit increased activity in the satiated state, while
high compared to low calorie stimuli elicit increased activity in the deprived state. Furthermore,
these effects were independent from the attention task. With regard to the effects of paying attention
to food, activity in amygdala and orbitofrontal cortex was increased when food pictures where task
relevant, however, the effect was similarly pronounced for low- and high calorie stimuli. Overall,
deprivation effects were investigated in active task contexts by several studies adapting established
paradigms from cognitive neuroscience. Albeit preliminary, evidence for modulations of incentive
value by food deprivation seems ambiguous. Embedding food items in the structure of cognitive
tasks may diminish their salience. The use of a passive viewing condition is recommended in order
to determine the activation of structures of the motive circuitry independent from explicit task
demands. Furthermore, although food stimuli are task-relevant in these studies, there are striking
differences to natural situations in which goal-relevance of food stimuli serves to support adaptive
behaviors.

One reading of the information depicted in Table 142.2 is that core structures of the motive cir-
cuitry are sensitive to both incentive value of food stimuli and internal state. However, there is con-
siderable variety in experimental findings across studies. No single structure received unanimous
support and positive findings showed considerable variability with regard to hemispheric lateraliza-
tion. Consideration of methodological variables might be particularly informative to identify issues,
which need to be addressed in future research (see Table 142.1).

The number of participants pronouncedly varied across studies raising the concern that differences
in findings may simply arise because of differences in statistical power. While hours of deprivation
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greatly varied across studies (6-24 h), there seems no simple relationship to the observation of depri-
vation effects. However, considering also the great variance with regard to time of testing, circadian
rhythm might moderate the effects of food deprivation on food-related stimulus processing. Overall,
a paradigmatic approach seems valuable to empirically delineate appropriate sample sizes and hours
of deprivation and to reveal circadian rhythm effects.

The majority of studies presented visual stimuli. Food pictures were presented in six studies with
most recent studies varying caloric content of the stimulus materials. Written descriptions of menus
(starter, entrée, dessert) were used in two studies, which individually varied preference for the menus.
Obviously, the quality of stimulus materials is of great importance in revealing deprivation effects.
The development of freely shared stimulus materials, calibrated according to major dimensions of
eating and ingestion might facilitate progress in the field, similar to the development of the
International Affective Picture Series (IAPS, Lang et al. 2008) in the domain of emotion research.

In summary, insights about the neural organization of the feeding system derived from animal
research can serve as theoretical foundation to investigate the neural organization of the human feed-
ing system in general, and regarding the effects of deprivation in particular. The rather small number
of studies provides promising evidence for the hypothesis that core structures of the motive circuitry,
associated with reward perception and adaptive behavior organization, are sensitive to variations in
internal state. However, given the importance of deprivation, the widespread practice of voluntary
restricting food intake by dieting and restrained eating, a much larger database is needed to realize
the potential of the neuroscientific perspective on the understanding of both basic mechanism of food
intake regulation and eating-related disorders.

