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Abstract

Adequate energy intake is vital for the survival of humans and is regulated by complex
homeostatic and hedonic mechanisms. Supported by functional MRI (fMRI) studies that
consistently demonstrate differences in brain response as a function of weight status during
exposure to appetizing food stimuli, it has been posited that hedonically driven food intake
contributes to weight gain and obesity maintenance. These food reward theories of obesity are
reliant on the notion that the aberrant brain response to food stimuli relates directly to ingestive
behavior, specifically, excess food intake. Importantly, functioning of homeostatic neuroendocrine
regulators of food intake, such as leptin and ghrelin, are impacted by weight status. Thus, data
from studies that evaluate the effect of weight status on brain response to food may be a result of
differences in neuroendocrine functioning and/or behavior. In the present review, we examine the
influence of weight and weight change, exogenous administration of appetitive hormones, and
ingestive behavior on BOLD response to food stimuli.
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1. Introduction

Nearly 30% of American adults are able to maintain a healthy weight (defined as body mass
index (BMI) < 25.1) despite living in an environment that relentlessly presents large
portions of energy-dense, highly palatable foods [1]. The excess adiposity tissue of the
remaining 70% of Americans, who are overweight or obese, places them at higher risk for
diseases such as atherosclerotic cerebrovascular disease, coronary heart disease, cancer,
hyperlipidemia, hypertension, and diabetes mellitus, which result in as many as 300,000
annual deaths [2]. The dramatic rise and maintenance of the prevalence of obesity in the
majority, but not the entirety of the population indicate that individual differences in the
determinants of ingestive behavior play a role in weight regulation.
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The determinants of ingestive behavior are frequently thought to involve parallel systems
that interact with the external food environment to influence food intake [3, 4]. First,
homeostatic mechanisms, via appetitive hormones (e.g., leptin, ghrelin), act on neural
circuitry converging through hypothalamus to stimulate or inhibit feeding in an effort to
maintain energy balance and a healthy weight. Evidenced by the prevalence of overweight
and obesity, this system is susceptible to failure. As a result, more research attention has
focused on the impact of hedonic aspects of food and food cues on the brain's reward,
attentional, and behavioral control circuitries. Theorists posit that neuropsychological
constructs such as aberrant reward-related responses to food intake and/or cues override
homeostatic processes, resulting in excess adipose tissue and weight gain (e.g., [3]).

Advances in neuroimaging techniques, particularly functional magnetic resonance imaging
(fMRI) allow for the study of whole brain blood-oxygen level dependent (BOLD) response,
a proxy used to indicate activity, during exposure various food stimuli in humans without
use of contrast agents. This evolving technique has provided valuable insight into the neural
correlates of ingestive behavior and weight regulation. Yet, some of the most prominent
theories of aberrant neural responses to food reward and obesity appear to be in conflict. For
example, obesity has been described as both a problem characterized by hyper- and hypo-
responsivity of the reward circuitry [5-7]. Similarly, it has been suggested that these
seemingly incompatible theories can operate concurrently and the valence of the neural
response is contingent on the specific type of stimulus (i.e., the response to predictive cue
versus actual receipt of a palatable tastant [8]). Independent of the exact hypothesis, all food
reward based theories of obesity rely on the notion that the observed aberrant neural
response to food stimuli relates to ingestive behavior. For example, it has been posited
hypersensitivity to food cues places individuals at greater risk for overeating [7], presumably
because these individuals are more susceptible to environmental food cues and eat more
frequently (i.e., decreased satiety; Fig 1.). Likewise, it has been suggested that those with a
deficient neural response to food in reward-related regions consume excess food to
compensate for a lack of reward or attenuated reinforcement [5], which could likely result in
greater intake during a single eating occasion (i.e., delayed satiation; Fig 1.). To date, most
studies use weight status or weight change when examining BOLD response to food stimuli
and have yet to directly examine the neural underpinnings of ingestive behavior, i.e., the
neurobehavioral aspects that contribute to body weight.

