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 Abstract 
 The ongoing epidemics of obesity is one main health concern of the present time. Overeating 
in some obese individuals shares similarities with the loss of control and compulsive behavior 
observed in drug-addicted subjects, suggesting that obesity may involve food addiction. 
Here, we review the contributions provided by the use of positron emission tomography to 
the current understanding of the cerebral control of obesity and food intake in humans. The 
available studies have shown that multiple areas in the brain are involved with the reward 
properties of food, such as prefrontal, orbitofrontal, somatosensory cortices, insula, thalamus, 
hypothalamus, amygdala, and others. This review summarizes the current evidence, support-
ing the concepts that i) regions involved in the somatosensory response to food sight, taste, 
and smell are activated by palatable foods and may be hyperresponsive in obese individuals, 
ii) areas controlling executive drive seem to overreact to the anticipation of pleasure during 
cue exposure, and iii) those involved in cognitive control and inhibitory behavior may be re-
sistant to the perception of reward after food exposure in obese subjects. All of these features 
may stimulate, for different reasons, ingestion of highly palatable and energy-rich foods. 
Though these same regions are similarly involved in drug abusers and game-addicted indi-
viduals, any direct resemblance may be an oversimplification, especially as the heterogene-
ities between studies and the prevalent exclusion of sensitive groups still limit a coherent in-
terpretation of the findings. Further work is required to comprehensively tackle the 
multifaceted phenotype of obesity and identify the role of food dependency in its patho-
physiology.  Copyright © 2012 S. Karger GmbH, Freiburg 
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 Focus of the Review 

 The ongoing epidemics of obesity is one of the main health concerns of the present time. 
Overeating in obese individuals shares similarities with the loss of control and compulsive 
drug taking behavior observed in drug-addicted subjects, and the hypothesis that obesity 
implicates food addiction is receiving increasing attention  [1] . Studies using functional or 
metabolic brain imaging suggest the existence of innate alterations in neural circuits 
controlling palatability and reward seeking in subjects with obesity. These studies have 
shown that multiple areas in the brain, including the orbitofrontal cortex, somatosensory 
cortex, temporal cortex, insula, thalamus, hypothalamus, and amygdala, are involved in the 
reward properties of food. 

  This manuscript reviews the contributions provided by the use of positron emission 
tomography (PET) to the current understanding of the cerebral control of obesity and food 
intake in humans. Special attention is paid to direct or surrogate measurements of brain 
glucose metabolism, because this process provides  � 95% of the energy required for the 
brain to function properly  [2] . The relationship linking brain metabolism and dopaminergic 
activity will be analyzed in the context of obesity, since the dopamine system represents a 
central pathway of the neural reward circuit. Furthermore, the resemblances so far described 
between obesity and drug addiction will be examined.

  Positron Emission Tomography 

 PET with the glucose analogue 2-fluoro-2-deoxyglucose ( 18 F-FDG) is the traditional 
technique for the direct quantification of regional brain glucose metabolism in humans, and 
it has been extensively used to characterize metabolic brain responses in physiological and 
pathological situations. PET is a nuclear imaging technique employing short-lived positron-
emitting radioisotopes to label molecules of interest (e.g. substrate, perfusion indicator) and 
visualize their fates in individual organs. Emitted positrons annihilate when combined with 
an electron in the body tissue, generating two 511 KeV photons in quasi-opposite directions. 
Detectors are arranged all around the area of interest (e.g. the head), and events appearing 
nearly simultaneously in the opposite detectors are recorded and used to generate the 
image. After extracting from the image information pertaining to the time-activity concen-
tration of tracer in the brain regions of interest and in blood – the latter reflecting the 
amount of tracer available for tissue extraction – mathematical modeling is used to quantify 
biochemical processes within the target tissue area. Brain maps can be constructed to 
represent the distribution of the parameter under study, e.g. glucose uptake rate, perfusion 
or receptor binding, and availability.