142.4 Overfeeding, Satiation and Incentive Value

A complementary perspective on the effects of deprivation is provided by studies investigating sen-
sory-specific satiety and overfeeding (see Tables 142.3 and 142.4). Several studies examined the
phenomenon of sensory-specific satiety, which denotes that the incentive value and rated pleasant-
ness decreases to food, which is eaten to satiety to a greater extent than for other foods. In an fMRI-
study (O’Doherty et al. 2000), processing of vanilla and banana odors was investigated in two
sessions (pre- and post-meal), which were identical with the exception that the second session took
part after eating bananas to satiety. The orbitofrontal cortex was related to olfactory sensory-specific
satiety showing a specific decrease in BOLD signal to banana odors in the post- as compared to the
pre-meal condition. These findings are consistent with single cell recording in the orbitofrontal cor-
tex of macaques, which revealed that olfactory neurons decreased responding to food odors eaten to
satiety (Critchley and Rolls 1996). A further PET- study investigated changes in brain activity related
to eating chocolate. Specifically, brain activity was measured while participants were given a single
piece of chocolate immediately before the scanning period, tracking the hedonic experience of choc-
olate from being highly pleasurable to being highly aversive (Small et al. 2001). Among other regions
(see Table 142.4), medial orbitofrontal cortex, insular cortex, and striatal regions showed a decrease
in activity with increasing satiety. Of particular interest, lateral orbitofrontal cortex showed opposite
effects, i.e., enlarged activity when chocolate was perceived as highly aversive. Accordingly, adding
further evidence for the role of orbitofrontal cortex and sensory-specific satiety, medial and lateral
orbitofrontal cortex appear to be selectively responsive during states in which approach and avoid-
ance dispositions were dominant. Effects of sensory-specific satiety were furthermore investigated
in the context of associative conditioning paradigm, in which odors were paired with task-relevant
visual stimuli (Gottfried et al. 2003). Devaluation affected several structures of the motive circuitry



Table 142.3 Schematic overview of fMRI- and PET-studies investigating effects of satiation, and overfeeding

Study N Effect Manipulation check  Method Task Stimuli
O’Dobherty, et al. 5 Sensory-specific Self-report 3 T{MRI No task Vanilla and banana odors

(2000) satiety Block-Design
Small et al. (2001) 9 (5 women) Sensory-specific Self-report PET Block-Design  Evaluative rating task Pieces of chocolate

satiety

Gottfried 13 Sensory-specific Self-report 1,5 T fMRI Reaction time task (CS) CS: Visual images

et al. (2003) satiety Event-related and Implicit associative US: Odors

Design conditioning

Holsen 9 children Pre- vs. Post meal 3 T fMRI Memory task Pictures of foods,

et al. (2005) (5 women) Block-Design animals and objects
Cornier 25 (13 women) 2 days of Control of food 3T fMRI No task Pictures of high- and low

et al. (2007) overfeeding intake Block-Design incentive foods and objects
Cornier 22, thin (10 women) 2 days of Control of food 3 TfMRI No task Pictures of high- and low

et al. (2009) 19. reduced obese overfeeding intake Block-Design incentive foods and objects

(10 women)

Summary of selected methodological aspects of fMRI- and PET-studies examining satiation and overfeeding
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Table 142.4 Key findings of effects due to satiation and overfeeding

Study Effect Orbitofrontal cortex  Insular Cortex Amygdala Striatum  Hypothalamus ~ Other regions
O’Doherty Pre-> post-meal R
et al. (2000)
Small rCBF decreases with LR, medial LR LR ITG LR, MTG LR, OTG/Cereb LR,
et al. (2001) decreasing reward value Hipp L, Thal L
rCBF increases with R, lateral Precen LR, IFG L, Cing, Parahipp R,
decreasing reward value SMA R, MFG, middle FCL
Gottfried etal.  Pre-> post-meal L, rostral R, anterior L L, ventral ACCR
(2003) R, caudal
Holsen Motivational State x R, medial L R R MFG L, Oper LR, Parahipp R, Cing,
et al. (2005) Picture Type LR lateral Fusiform L, TFG R, SFG LR,
ITG R, Postcen L, Precen LR,
Supra LR, Cereb/Fusiform R
Cornier EU>OF: (High Val> L IVCR
et al. (2007) Low Val)
Cornier Thin Subjects: EU>OF: X X
et al. (2009) (High Val > Obj)
(Thin > Reduced Obese): LR R IVCR

(EU>OF): (High Val > Obj)

This table summarizes effects of satiation and overfeeding on the activation of structures of the motive circuitry and other brain regions