Examining the neural responses to food stimuli that contribute to overeating behavior may
prove critical, as changes in physiology, particularly neuroendocrine functioning, are
associated with weight change. These alterations in neuroendocrine functioning may
confound examinations of obese versus lean individuals that are aimed at understanding the
etiology of obesity. Further, because habitual overeating resulting in a positive energy
balance precedes initial weight gain, direct examination of the neural correlates of ingestive
behavior provides insight into obesity risk factors; whereas assessing brain response to food
stimuli in obese versus lean individuals or in obese individuals before and after weight
change may elucidate obesity maintenance factors. Improved knowledge of neural risk
factors for weight gain and differentiation of these risk factors from neural consequences of
excess adipose tissue are needed, especially as data from food-related fMRI studies begin to
serve as outcome measures of behavioral obesity prevention and treatment research. This
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review first examines human fMRI studies focused on brain-based correlates of obesity and
weight change, briefly surveys studies examining the influence of select appetitive
hormones on BOLD response to food stimuli, as well as studies focused on relation of acute
and the habitual ingestive behavior to BOLD response to food stimuli. Lastly, we review
emerging factors that are related to aspects of hedonically driven food intake.

2. BOLD response to food stimuli as a function of weight status

To date, fMRI studies assessing the relation between weight and BOLD response to food
stimuli typically use one of three types of designs: 1) cross-sectional studies comparing
overweight and/or obese versus lean individuals, 2) prospective ‘brain-as-predictor’ of
weight change designs or 3) within-subject repeated scan designs. Each of these designs
provides unique insight into the neural underpinnings, consequences, and maintenance
factors of obesity.

2.1 Cross-sectional evaluation of BOLD response in obese versus lean humans

One of the most replicated findings in the neuroimaging of obesity is the elevated neural
response to images of palatable and energy-dense foods seen in obese versus lean humans.
When compared to their lean counterparts, overweight and obese individuals show
significantly more activity in the striatum, insula, orbitofrontal cortex (OFC), and amygdala
[9-17], all regions thought to encode the reward value of stimuli and consequently influence
future behavior [18]. When exposed to visual food images or cues predicting palatable food
receipt, obese versus lean individuals also show greater activation in brain regions
associated with visual processing and attention (visual and anterior cingulate cortices), the
encoding of stimulus salience (precuneus), in the primary taste cortex (anterior insula,
frontal operculum), and oral somatosensory regions (postcentral gyrus, rolandic operculum;
[9-17]). In contrast, in several studies obese versus lean individuals showed less activity in
the striatum in response to receipt of palatable food relative to a tasteless solution [17,
19-22], though one study failed to replicate these findings [16].

These data indicate that overweight individuals show aberrant neural responses to food
stimuli, specifically, an elevated striatal response to anticipatory cues (e.g., images,
predictive cues) and decreased striatal response during consumption. As a result, these
findings support both the hyper- and hypo-reward theories of obesity [5-7]). Critically, by
nature of study design alone, cross-sectional investigations provide no ability to draw
inferences regarding the temporal precedence of weight status and observed neural effects
and thus equally support the notions that the BOLD response patterns are an underlying
cause of weight gain or a consequence of habitual overeating and/or obesity. Further, these
data and theories inherently presume a static neural response despite the high likelihood of
neuroadaptations associated with repeated consumption of rewarding foods and recurring
exposure to the associated food cues, as well as the known altered neuroendocrine
functioning that is associated with obesity.
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2.2 Prospective evaluation of BOLD response and weight change

Prospective studies provide insight into preexisting risk factors for weight gain relative to
consequences of or maintenance factors associated with obesity. For example, neural
activity can be used to predict subsequent behaviors in a ‘brain-as-predictor’ methodology
wherein BOLD response to relevant stimuli is assessed at baseline and tested as a predictor
of an outcome measure of interest assessed in the future [23]. Using a similar approach,
individuals who showed greater activation in the OFC in response to a cue predicting
palatable food gained more weight over one year [24]. Concordantly, ventral striatum and
anterior cingulate activity in response to appetizing food images predicted weight gain at 6
month follow-up [25]. The authors concluded that individuals with elevated responses to
food images in these reward and attention-related regions are at risk for future weight gain.
Interestingly, both studies' samples included individuals who were overweight and obese at
baseline, whereas, the same reward-related neural responses to food stimuli did not predict
weight gain in a sample of very lean youth (mean BMI 20.8 + 1.9) at one-year follow-up
[26]. Of note, only ~12% of this healthy-weight sample transitioned to overweight/obese
status in the follow-up period, which may have resulted in a ceiling effect that prevented
accurate evaluation of predictors of unhealthy weight gain [26].

