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Abstract
Subjects with binge eating disorder (BED) regularly consume large amounts of food in short time
periods. The neurobiology of BED is poorly understood. Brain dopamine, which regulates
motivation for food intake, is likely to be involved. We assessed the involvement of brain
dopamine in the motivation for food consumption in binge eaters. Positron emission tomography
(PET) scans with [11C]raclopride were done in 10 obese BED and 8 obese subjects without BED.
Changes in extracellular dopamine in the striatum in response to food stimulation in food-deprived
subjects were evaluated after placebo and after oral methylphenidate (MPH), a drug that blocks
the dopamine reuptake transporter and thus amplifies dopamine signals. Neither the neutral stimuli
(with or without MPH) nor the food stimuli when given with placebo increased extracellular
dopamine. The food stimuli when given with MPH significantly increased dopamine in the
caudate and putamen in the binge eaters but not in the nonbinge eaters. Dopamine increases in the
caudate were significantly correlated with the binge eating scores but not with BMI. These results
identify dopamine neurotransmission in the caudate as being of relevance to the neurobiology of
BED. The lack of correlation between BMI and dopamine changes suggests that dopamine release
per se does not predict BMI within a group of obese individuals but that it predicts binge eating.

INTRODUCTION
Binge eating disorder (BED) is characterized by episodes of eating an objectively large
amount of food and feelings of loss of control. It occurs in about 0.7–4% of general
population and about 30% of obese subjects attending weight control programs (1). Obese
binge eaters eat significantly more calories than obese nonbinge eaters when asked to eat
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until extremely full, to binge eat, or to eat normally (2). Obese binge eaters have high
relapse rates during weight control programs and experience their disorder for long periods
of time.

Multiple factors regulate food intake including caloric requirements and reinforcing
responses to food, which include palatability as well as conditioned responses (3).
Dopamine is one of the neurotransmitters involved with feeding behaviors, and its
pharmacological manipulation has marked effects on food intake (4). Brain imaging studies
with positron emission tomography (PET) and [11C]raclopride showed that the desire for
food during presentation of palatable food stimuli, without consumption, was associated
with striatal dopamine release (5). The amount of dopamine release was also correlated with
the ratings of meal pleasantness following consumption of a favorite food (6). These
imaging studies are consistent with dopamine’s role in regulating food consumption through
modulation of the rewarding properties of food and the motivation and desire for food
consumption (4). It had been postulated that in humans, low dopamine activity could
predispose a person to pathological overeating as a way to compensate for decreased
dopaminergic activity (7). In fact, in a study done in morbidly obese subjects we reported
decreased levels of striatal dopamine D2 receptors, which are predicted to result in an
attenuation of dopamine signals (8). Abnormal dopaminergic activity has also been
demonstrated in genetically inbred rodents for obesity and has been postulated to underlie
overeating (9). Dopamine modulates motivation and reward circuits, and hence dopamine
deficiency in obese subjects may perpetuate pathologic eating as a means to compensate for
decreased activation of these circuits.

Individuals with BED are characterized by compulsive overeating and impulsivity (10),
which shares similarities with compulsive and impulsive drug using behaviors in substance
abusers (11). Food is a potent natural reinforcer, and fasting can further enhance its
rewarding effects (12). Dopamine plays an important role in signaling the salience for a
variety of potential cues that predicts selection of rewards during fasting (13). Some
ingredients in palatable food such as sugar and corn oil can result in impulsive ingestion in
patterns reminiscent of those seen with drug intake in addiction (4,14). As in the case for
drugs of abuse, ingestion of sugar increases dopamine in the nucleus accumbens (14). For
example, when rats are given intermittent access to sugar solutions, they drink in a binge-
like manner, releasing dopamine in the nucleus accumbens, similar to that observed in
animal models of drug dependence (14). The sweet taste of sugar, without the nutrition
component, can also induce release of dopamine (15). Using PET and [11C]raclopride, we
showed that visual and olfactory exposure to palatable food increased extracellular
dopamine in the dorsal striatum in normal-weight healthy controls who had been food
deprived for 16 h (5). The dopamine releases were significantly correlated with the increases
in self-reports of hunger and desire for food. These results provided evidence of a
conditioned-cue response in the dorsal striatum.