EU eucaloric state, OF overfeeding, High Val high incentive food picture, Low Val low incentive food picture, Obj object picture, L left, R right, ACC anterior cingulate cortex,
Cereb cerebellum, Cing cingulate cortex, Fusiform fusiform gyrus, Hipp hippocampus, /FG inferior frontal gyrus, /TG inferior temporal gyrus, IVC inferior visual cortex, MFG
medial frontal gyrus, middle FC middle frontal cortex, MTG medial temporal gyrus, OTG occipitotemporal gyrus, Oper basal operculum, Parahipp parahippocampal gyrus, PCG
posterior cingulate gyrus, Postcen postcentral gyrus, Precen precentral gyrus, SFG superior frontal gyrus, SMA supplementary motor area, Supra supramarginal gyrus, Thal
thalamus, rCBF regional cerebral blood flow
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(amygdala, ventral striatum, orbitofrontal cortex, insular cortex, see Table 142.4). Furthermore,
regions in the amygdala and orbitolrontal cortex showed decreased BOLD signals specifically to the
visual stimuli associated with the devalued odor while other brain regions (ventral striatum, insular
cortex) showed both decreases and increases to visual stimuli paired with devalued and nondevalued
odors, respectively. Investigating children, Holsen and colleagues (2005) presented food and object
pictures in two sessions (pre- and post-meal) with participants eating a meal (500kcal) in between
the sessions. Amygdala, orbitofrontal cortex, and insular cortex showed a selective decrease to food
pictures when comparing pre- and post-meal sessions. Two further studies investigated the effects of
overfeeding on the processing of food (low and high incentive) and control pictures (Cornier et al.
2007; Cornier et al. 2009). Towards this end, participants were tested even after 2 days of either
eucaloric or overfed (30% above eucaloric) energy intake. Overfeeding attenuated responding to
high as compared to low incentive food pictures in the hypothalamus and inferior visual cortex
(Cornier et al. 2007). These results were extended in a recent study investigating thin and obese
participants, which reduced weight by 8% (Cornier et al. 2009). Regarding thin participants, food
compared to object pictures elicited increased BOLD signals among other structures in orbitofrontal
cortex, insular cortex, and ventral striatum in the eucaloric state. Overfeeding for 2 days resulted in
reduced activity in these structures reaching significance in the insular cortex and hypothalamus.
These effects of overfeeding were attenuated in obese participants. Overall, core structures of the
reward matrix, in particular regions of the orbitofrontal cortex, showed a decrease in activity when
fed to satiety.

142.5 The Motivational Regulation of Attention

The feeding system controls the organization of ingestive behaviors. Internal state and the perception
of food-related cues from the immediate environment prime unique sets of perceptual-motor units
that increase sensitivity to relevant stimuli at the appetitive and consummatory behavioral stage.
According to this perspective, food deprivation effects operate at multiple levels, by increasing
incentive value of food stimuli, and by regulating attention processes.

However, attention is not a unitary phenomenon but refers to a collection of disparate functional
processes. For instance, recent research has begun to detail food deprivation effects on spatial atten-
tion mechanisms and object-based attention, which imply distinct neural mechanisms (Mohanty et al.
2008; Siep et al. 2009). Furthermore, attention is not only regulated according to explicit instructions
by varying the task relevance of food stimuli, but is also passively captured by stimuli according to
their motivational and emotional significance (Ohman 1986). When related to current motivational
nceds, stimuli may reflexively capture attentional resources to facilitate efficient responding.

Support for the obligatory nature of the motivational regulation of attention processes has been
obtained in a study, in which food pictures were passively viewed, and participants performed an
easy control task (detecting an occasional flicker of the images). Food deprivation enhanced the
activity in higher order visual-associative regions (fusiform gyrus) when processing food pictures
(LaBar et al. 2001). Conceptually similar results were observed when pictures were evaluated
according to their likeability after viewing the pictures (Uher et al. 2006), but not when ratings of
appealingness were made during picture viewing (Goldstone et al. 2009). Accordingly, although not
explicitly designed to address the issue, there is some evidence that deprivation enhances attention
processes to need-related food stimuli.