These findings have implications not only for weight gain in the natural environment, but
also for response to weight loss intervention: greater striatum and insula activity when
viewing energy-dense foods at baseline was found to predict poorer outcome in a weight
loss program over 9-month follow-up [27], suggesting that individuals with elevated
responsivity to appetizing food cues in these regions are less likely to respond to a
behavioral weight loss intervention. Collectively, results of these studies support the theory
that obesity or high risk for obesity is associated with hyper-responsivity to food cues in
brain regions thought to encode aspects of reward and taste.

Studies evaluating BOLD response to palatable food receipt as a predictor for weight gain
have revealed somewhat less consistent effects. Striatum, ventral palldium and midbrain
response to milkshake receipt was positively related to weight gain at one-year follow-up in
a sample containing over- and healthy-weight participants [28]. Increased dorsal striatum
responses to milkshake receipt also predicted weight gain at one-year follow-up, but only in
individuals without an Al polymorphism of the TaqlA allele [20]. Those individuals with at
least one Al variant showed an inverse relation between striatal response to food receipt and
weight gain [20].

Taken together, fMRI studies evaluating the relation between BOLD response to palatable
food receipt and obesity consistently show a reduced response with increasing BMI;
however, prospective studies are inconclusive, suggesting the reduced response may be
individual risk factor in some individuals, but not others, or a consequence of adiposity or
repeated overeating rather than an innate risk factor for weight gain. Further, although
‘brain-as-predictor’ studies represent a unique opportunity to draw inferences regarding risk
factors for future weight gain, the majority of these prospective studies have included
individuals who are already overweight or obese. Consequently, the results of these
investigations aid in the identification of obesity maintenance factors or continued weight
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gain risk factors, but cannot be used to draw inferences about initial vulnerability factors for
weight gain.

2.3 Repeated measures of BOLD response and weight change

While the abovementioned ‘brain-as-predictor” studies provide insight into risk factors for
future weight gain, they cannot provide information regarding neuroapdations associated
with weight change critical to elucidating the temporal precedence of aberrant brain
activation patterns weight gain, and obesity. To date, few repeated-measures fMRI studies
are available. One such study revealed that change in adipose tissue and BMI over a 6-
month period was positively related to activity in the insula and visual cortex activity during
exposure of appetizing food images, relative to baseline scans [29]. Interestingly, weight
gain over a 6-month period was associated with reduced striatal response to palatable food
receipt relative to both baseline and to women who maintained a stable weight over the 6-
month period [30]. Together, these investigations demonstrate neuroadaptations associated
with weight change, which are consistent with results seen in the above-mentioned cross-
sectional and prospective studies. Specifically, these data indicate that change in response to
food cues in attention and gustatory regions are positively associated with weight change,
whereas change in striatal response to food receipt is inversely related to weight change.
Nonetheless, changes in adipose tissue levels and related appetitive hormone functioning
alterations with weight change may influence these findings.

3. Neuroendocrine function and neural response

3.1 Leptin

More comprehensive reviews detail the mechanisms through which endocrine functioning
influences hunger and satiety to maintain homeostasis and have documented alterations in
hormone levels in obese individuals [31-33]. Although homeostatic mechanisms of food
intake are distinct from aspects of food reward, the degree to which homeostatic and hedonic
systems interact to influence intake has yet to be fully understood. Recent studies have
utilized fMRI to evaluate the impact of exogenous administration of hormones involved in
homeostatic regulation of intake (e.g., leptin, ghrelin, GLP-1, PYY and insulin) on BOLD
response to food stimuli. These investigations permit more comprehensive understanding of
the neuroscience underlying aberrant neural activation in obesity. Of note, much of the
research directly assessing neuroendocrine levels and neural activation have thus far
included only healthy-weight individuals, and further study including endocrine assessment
and exogenous administration in overweight and obese individuals is needed to elucidate the
complex effects of elevated weight status.