   18 F-FDG is the most commonly adopted PET tracer. It is characterized by the substi-
tution of a fluorine-18 (positron-emitting) radionuclide in place of the hydroxyl group bound 
to the second carbon of the glucose carbon chain. As compared to glucose, this tracer is 
transported into cells and phosphorylated, but cannot undergo glycolysis and therefore 
accumulates in the brain in proportion with cerebral glucose consumption, providing images 
of elevated visual quality.  18 F-FDG-PET imaging is functional, quantitative, and specific to 
glucose metabolism. Blood perfusion measurements (PET with the perfusion tracer H 2  15 O 
or single photon emission-computed tomography, i.e. SPECT) and blood oxygenation level-
dependent magnetic resonance imaging (BOLD MRI)  [3]  have been used as indirect indi-
cators of brain metabolism. In addition, a variety of labeled PET ligands have been developed 
to target receptor binding of neurotransmitters involved in the regulation of brain metab-
olism, reward, and behavioral control  [4] .
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  PET imaging can be conducted under different experimental conditions, depending on 
the target process. In the field of obesity research, PET studies have been conducted during 
fasting, meal ingestion, and palatable food (gustatory, olfactory, visual) stimulation. Account 
has to be taken of the fact that palatability and hunger/satiety are distinct modulators of 
food reward, since the former is solely dependent on the taste, smell, and sight of food, 
whereas the latter incorporates the additional effects of gastrointestinal distension and 
signaling plus hormone-substrate changes occurring after meal ingestion. Cerebral 
responses to insulin and glucagon-like-peptide 1 (GLP-1) have been addressed by combining 
 18 F-FDG-PET imaging with the insulin clamp technique  [5–7] .

  Brain Glucose Metabolism and Blood Flow in Obesity: The Cerebral Response to 
Palatable Food 

 In 2002, Wang et al.  [8]  conducted a cross-sectional study to evaluate brain metabolism 
in 10 morbidly obese (mean BMI 51 kg/m 2 ) and 14 lean subjects (21 kg/m 2 ). The observed 
tendency of global brain glucose metabolism to be greater in obese than lean subjects fell 
just short of conventional statistical significance (p = 0.051). Subregional analysis did 
demonstrate significant differences in the parietal cortex (postcentral gyrus, Brodmann’s 
area), upper cerebellum, and precuneus. The former area in the parietal cortex is involved 
with direct taste perception, as it contains the somatosensory maps of the mouth, lips, and 
tongue. The cerebellum has been suggested to play an important role in the control of food 
intake, since glucose uptake there increased during bar pressing behavior anticipating food 
reward in rats  [9] , while stimulation of the cerebellar interpositus nucleus affected the 
neuronal activity of the lateral hypothalamic area  [10] . The involvement of the above brain 
regions in the physiological cerebral response to palatable food sensing was confirmed in a 
cross-over study in 12 healthy lean subjects (mean BMI 24 kg/m 2 ) who were exposed to the 
sight, smell, and taste of either a palatable or neutral (non-food) stimuli on two separate 
days  [11] .  18 F-FDG-PET scans were performed and questionnaires for hunger rating were 
filled in on each occasion. Compared with the neutral intervention condition, the food 
presentation significantly increased whole brain metabolism (+24%, p  !  0.01). The largest 
increases occurred in the left and right postcentral gyrus (parietal somatosensory area, 
map of the tongue), left superior temporal, left anterior insula (primary gustatory area), and 
left orbitofrontal cortex (secondary gustatory cortex). Palatable food presentation was 
paralleled by a significant increase in the ratings of hunger and desire for food, which corre-
lated with the metabolic changes observed in the right orbitofrontal cortex. A greater 
metabolism in somatosensory areas may translate in an enhanced cerebral sensitivity 
towards palatable foods, promoting the preferential consumption of calorie-rich foods, thus 
fostering the progression of obesity. Together, the above studies suggest that the somato-
sensory area – which is activated upon food perception/anticipation and associated with 
increased hunger in lean subjects – may be chronically activated in obese individuals, inde-
pendent of food presentation.