Two recent studies explicitly assessed the hypothesis that deprivation (24 h) sensitizes the process-
ing of food cues (Stockburger et al. 2008, 2009a). Event-related brain potentials (ERPs) were measured
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in these studies, which provide a voltage measurement of neural activity that can be recorded non-
invasively from multiple scalp regions. More specific, ERPs are considered to reflect summed post-
synaptic potentials generated in the process of neural transmission and passively conducted through
the brain and skull to the skin surface where they contribute to the electroencephalogram (EEG).
Since ERPs are usually hidden in the larger background EEG activity, it is necessary to use multiple
stimulus presentations and stimulus-locked signal averaging to extract the ERP signal from the back-
ground EEG activity. Biophysical considerations suggest that large-amplitude ERP components reflect
widespread, synchronous sources in cortical regions. Brain activity locked to the processing of a stimu-
lus becomes apparent as positive and negative deflections in the ERP wavelorm. The amplitude and
latency of specific ERP components provide information regarding the strength and time course of
underlying neural processes. Furthermore, given appropriate spatial sampling, the topography of ERP
components can be used to estimate the neural generator sites by advanced analytic tools such as
L2-Minimum-Norm-Estimate (L2-MNE; Junghofer et al. 2006).

The first study was specifically designed to determine whether motivational state modulates early
visual attention processes (Stockburger et al. 2008). A rapid serial presentation technique was used
in which stimuli were presented for 330 ms without any perceivable interstimulus gap. Thus, this
paradigm induces perceptually demanding conditions, which are deemed as necessary to reveal
attention effects. Food stimuli were interspersed in a stream of pleasant, neutral, and unpleasant
control stimuli drawn from various categories of human experience, which served as control stimuli
to determine the specificity of deprivation effects on food picture processing. Results showed that
deprivation specifically modulated the relatively early processing ol [ood pictures. Between 170 and
320ms, the ERP waveform revealed enhanced posterior positive deflections for food pictures in
hungry compared to satiated state (Fig. 142.3a). MNE source calculations revealed that these depri-
vation effects on food processing were associated with primary activations in posterior perceptual
representation networks. In addition, secondary activations were suggested over anterior brain
regions (Fig. 142.3b). However, spatial resolution was insufficient to determine whether this finding

Deprivation Effects on Early Cortical Food Stimulus Processing

a ERP-Waveforms b Difference Maps: Hungry - Satiated
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Fig.142.3 (a) Representative ERP-waveforms for food pictures in the hungry (red lines) and satiated (black lines)
states. (b) Scalp potential (back view) and L2-Minimum Norm estimates maps (right lateral view) show differences in
processing food pictures in deprived and satiated state (Based on Stockburger et al. 2008)
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relates to orbitofrontal activations, which were observed when comparing food cue processing in
hungry and satiated state and food stimuli varying in their incentive value (O’Doherty et al. 2000;
Morris and Dolan 2001; Arana et al. 2003). Thesc findings suggest that perceptual stimulus process-
ing is gated in specific ways according to motivational state. According to a functional perspective,
ERP modulations in this time window have been considered to reflect a call for processing resources
in later capacity-limited processing stages implicated in conscious stimulus recognition (cf. Ohman
1986; Schupp et al. 2006).

These later processing stages related to working memory and stimulus recognition were the focus
of another study in which food and flower pictures were presented as rapid serial stream for 660 ms
(Fig. 142.4a and b; Stockburger et al. 2009a). A consistent body of evidence revealed that emotionally
relevant pictures elicit increased late positive potentials (LPP) between 350 and 700 ms post-stimulus
(Schupp et al. 2006). Similarly, food deprivation specifically enhanced the LPP component to food
pictures (Fig. 142.4c). The assumption that increased positive potentials to food pictures in a hungry
state rellects enhanced processing is supported by L2-MNE analyses, which revealed increased dipole
strength over extended posterior visual processing regions (Fig. 142.4d). Thus, consistent with its
presumed relation to conscious stimulus recognition, the LPP is linked to widespread activation
broadcasting stimulus information to many associative cortical regions rather than reflecting local
processing (Del Cul et al. 2007). Overall, in a state of food deprivation, food pictures seem to elicit a
state of heightened selective attention in a capacity-limited processing stage, which is a critical gate-
way for the stimulus representation in working memory and conscious stimulus recognition.
Furthermore, these findings were observed while participants passively viewed the stimulus materials
and the food images were not task relevant. Consequently, the motivational regulation of visual pro-
cessing appears to be a spontaneous and involuntary phenomenon, important characteristics of auto-
matic processes.