The adipokine leptin, synthesized in adipose cells, conveys information to the central
nervous system about long-term energy stores and inhibits activity of the appetite stimulants
neuropeptide Y and agouti-related peptide in the hypothalamus, thereby acting as an indirect
anorectic signal [34]. Circulating leptin levels are positively related to percent body fat [35,
36], however the uptake of leptin into cerebrospinal fluid is less efficient among those with
high circulating leptin (as seen in obesity) [37]. This inefficiency suggests the effectiveness
of leptin signaling in obesity is compromised and obese individuals may be leptin resistant
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[33, 38]; therefore, observed aberrant neural responses of obese individuals compared to
lean individuals or obese individuals pre-weight loss may be related to leptin resistance
associated with obese weight status. Leptin has been associated with decreases in acute
intake [39]. FMRI studies demonstrate that in lean and overweight individuals with
congenital leptin deficiency, leptin replacement reduces insula and striatopallidal activation
and increases prefrontal cortex activation in response to images of palatable foods [40, 41];
changes in neural activation in these areas are theoretically consistent with reduced
appetitive drive and increased inhibitory control.

3.2 Peptide YY and glucagon-like peptide 1

3.3 Ghrelin

Similar to leptin, the gut hormones peptide YY (PYY) and glucagon-like peptide 1 (GLP-1)
are thought to act by reducing appetite and signaling meal termination. Circulating PYY is
negatively correlated with BMI, however, following PYY infusion decreased meal intake
observed in both obese and lean individuals [42]. This suggests that PY'Y deficiency, not
inefficiency in uptake or resistance is associated with obesity. Exogenous administration of
GLP-17_35 amide l€ads to a reduction in appetite and ad libitum energy intake in both lean
and obese individuals [43, 44]. However, the release of GLP-1 in response to food intake in
obese relative to lean individuals may be attenuated [45, 46] and higher GLP-1 levels may
be required to produce anorectic effects in obese individuals, suggesting GLP-1 insensitivity
[43]. Further, following exogenous administration of PYY3_3g and GLP-17_36 amide, bOth
independently and in combination, in fasted, healthy-weight individuals, reductions were
observed in BOLD activity in the striatum, insula and OFC in response to palatable food
images [47], suggesting downstream effects of these hormones on regions commonly
associated with rewarding aspects of food stimuli. These results may in part explain fMRI
findings comparing lean and obese participants; specifically, obese individuals may present
with lower circulating PY'Y and insensitivity to GLP-1 which would, in theory, result in
increased activity in the striatum, insula and OFC during exposure to food images. Further,
among obese individuals, increases in postprandial GLP-1 were associated with greater
activation, as measured by positron emission tomography (PET) in a region associated with
satiety, the left dorsolateral PFC [48]. Attenuated postprandial GLP-1 response in obese
individuals may therefore modulate reductions in satiety and reduced PFC activation.

Ghrelin is a peptide synthesized in the gastrointestinal tract that acts on the hypothalamic
NPY/AgRP orexigenic pathway resulting in initiation of feeding [49, 50]. Lower circulating
ghrelin levels are seen in obese versus lean individuals [51], yet obese individuals do not
show a postprandial decrease in ghrelin levels [52], thereby likely increasing the risk for
excess energy intake. In support of this hormone-behavior connection, ghrelin
administration in normal-weight individuals leads to increased energy intake [53, 54] and
increased BOLD response in the striatum, amygdala, OFC, and anterior insula during
exposure to appetizing food images [55]. Further, a recent study of lean individuals
homozygous for the FTO allele associated with high risk for obesity, reported attenuated
postprandial acyl-ghrelin decreases, and a smaller difference in BOLD response in the
anterior insula, striatum, lateral OFC to high-calorie minus-low-calorie food picture
contrasts in the fed compared to fasted state [56]. This effect in the OFC and striatum was
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moderated by fasting plasma acyl-ghrelin levels. Thus, fMRI studies comparing obese
versus lean individuals pre- and post meal may be influenced by abnormal ghrelin levels
associated with genetic risk for or obese weight status.