  A recent study identified a significant inverse correlation between BMI (range 19–37 
kg/m 2 ) and baseline brain glucose metabolism in prefrontal regions and in the anterior 
cingulate gyrus  [12] , i.e. a lower metabolism in these cerebral areas was observed in indi-
viduals with a greater BMI. The prefrontal and, more specifically, the orbitofrontal cortex 
participate in the learning of associations between visual, olfactory, and taste stimuli, 
attributing motivational value to gustatory stimuli and expectation of food reward. 
Processing of the information occurs through projections from the insula, striatum, and 
amygdala, and these areas may be relevant in the inhibitory control of food intake. Different 
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from the primary somatosensory area, which relates to the intensity and identity of the 
food, neurons in the orbitofrontal cortex respond to the sight of food in proportion to its 
reinforcing properties  [13] , and they are therefore concerned with the cognitive level of 
perceived reward and anticipated pleasure. Therefore, a reduced metabolism in this area in 
obese individuals may require a compensatory increase in food consumption to achieve a 
given sensation of reward. Considering the easy availability of food in the developed world, 
the capacity to refrain is especially important in preventing food overconsumption and 
body weight excess, and the lack of activation in these areas may translate as a weak reward 
sensing.

  However, all studies mentioned do not take in consideration the multifaceted nature of 
the obesity phenotype, encompassing a variety of behavioral and psychiatric deviations. 
Importantly, when studying brain regions involved in cognition, motivation, and capability 
to refrain from food temptation the careful psychological characterization of study subjects 
may help distinguish common obesity-related abnormalities from those confined to a 
restricted phenotype. This is demonstrated by a scintigraphy study performed during the 
exposure to food, in which an increase in the cerebral blood flow being greater in the left 
than in the right hemisphere, especially in the frontal and prefrontal regions, that correlates 
with the increase in the feeling of hunger was found in obese binge eating women as 
compared with similarly obese non-binge eating women  [14] .

  Brain Metabolism and Blood Flow in Obesity: The Integrated Response to Meal 
Consumption  

 Meal consumption, including quality and quantity of food, is regulated by integration of 
the palatability and hunger/satiety sensations. Palatability is independent of meal size and 
mostly centered on expectation, motivation, and reward, which are modulated in part by 
food taste, smell, and sight. Beyond these elements, meal ingestion involves gastric responses, 
including gastrointestinal distension due to meal size and texture, neurologic reflexes, and 
gastrointestinal hormones. In addition, meals result in circulating substrate changes which 
affect brain metabolism and peripheral hormone levels. Though this complex situation 
reflects the real life situation, when these aspects are studied together, it is difficult to 
isolate the contribution of each to the modulation of energy intake mediated by brain metab-
olism.

  Studies investigating the effects of hunger and satiation by PET have been mostly 
concerned with brain perfusion. In 11 healthy individuals  [15] , responses to a 36-hour 
fasting period were compared with those following the ingestion of a liquid meal over a 
25-min oral infusion period. Hunger was associated with increased blood flow in the prox-
imity of the hypothalamic, thalamic, limbic, and paralimbic areas and the putamen, precu-
neous, and cerebellum, which is consistent with the previously mentioned implication of 
these regions in the control of food intake. As mentioned above, several of these regions are 
already metabolically active in the fasting, nonstimulated state in obese individuals. Sati-
ation was associated with increased activity in the somatosensory and prefrontal cortices, 
which is consistent with the responses of brain glucose metabolism to palatability as 
mentioned previously. Part of the changes may simply relate to gastric distension since the 
application of pure mechanical distension of the stomach (by using air or water) also causes 
changes in neuronal activity in several brain regions, including the insula, anterior cingulate, 
caudate nucleus, thalamus, brainstem, cerebellum, superior temporal gyrus, occipital gyrus, 
and inferior frontal gyrus, all of which show a progressive increase in activation with 
increasing intensity of the distending stimulus  [16–18] .
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  In obese compared with lean men  [19] , the changes in the prefrontal region, limbic/
paralimbic areas, temporal and occipital cortices, and cerebellum induced by meal ingestion 
were more pronounced, and the changes in the hypothalamus and thalamus were blunted. 
Though some sex-related differences in the cerebral flow response to satiety have been 
described  [20] , the effects of obesity were similar in women  [21] , suggesting that the acti-
vation of the prefrontal (inhibitory) region may represent a generic compensatory response 
to control the more sensitive orexigenic areas observed in the obese when hungry.