Opverall, electrophysiological measures of brain activity allow delineating the regulation of atten-
tion processes at the level of distinct processing stages. Internal motivational state sensitizes responding
to need-related stimuli in processing stages mandatory for stimulus recognition. This mechanism
seems highly adaptive from a functional perspective. The selective responding and evaluation of
need-relevant stimuli is critical for the efficient organization of food-related behaviors.

142.6 Food Deprivation and the Startle Reflex

To obtain reliable measures of brain activity related to stimulus processing, neuroimaging methods
require repeated stimulus presentations. Accordingly, in the case of food deprivation, stimuli are
presented while participants are denied access to food. Unfortunately, the motivational orientation
elicited in these protocols is potentially ambiguous. On the one hand, viewing food-related stimuli
in deprived state may prompt associated appetitive responses. Alternatively, a state of frustrative
non-reward may be induced, if participants are denied the immediate consumption of food.

Studies utilizing the startle probe methodology (see Table 142.5) may help to resolve this issue
(Drobes et al. 2001; Mauler et al.2006). This research builds upon the notion that responding to
emotionally and motivationally significant stimuli is organized by two basic brain circuits, one
prompting appetitive responding and pleasant affects, and the other determining withdrawal and
defense behaviors and unpleasant affect. The measurement of the defensive startle reflex allows
inferring the engagement of basic motive systems, which is potentiated when elicited during an
aversive state and inhibited during pleasant states. In their study, Drobes and colleagues (2001)
presented a series of food pictures as well as emotional and neutral control pictures varying level
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Deprivation Effects on Later Cortical Food Stimulus Processing

Flower b Study Design
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Fig.142.4 (a) Representative examples of the food and flower stimuli. (b) Illustration of the rapid serial visual presentation
paradigm. Food and flower pictures were presented for 660ms without perceivable interstimulus gap. (¢) Representative
ERP-waveforms for food pictures in the hungry (red lines) and satiated (black lines) states. (d) Scalp potential (back view)
and L2-Minimum Norm estimates maps (right lateral view) show the topography of the LPP component for food and the
difference between the hungry and satiated states (Based on Stockburger et al. 2009a)

Table 142.5 Key features of the startle reflex

1. The startle reflex is a defense response that prevents organ injury and interrupts ongoing mental and behavioral
activity

2. The startle reflex is a whole body response that consists of rapid flexor movements cascading throughout the body

3. The reflex is elicited by sudden, unexpected, and intense stimuli. In the laboratory, acoustic stimuli (e.g., 50 ms
duration, 90-110dB loudness, and instantancous rise time) are often used to elicit the reflex

4. Rapid eye closure is among the most reliable components of the startle response in humans and measured by
recording the electrical activity of the orbicularis oculi muscle

5. The acoustic blink reflex shows an onset latency of ~20-40ms and usually peaks between 50 and 100ms

6. While the startle reflex is an obligatory response, its magnitude varies as a function of emotional, motiva-
tional, and attentional processes