Here, we evaluate the hypothesis that obese subjects with BED would show stronger
conditioned responses to food stimuli when compared with non-BED obese subjects. To
measure changes in dopamine induced by food conditioned stimuli, we used PET and
[11C]raclopride with the imaging paradigm that we reported previously (5). Understanding
the neurobiological mechanisms underlying food stimulation can provide targets for
interventions to help individuals regulate their abnormal eating behaviors.
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METHODS AND PROCEDURES
Participants

The institutional review boards at Stony Brook University (Stony Brook, NY)/Brookhaven
National Laboratory (Upton, NY), and St. Luke’s–Roosevelt Hospital (New York, NY)
approved the protocol. Written informed consent was obtained after the experimental
procedure was explained. Ten healthy subjects with BMI (kg/m2) >30 and DSM IV
(Diagnostic and Statistical Manual of Mental Disorder-Fourth Edition) diagnosis for BED
were recruited for the study. The control group (n = 8) comprised obese subjects (BMI >30)
that did not fit into the criteria for BED. Exclusion criteria for both groups were: history of
surgical/medical treatment for weight control, dependence on alcohol or other drugs of
abuse (except for caffeine <5 cups/day or nicotine <1 pack/day), neurological or psychiatric
disorder (other than binge eating for the BED group), use of prescription (nonpsychiatric)
medication(s) that can affect brain function, in the past 2 weeks, medical conditions that
may alter cerebral function, cardiovascular disease and diabetes, head trauma with loss of
consciousness of >30 min. Urine screening tests for psychoactive drugs (including
phencyclidine, cocaine, amphetamine, opiates, barbiturates, benzodiazepine and
tetrahydrocannabinol) were performed to corroborate lack of drug use.

Psychological diagnosis—Candidates were recruited and screened psychologically at St
Luke’s–Roosevelt Hospital for BED using the Eating Disorder Examination, a structured
clinical interview which was modified for BED (16). They also completed the Zung
Depression Scale (17,18), and the Gormally Binge Eating Scale (19), which reflects binge-
eating–related behavior and attitudes.

Study design
The subjects were asked to fill out a questionnaire, which contained the following
information on the day of screening: a rating of overall interest in food; list of favorite
foods; list of food smells that stimulated appetite; list of food smells that diminished
appetite; and a rating of a list of foods for their preferences on a scale from 1 to 10, 10 being
the highest. The food items with the highest ratings were presented to the subject during the
food stimulation condition.

Subjects were scanned four times with [11C]raclopride on two different days under the
following conditions (Figure 1): On the first day of study, the first [11C]raclopride scan was
started 70 min after oral placebo (dicalcium phosphate tablet) with neutral intervention
(neutralplacebo). The second [11C]raclopride scan was started 70 min after oral administration
of methylphenidate (MPH: 20 mg) with food intervention (foodMPH) about 2 h and 20 min
after the radiotracer injection of the first one. On the second day of study, the first
[11C]raclopride scan was started 70 min after oral placebo (dicalcium phosphate tablet) with
food intervention (foodplacebo). The second [11C]raclopride scan was started 70 min after
oral administration of MPH (20 mg) with neutral intervention (neutralMPH) about 2 hs and
20 min after the radiotracer injection of the first one. We chose a dose of MPH (20 mg oral),
which we had previously shown to induce significant increases in striatal dopamine level in
normal-weight subjects during food stimulation (5). Both the food and neutral interventions
began about 10 min before the radiotracer injection and continued for a total of about 40
min. The subjects did not know whether they received the placebo or MPH. In addition, the
order of the study days were varied and counterbalanced across subjects.