  It is important to recognize that meal energy contents in the above studies were based 
on daily energy expenditure, and therefore they were greater in obese than in lean subjects 
(e.g. 954  8  54 kcal for the obese vs. 725  8  105 for the lean men  [19] ). Once this factor was 
carefully accounted for by comparing satiating versus fixed meal sizes in obese and lean 
individuals  [22] , the greater activation in the right medial orbitofrontal cortex was propor-
tional and could be attributed to satiation due to meal size, regardless of body weight 
category. Obesity per se, however, resulted in significantly less activation in the left dorso-
lateral prefrontal cortex in response to both satiating and fixed meals. Successful dieters 
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  Fig. 1.  A representative  18 F-FDG-PET image is shown in a transaxial and in a coronal plane (top left), together 
with the steps required in the quantification analysis, i.e. the obtainment of time-activity curves describing 
the kinetics of  18 F-FDG in tissue and blood (top right), the model used to represent the movement of  18 F-FDG 
between compartments (bottom right) and to estimate the transfer rate constants, and the subsequent use 
of rate constants to obtain glucose uptake data in the selected brain region(s) of interest (bottom left). The 
lumped constant term supposedly corrects for differences in transport and phosphorylation between the 
tracer and glucose. The k 4  term is adjacent to a dashed arrow since the breakdown and loss of  18 F-FDG-6-
phosphate ( 18 F-FDG-6-P) is assumed to be negligible within the time frame of most PET studies. 
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maintaining weight loss for at least 3 months showed a greater activation in the dorsal 
prefrontal cortex, dorsal striatum, and anterior cerebellar lobe as well as a lower activation 
in the orbitofrontal cortex in response to a meal as compared to BMI-matched non-dieters 
 [23] . These studies may imply that the hyporesponsiveness of the orbitofrontal cortex 
following weight loss may weaken the inhibitory control in these susceptible individuals 
and predispose them to eventually regain the lost weight.

  There are other important components of the response to food ingestion, which differ 
in lean and obese individuals, and are separate from aspects of satiation or pure motivation 
and reward. These components include the changes in insulin, gastrointestinal hormones, 
adipokines, and substrate concentrations presented to the brain. For example, the concom-
itant rise in insulin or the decline in circulating fatty acid concentrations following liquid 
meal infusion both closely correlated with the observed changes in regional cerebral blood 
flow  [15] . In addition, adipose tissue masses relate with brain responses to a meal  [22] , 
implying the possible involvement of signaling molecules, e.g. adipokines. Such linked meta-
bolic interactions make it impossible to distinguish the separate contribution of satiety, 
palatability, and hormone/substrate changes in modulating brain responses to a meal. 

  Insulin is the primary hormone secreted after food ingestion to promote energy storage 
and glucose consumption in peripheral insulin-sensitive tissues. In order to characterize the 
effects of hyperinsulinemia in isolation, a standardized insulin infusion can be administered 
to mimic postprandial hyperinsulinemia, while maintaining euglycemia by appropriate 
glucose infusion. This infusion leads to a suppression in circulating free fatty acids, which is 
consistent with that observed upon eating. We have recently compared fasted and insulin-
mediated cerebral blood flow and glucose metabolism by PET scanning with H 2  15 O and 
 18 F-FDG in obese (glucose-intolerant) and leaner subjects (with normal glucose tolerance)  [6] . 
Consistent with previous studies  [5] , hyperinsulinemia did not influence cerebral metabolism 
in lean individuals or cerebral blood flow in either group. However, brain glucose metabolism 
was selectively increased for the obese, glucose-intolerant group, particularly in the right 
posterior insula. Though further studies are needed to distinguish whether brain responses 
were mostly due to obesity or chronic hyperglycemia, these data suggest that insulin action 
may be partly implicated in the meal-induced hypermetabolism observed in obese indi-
viduals, especially in the somatosensory cerebral regions. In addition, these data cautions 
against the assumption that cerebral blood flow directly reflects glucose metabolism.

  GLP-1 is an incretin hormone produced by the entero-endocrine L-cells in the gut and 
by the brain. It stimulates insulin secretion and inhibits glucagon secretion in the presence 
of glucose, inhibits gastric emptying, and reduces appetite and food intake. The infusion of 
this hormone has been implicated in the down-regulation of brain glucose transport  [7] , 
suggesting that the hormone may limit excursions in brain glucose concentrations after a 
meal. However, in the above studies that compared obese and lean individuals  [19] , GLP-1 
was not found to be modified by the liquid meal infusion.