Insulin is secreted from the pancreas immediately following glucose consumption and
normally has an anorectic effect, but baseline insulin levels are elevated in overweight and
obese individuals [57]. In healthy-weight individuals, intranasal administration of insulin,
which permits isolation of the action of insulin in the central nervous system, reduced
BOLD activation in response to food images in the bilateral fusiform gyrus and the right
hippocampus, temporal superior cortex, and middle frontal cortex [58]. Further, in normal-
weight men, greater post-meal increases in plasma insulin concentrations were associated
with reduced activation, as measured by PET, in the insula and orbitofrontal cortex [59]. A
resting state fMRI study including obese and lean individuals demonstrated a positive
relation between functional connectivity strength in the left OFC and right putamen and
fasting insulin levels and a negative correlation between activity in these regions and insulin
sensitivity [60]. Altered insulin levels and signaling associated with obesity may therefore
contribute to altered neural activation in reward areas in fMRI studies of these individuals.

The above appetitive hormones are known to have varied plasma concentrations and/or
compromised effectiveness in overweight and obese individuals and exogenous
administration moderates BOLD response to food stimuli in regions thought to encode
aspects of hedonic eating (Table 1). Continued study of hormones in conjunction with fMRI
will further elucidate the brain networks that modulate intake and may contribute to the
etiology and maintenance of obesity.

4. Ingestive behavior & BOLD response to food

Altered neuroendocrine functioning, in part related to increased adipose tissue, may impact
findings from human fMRI studies evaluating response to food stimuli; however, the
habitual eating behavior that leads to and maintains obesity may play an equally significant
role in altering neural repsonsivity. The BOLD response patterns, i.e., heightened neural
response to cues and reduced response to receipt, parallel those seen habitual substance
users, irrespective of weight status, when exposed to relevant stimuli [61-63]. Independent
of the notion of ‘“food addiction,” the parallel aberrant neural responses to exposure to
relevant stimuli in substance use disorders and obesity suggest that the process of repeated
behavior contributes to aberrant neural responses. Critically, individuals must consistently
consume energy beyond what they expend to initiate weight gain. Thus, examining neural
correlates of both acute and longer-term ingestive behavior prior to onset of overweight or
obese weight status provides insight into the factors contributing to excess intake in isolation
from the confounds of neuroendocrine functioning associated with obesity.

4.1 Acute ingestive behavior & BOLD response to food stimuli

Few studies have assessed the acute relation between BOLD response and ingestive
behavior. Midbrain and medial OFC activity in response to milkshake receipt (small tastes;
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~30 mL over the scanning session) positively predicted subsequent ad libitum milkshake
consumption [64]. Of note, this sample included lean and overweight individuals, however
BMI was included as a covariate in all analyses. Results of a second study indicate BOLD
response in the ventral striatum during exposure to food images positively predicts later
snack consumption, and striatal activity was not significantly related to BMI [65].
Collectively these studies indicate that BOLD activity in regions thought to encode reward
and motivation in response to food receipt and images positively predict subsequent food
intake. This supports with the theories that hypersensitivity to food reward may contribute to
the development of regular overeating, placing the individual at higher risk for developing
obesity.