This table lists the key features of the startle reflex
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of food deprivation across subjects (0, 6, 24h). In a nondeprived state, food pictures revealed
inhibited startle responses as compared to the other picture materials suggesting that these cues
prompt an appetitive approach disposition. In contrast, startle reflexes elicited during food picture
viewing were potentiated for both deprivation levels as compared to the nondeprived group. These
findings were considered to reflect an aversive motivational reaction, which is attributed to a state
of frustrative non reward, i.e., participants were not allowed immediate consumption (Drobes
et al. 2001). However, another line of studies revealed that the active imagination of pleasant
scenes triggered enhanced startle reflexes compared to neutral imagery contents (Miller et al.
2002). An alternative interpretation of the Drobes et al. (2001) and Mauler et al. (2006) findings
is accordingly, that viewing food pictures elicited vivid imagination in the participants. Resolving
the issue is of great theoretical importance and the startle probe methodology may serve as prom-
ising tool to disambiguate motivational orientation elicited by internal deprivation state and exter-
nal food cue reactivity.

142.7 Applications to Other Areas of Health and Disease

Revealing the effects of food deprivation with regard to incentive value and attention processes
provides highly relevant information for the obesity pandemic. The voluntary restriction of food
intake for regulating body weight is an increasing phenomenon in many Western cultures. Such
attempts in dieting and restrained eating are often accentuated towards foods considered as fattening
(e.g., sweets, high-fat food). Specific food restrictions may be also due to moral and health concerns
as is the case for instance in vegetarianism. It seems highly informative to determine the specificity
of food restrictions on the processing of food stimuli with particular emphasis of affective attitudes
and short- and long-term effects. For instance, a recent event-related brain potential study revealed
the increased attention capture of meat pictures in vegetarians refraining from eating meat for several
years (Stockburger et al. 2009b). Understanding food deprivation effects may be furthermore rele-
vant in understanding eating disorders such as anorexia nervosa and bulimia.

Summary Points

o At the core of the feeding system are neural circuits that were laid down early during evolutionary
history, in primitive cortex, sub-cortex, and midbrain.

 These motivational circuits are engaged by unconditioned food-related stimuli, determine general
mobilization and approach behaviors of the organism, and mediate the shaping of the feeding
system by learning and experience.

 Internal state variables exert a profound effect on the feeding system and neuroimaging methods
appear promising to provide novel insights into the operation of food deprivation.

*  Hemodynamic studies were reviewed providing some support for the notion that food deprivation
increases the incentive value of food-related stimuli in core structures of the motive circuitry.
There is evidence that these effects appear most robust for high-incentive stimuli.

 Furthermore, attention to need-related stimuli is regulated by motivational state. Event-related
potential studies delineate motivated attention processes with high temporal resolution suggesting
that deprivation effects facilitate perceptual processing in stages related to stimulus recognition
and working memory representation.
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* Guided by animal research about the neural organization of the feeding system, electrophysiological,
hemodynamic, and reflex measures of brain activity provide a window to probe deprivation effects
on food stimulus processing.

» Given the sparse number of relevant studies, a considerable research effort is needed to reveal
consistent and reliable findings related to deprivation.

* Understanding these effects seems important when considering that attempts to regulate body
weight and eating-related disorders often include the voluntary restriction of food intake.

Key Terms

Ingestive behavior: Ingestive behaviors are comprised by appetitive and consummatory phases
which depend on the integration of information about internal state, cues from the environment,
behavioral state, and cognition.

Incentive motivation: Incentives arouse motivated behaviors and form the target for goal-direct
behaviors. Incentive motivation is determined by external stimuli and internal states.

Motive circuitry: Cortical, subcortical, and brainstem neural structures implicated in reward
perception and activation of adaptive behaviors.

Functional magnetic resonance imaging: Neural activity is coupled with blood oxygenation
level dependent (BOLD) signal changes that can be measured with MRI. Assessment of short-
term changes can be used to infer functional neural activity associated with food stimulus
processing in core structures of the motive circuitry.

Motivated attention: In natural environments, attention is dictated by motivational significance
of salient stimuli and internal states.

Event-related brain potentials: Electrophysiological recordings of brain activity associated
with food stimulus processing. Providing a high temporal resolution, event-related potential
recordings allow measuring the motivational regulation of attention by food deprivation.
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