  Brain Glucose Metabolism and Dopamine Receptors in Obesity 

 Dopamine (DA) is one of the neurotransmitters that modulate prefrontal activity, thus 
regulating executive function. DA is involved in the regulation of eating behavior and a 
central player in the mesolimbic reward circuit, and negative emotions have been asso-
ciated with a decrease in DA activity in conjunction with the loss of motivation to seek 
reward  [24] .

  The type 2 dopamine receptor (D2) ligand  11 C-raclopride has been used in PET imaging 
studies. The D2 receptor availability and DA response to food palatability (sight, smell of 
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warmed food, and taste of a variety of foods) were evaluated in healthy individuals  [25] . 
Tests were performed to score the degree of cognitive restraint towards food intake to 
control weight, emotional distress (i.e. the tendency to eat when exposed to negative 
emotions), and sensitivity to external appetitive food stimuli. A positive association was 
observed in the dorsal striatum between the restraint factor and the DA response to food 
stimulation. The authors suggested that a stronger restraining effort in these subjects may 
reflect an attempt to cognitively counteract the higher DA response, since the latter may 
underlie a greater appeal of food stimuli. This is in keeping with their previous report 
showing that the same DA response was associated with the ‘desire for food’ and with the 
perception of ‘hunger’  [26] . Importantly, a negative correlation was shown between the 
emotionality factor and the baseline D2 receptor availability in the dorsal striatum, 
suggesting that emotional stress may be associated with an impaired stimulation of food-
mediated reward, enhancing the risk of overeating. This is consistent with the evidence that 
medications blocking D2 receptors increase food intake and the risk of obesity  [27, 28] .

  To gain insight into the mechanisms by which low D2 receptor availability increases the 
risk of overeating, Volkow et al.  [4]  combined PET imaging of  18 F-FDG and of  11 C-raclopride 
in 10 morbidly obese (BMI 51 kg/m 2 ) and 12 lean individuals (BMI 25 kg/m 2 ). They found 
that striatal D2 receptor availability was reduced by 13% in obese compared with in lean 
subjects (p  !  0.05). This is consistent with previous evidence showing a progressive 
reduction in D2 receptor binding in proportion to an increasing BMI  [29] . In addition, in 
morbidly obese subjects D2 receptor availability was positively associated with glucose 
uptake in prefrontal regions (orbitofrontal cortex and anterior cingulated gyrus). This is in 
accordance with another recent report by the same authors  [12] , extending the association 
to a more physiological BMI range of 19–37 kg/m 2  in 21 healthy individuals. The authors 
suggested that the relationship between BMI and prefrontal metabolism may reflect 
disrupted dopaminergic activity.

  In fact, DA signaling projects from the ventral tegmental area and substantia nigra to 
the striatum which is implicated in the reinforcing and motivational effects of food. Projec-
tions from the striatum to the prefrontal and somatosensory cortices may affect the meta-
bolic activity of these regions. In turn, the prefrontal cortex sends projections to the striatum, 
and prefrontal glucose metabolism may regulate DA striatal activity  [30] . Thus, these areas 
and processes may operate in a reciprocal feedback system. Brain glucose metabolism is 
also sensitive to peripheral hormones and substrates influencing food desire and energy 
intake, both of which are modified by meals and obesity, and it is therefore the ideal pathway 
to receive and integrate local dopaminergic and peripheral signals.

  Do PET Studies Support the Concept That Obesity Is Caused by an ‘Addiction’ to 
Food? 

 Both obesity and addiction share the inability to restrain behavior in spite of an 
awareness of detrimental health and social consequences. The difference between indi-
viduals in their ability to exert self-inhibition and self-control determines the outcome in 
both conditions. However, in contrast to drug, alcohol, and cigarette use, and also game-
playing, eating is essential for survival. Consequently, both overeating and living in a food-
rich environment have no legal or moral constraints. As a matter of fact, obesity has reached 
epidemic proportions.

  Obesity and substance addiction share common features in brain metabolism. Similar 
to observations in obese individuals, a significant association between D2 receptor avail-
ability and metabolism in prefrontal regions was observed in drug-addicted subjects 
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(cocaine, methamphetamine, and alcohol)  [31–33] . The same finding in individuals at high 
familial risk for alcoholism  [34]  suggests that these abnormalities precede the change in 
behavior. A defective baseline orbitofrontal metabolism could underlie compulsiveness and 
lack of control and promote compensatory overeating and substance abuse.