4.2 Habitual ingestive behavior & BOLD response to food stimuli

In addition to associations with acute food intake in close proximity to scanning, studies
integrating more long-term eating behavior data have further clarified potential relations
between neural activation and the repeated behavior that leads to and maintains obesity.
Using objectively measured energy intake over a two-week period in lean adolescents, a
positive relation was observed between energy intake beyond basal metabolic needs and
BOLD response during cues predicting food receipt in regions thought to encode visual
processing and attention (visual and anterior cingulate cortices), salience (precuneus), as
well as the primary gustatory cortex (frontal operculum) and (reward/motivation) striatum
[66]. Further, habitual soft drink consumers also showed greater precuneus activity when
shown advertisements promoting the brand of their preferred soft drink, relative to their
BMI-matched non-soda consuming counterparts [67]. This pattern of activity is analogous to
previous cross-sectional studies comparing obese relative to lean individuals in response to
food images and cues (e.g., [12-15]), suggesting that repeated ingestive behavior,
independent of weight status, contributed to the increased response to food images and
advertisements (Table 2).

As previously noted, a reduced response to palatable food receipt in regions associated with
reward (e.g., striatum, amygdala) and gustatory (e.g., insula, frontal operculum) processing
has been observed in cross-sectional studies comparing obese versus lean individuals [17,
19-22]. Consistent with the notion that a key difference between these lean and obese
participants was the obese groups' repeated consumption of highly palatable foods, greater
frequency of artificial sweetener use was related to decreased striatal response during intake
of a saccharin (a nonnutritive sweetener) solution [68], as well as decreased response in the
insula and amygdala during sucrose solution intake [69]. Further, frequency of ice cream
consumption has been found to be inversely related to ventral striatum, insula and
ventromedial prefrontal cortex response during milkshake receipt [70]. Collectively these
data indicate that regular, repeated consumption of sweetened foods is related to a reduced
BOLD response during intake of a similarly sweetened tastant. Critically, as two of the three
samples included in these studies were lean, these results are independent of overweight
status and compromised neuroendocrine functioning (Table 2).

The above findings indicate that repeated intake of highly palatable foods might contribute
to further energy intake as well as being related to aberrant BOLD responses to food cues/
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images. Activity in these studies mirror results from studies comparing obese vs. lean
controls and prospective evaluations of BOLD response and weight change. Thus, these
neural patterns precede weight gain and may represent obesity risk factors. While these
findings provide insight the temporal relation between obesity, weight gain and aberrant
neural responses to food stimuli, the exact temporal precedence remains largely unclear.

4.3 Ingestive behavior & food composition

An interesting caveat that is gaining more of a presence in the food reward literature is the
composition of food consumed; specifically the energy density, fat and sugar content of
palatable foods as it relates to BOLD response, and weight regulation. As fat and sugar are
most often included in highly palatable foods and implicated in obesity, investigations have
focused on neural effects of these macronutrients. Increasing fat concentrations of tastants
have been shown to elicit activity in anterior insula, frontal operculum and secondary
somatosensory cortex, anterior cingulate cortex, and amygdala [71, 72]. The anterior insula
and ventral anterior cingulate cortex both respond to oral fat (independently of its viscosity)
and sugar intake [72]. Increasing the sugar content of a tastant elicited greater activity in the
insula and rolandic operculum, whereas an increase in fat did not fat did not result in a
change in BOLD response [73]. Therefore, the high-sugar content, relative to fat content in
palatable foods may elicit a greater neural response, and repeated consumption of
particularly high-sugar foods may play a larger role the neural abnormalities observed in
reward regions. This finding is particularly relevant in light of evidence that the sugar
content of foods available in the environment has only increased over the last 40 years,
coinciding with the rise in obesity [74]. However, fat provides more calories than sugar per
gram (fat 9 kcals/g vs. sugar 4 kcals/g), so it is reasonable hypothesis that fat intake may
more readily impact weight status. Given that fat and sugar are frequently paired in energy
dense foods, it is an interesting notion to think that frequent high sugar intake may alter
neural response to food, while the associated kcals from fat may drive excess caloric intake,
both driving weight gain.

Beyond disparate impacts on gustatory and striatal regions, the interplay of sugar and fat
effects on homeostatic processes in the hypothalamus may in turn affect subsequent eating
behavior, particularly that of highly palatable foods. For example, a high-carbohydrate diet
increases neuropeptide (NPY) expression, and a high-fat diet increases expression of
galanin, another neuropeptide, [75] while reducing NPY expression [76]. This may be a
result of galanin inhibiting NPY in the hypothalamus [77]. In turn, increases in galanin
stimulate further fat intake, while increased neuropeptide Y (NPY) stimulates further
carbohydrate intake [76]. Thus, both homeostatic and hedonic effects of fat and sugar may
contribute to further excess consumption of these foods and ultimately weight gain.