  On the other hand, a greater response of the orbitofrontal cortex to food or drug 
exposure may be involved with further drive and desire because of the pleasure of the antic-
ipated reward. In fact, cocaine craving increased brain metabolism in the orbitofrontal 
cortex upon stimulant or drug cue administration in cocaine-addicted subjects  [35–37] .

  The involvement of the prefrontal cortex in addictive behaviors is not specific to a form 
of addiction and not caused by a direct effect of a given drug or food on the brain. In fact, 
internet game overuse, another emerging disorder characterized by lack of impulse control 
and poor reward processing, but not involving the intake of exogenous substances, was also 
associated with abnormal glucose metabolism in the orbitofrontal cortex, striatum, and 
sensory regions  [38] .

  This does not imply that chronic drug consumption is non-harmful with respect to brain 
metabolism. On the contrary, it may severely amplify the damage and compromise previ-
ously healthy regions. A recently published study conducted in cocaine-naïve monkeys has 
provided important evidence in this regard, since cocaine-induced increases in brain metab-
olism were initially restricted to the prefrontal cortex, but they expanded throughout the 
frontal cortex and the striatum as cocaine exposure progressed. Cocaine-induced activation 
was far less robust following withdrawal, possibly suggesting that larger doses of the drug 
would be required to achieve a similar brain activation and reward once the addictive state 
is achieved  [39] .

  Conclusions and Perspectives 

 One hypothesis derived from the various findings is that in obese individuals, those 
regions involved in the somatosensory response to food sight, taste, and smell – if hyper-
responsive – increase the appeal of calorie-rich foods, while areas controlling executive 
drive may overreact to the anticipation of pleasure. At the same time, regions involved in 
cognitive control and inhibitory behavior may be resistant to the perception of reward after 
food exposure, thereby requiring a compensatory increase in food ingestion. However, 
important differences in study designs limit interpretation of the findings. Even when a 
single imaging modality is used, such as PET as in the present case, the approaches have 
ranged from indirect brain activation studies by perfusion to direct quantification of brain 
glucose metabolism, and one should exercise caution in giving these procedures equal 
status. Standardized use of  18 F-FDG would have the advantage that the signal can be recon-
ducted to a specific process (glucose uptake) vital for the brain and functionally connected 
with dopaminergic activity. This tracer is also widely accessible, allowing for study 
comparison and integration between centers. Account should be taken to combine imaging 
results with a thorough evaluation of psychosocial and hormonal profiles (e.g. activation of 
the hypothalamus-pituitary-adrenal axis and sympathetic tone, adipokines, and gastroin-
testinal peptides), which play roles in the pathophysiology of obesity and obesity-related 
complications and are also strongly and reciprocally related with brain function.

  Current data on obese and drug-addicted individuals are insufficient to postulate 
common mechanisms for emotional food dependency and addiction. Furthermore, most 
studies have conducted a psychological screening to exclude patients with problematic 
eating attitudes or other substance abuse. It is not clear how many subjects have been 
excluded for these reasons, but such discrimination limit the ability to detect similarities 
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between obesity and food addiction. In addition, weight loss studies have been focused on 
successful dieters, whereas food addiction may be more logically associated with the failure 
to achieve and maintain the target weight by restricting food choices (i.e., quitting the 
subjectively most rewarding foods) beyond the number of calories. Stratification (rather 
than exclusion) of individuals based on a psychological evaluation to distinguish patients 
with compulsive and addictive features, whose overeating responds to emotional distress, 
from those who are merely sensitive to external appetitive food stimuli would provide a 
comprehensive and realistic description of the heterogeneity of the obesity phenotype. 
Weight loss interventions in psychologically stratified groups may allow distinction between 
primary and secondary (BMI-dependent) brain abnormalities, based on the hypothesis that 
individuals showing addictiveness may have persisting aberrations in cerebral metabolism 
after weight loss and manifest symptoms upon withdrawal of energy-enriched foods, 
including the extreme difficulty to abstain from the preferred foods and craving.
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