5. Discussion

Here we reviewed fMRI studies that examined BOLD response to food and food cues in
three different dependent measures: i) weight status and change; ii) peripheral administration
of appetitive hormones altered in obesity; and iii) assessments of acute and habitual
ingestive behavior. Overall, data from these three study designs suggest increased BOLD
response to food cues (images and during anticipation) is positively related to weight.
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During exposure to food cues obese versus lean individuals show greater activity in regions
commonly associated with reward and/or motivation (i.e., striatum, pallidum, midbrain,
OFC), regions thought to encode visual processing and attention (visual and anterior
cingulate cortices), salience (precuneus), and gustatory (insula, frontal operculum) and oral
somatosensory (postcentral gyrus) processing. Prospective and behavioral data further
support the above findings: OFC, striatal and insular activity in response to food cues were
positively predictive of weight gain or poor outcome in a weight loss program [24, 25, 27],
and changes in body fat were positively related to striatal response to appetizing food
images [29]. Of note, obese relative to lean individuals are also likely to present altered
neuroendocrine functioning such as, leptin and insulin resistance, decreased circulating PYY
and leptin levels. Peripheral administration of these appetitive hormones in moderates the
BOLD response to palatable food images in a similar manner seen when comparing obese
versus lean, suggesting neuroendocrine functioning may significantly interact with food-
related responsivity as detected by BOLD signal. Importantly, this effect can only occur
after excess consumption of food and weight gain. As such, appetitive hormone alterations
may also serve as obesity maintenance factors.

Obese individuals also have shown a reduced striatal response during receipt of palatable
food in five independent samples [17, 19-22]. A decreased striatal response to food receipt is
associated with weight gain [30] and habitual consumption of sweet foods [68-70]. In
seeming contrast, striatal response to food receipt is positively predicts weight gain [20, 28]
in samples including both healthy- and overweight individuals, and striatal activity during
milkshake receipt positively predicts subsequent ad libitum milkshake intake [64]. This
pattern of results in suggests that the attenuated response to receipt is not innate risk factor
for weight gain, for most, but may be acquired through the process of regular consumption
of highly palatable foods and contribute to unhealthy weight maintenance. In contrast,
greater activity in regions associated with attention, salience, reward/motivation and
gustatory processing during exposure to food cues are consistently associated with obesity,
propensity for weight gain, as well as greater acute and habitual food intake, indicating this
activity pattern associated with cues may serve as a risk factor for weight gain as well as an
obesity maintenance factor.

This notion of initial hyper-responsivity to food leading to overeating which, in turn
contributes to a increased valuation of sensitized cues and an attenuated response to food
intake is supported by animal models [78, 79], and a similar notion has been posited in
humans [8]. Animal models show phasic dopamine release initially occurs upon palatable
food receipt and shifts to fire to an associated cue after repeated pairings [78]. Further, this
process may result in sensitized (food) cues that inform goal directed behavior [79], and the
repeated challenges to brain reward circuitry by habitually consuming palatable foods could
disrupt the allostasis of this system resulting in further reward dysregulation [80].

An alternative, yet closely related construct that likely plays a role in the relations among
food reward, frequent consumption and weight gain is impulsivity. For example, obese
versus lean individuals show behavioral inhibition deficits and immediate reward bias for
food reward [81, 82]. FMRI studies show that obese women showed less activation in
prefrontal brain regions associated with executive functioning (middle and inferior frontal
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gyri) during a general delay discounting task [83] and a similar neural response pattern
predicted future weight gain [84]. Overweight relative to lean adolescents demonstrated
behavioral evidence of inhibitory control deficits and reduced activation of prefrontal
inhibitory regions during a food specific go/no-go task, a variant of a classic inhibitory
control assessment [85]. These data are supported by a study examining the relation between
neural response to food images and eating behavior. Specifically, in a predominately
healthy-weight sample, activity in the right dorsolateral prefrontal cortex (a region
associated with inhibitory control) during exposure to appetizing food images was inversely
predictive of ad libitum intake at a subsequent meal [86].

Certainly an expanded review of the literature including more in-depth review of PET
imaging studies, reviews using bariatric surgery, and drawing from animal models can
provide additional insight to the questions discussed here. We refer readers to excellent
reviews directly addressing these topics [87-89]. Despite rapid advances in the study of
neural response to food stimuli, critical questions remain: which of aberrant responses to
food stimuli are predisposing vulnerability factors and which are consequences of unhealthy
ingestive behavior? Moreover, can the identification of individual neurobehavioral risk
factors for weight gain inform effective interventions? Functional neuroimaging has the
potential to serve as an invaluable tool in the investigation of interacting homeostatic and
hedonic mechanisms that guide ingestive behavior. Additional use of controlled, prospective
study designs coupled with objective assessments of eating behavior and assessments of
hormone will provide critical knowledge regarding ingestive behavior and obesity.
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Figure 1.
Possible ingestive behavior mechanisms of reward-based theories of obesity.
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Table 1
Appetitive hormonesrelation to food intake, obesity, and BOLD response to food images

Hormone Per ceived effect on Association with Relation to excess Effect on BOLD response during
food intake acute food intake weight food image exposure
Leptin Meal termination Decreased [39] Higher circulating levels; Leptin replacement reduced striatal
Leptin resistance[35, 38] and insula activity and increases
prefrontal activity [40, 41]

Peptide YY (PYY) Meal termination Decreased [42] Lower circulating levels Exogenous administration reduced
[42] striatal, insula and OFC activity [47]

Glucagon-like peptide Meal termination Decreased [43, 44] Attenuated release to Exogenous administration reduced
1(GLP-1) food intake [43] striatal, insula and OFC activity [47]
Ghrelin Meal initiation Increased [53, 54] Lower circulating levels; Exogenous administration increased
levels maintain striatal, amygdala anterior insula and

postprandial OFC activity [55]
Insulin Meal termination Decreased [57] Higher circulating levels; Intranasal administration reduced
Insulin resistance [57] fusiform gyrus hippocampus,

temporal superior and middle frontal
cortices activity [58].
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Relation to food intake and BOLD responseto food stimuli

Food intake measur e/study design

Food stimuli during scan

Relation to BOL D response during food image exposure

Ad lib milkshake consumption (post-
scan)

Ad lib snack consumption (post-scan)

Doubly-labeled water estimates of
two-week energy intake

Ad lib meal consumption (post-scan)
Comparison of habitual soft drink

consumers vs. BMI-matched controls

Self-reported artificial sweetener use
in habitual diet soft drink consumers

Self-reported artificial sweetener use

Self-reported intake of ice cream and
frozen dessert

Milkshake receipt > tasteless solution
receipt

Food images > images of non-food
household items

Cues predicting milkshake receipt >
cues predicting tasteless solution
receipt

Appetizing food images > non-food
objects

Soft drink brand advertisements > non-
food advertisements

Saccharin solution receipt > tasteless
solution receipt

Sucrose solution receipt > tasteless
solution receipt

Milkshake receipt > tasteless solution
receipt

Response in midbrain and medial OFC was positively
predicted subsequent ad lib milkshake intake [64]

Response in ventral striatum was positively related to ad lib
snack intake [65]

Response in the visual and anterior cingulate cortices,
precuneus, primary gustatory cortex (frontal operculum)
and striatum was positively related to energy intake [66]

Ad libitum meal intake was related to decreased dorsolateral
prefrontal cortex response [86]

Response in the precuneus was greater in habitual soft drink
consumers [67]

Artificial sweetener use was related to decreased striatal
response [68]

Artificial sweetener use was related decreased response in
the insula and amygdala [69]

Frequency of ice cream intake was related to decreased
ventral striatum, insula and ventromedial prefrontal cortex
70
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