For the food stimulation condition, the food was warmed to enhance the smell, and the
subjects were presented with it so that they could view and smell it. A cotton swab
impregnated with the food was placed on their tongues so they could taste it. A given food
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item was presented for 4 min and then exchanged for a new one. The taste, smell, and view
of food continued throughout the stimulations. The subjects were asked to describe their
favorite foods and how they like to eat them while they were presented with foods that they
had reported as their favorite ones. For the neutral stimulation, subjects were presented with
pictures, toys, and clothing items so they could view them and smell them and discuss them
during the stimulation. We also used a cotton swab impregnated with a neutral taste (such as
metallic or plastic), which was placed on their tongues. The food and neutral interventions
were started 10 min before radiotracer injection and were continued for a total of 40 min.
For both study days, the subjects were asked to have their last meal at 7:00 PM the evening
before the day of study and reported to the imaging center at 8:30 AM.

Behavior and cardiovascular measures—During the PET studies, participants were
instructed to orally respond to each descriptor using a whole number between 1 and 10 for
the self-report of “hunger” and “desire of food”, which were obtained prior to the food/
neutral stimulation and then at 4-min intervals for a total of 40 min. In addition, pulse rate
and blood pressure were obtained before placebo/MPH, 30 min, 60 min (prior to the neutral/
food stimulation), then every 3 min during food/neutral stimulation for a total of 42 min.

PET scans—Subjects were scanned with [11C]raclopride using a Siemens HR+ PET
scanner. Details on procedures for positioning of the subjects’ arterial and venous
catheterization, quantification of radiotracer and transmission and emission scans have been
published (5). Briefly, dynamic images were taken immediately after a bolus intravenous
injection of 3–7 mCi of [11C]raclopride for a total of 60 min. Blood samples were obtained
to measure plasma MPH concentration prior to and at 30, 60, 90, and 120 min after MPH.
The plasma concentration of MPH was analyzed at Dr Thomas Cooper’s laboratory (Nathan
Kline Institute, Orangeburg, NY).

Image analysis
The regions of interest in dorsal striatum (caudate, putamen), ventral striatum, and
cerebellum were outlined by superimposing boundaries from a neuroanatomical atlas using a
template, which we had previously published (5). Briefly, regions of interest were initially
outlined on the individual’s summed baseline [11C]raclopride image (images obtained
between 15 and 54 min) and were then projected into the dynamic [11C] raclopride images
to generate time–activity curves for the striatal regions (caudate, putamen, and ventral
striatum) and cerebellum. These time–activity curves for tissue concentration, along with the
time–activity curves for unchanged tracer in plasma were used to calculate [11C]raclopride’s
transfer constant from plasma to brain (K1) and the total tissue distribution volume (VT),
which corresponds to the equilibrium measurement of the ratio of tissue concentration to
plasma concentration, in striatum and cerebellum using a graphical analysis technique for
reversible systems (20). The ratio of VT in striatum to that of VT in cerebellum corresponds
to nondisplaceable binding potential (BPND) +1 where BPND is the in vivo binding potential
which is proportional to the number available binding sites Bavail/Kd. It is unlikely that
BPND for raclopride is affected by changes in blood flow during the scan, but to check for
this possibility K1 (which is a function of blood flow) was estimated for the baseline and
MPH studies which had arterial blood sampling by fitting the data to a one-compartment
model (21). A one-compartment model was used for both cerebellum and the D2 regions of
interest.

The response to food stimulation (with placebo or with MPH) was quantified as the
difference in Bmax/Kd with respect to the neutralplacebo condition, which was the condition
used as baseline. Similarly, the response to MPH with the neutral stimulation (used as a
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measure of MPH’s effects) was quantified as the difference in BPND with the neutral/
placebo condition.

Data analysis—Difference in K1 values between placebo and MPH were tested using
paired t-test. Differences in BPND between conditions were tested using a 2 × 2 factorial
design (drug × cue type) and the group comparison using a mixed design ANOVA. The
relative contributions of gender as well as age and BMI were taken into account in the
ANOVA model. Post hoc t-tests were then used to determine for which conditions the
effects differed from the baseline condition (neutralplacebo). Post hoc power analyses for
paired samples t-tests with multiple-test correction and for repeated measures ANOVA were
performed. The effects of the food stimulation on the behavioral self-reports were tested by
comparing the scores obtained prior to stimulation and the averaged scores obtained
between 15 and 40 min after initiation of the intervention using repeated measures ANOVA.
The effects of the food stimulation on cardiovascular responses were tested by comparing
the measures prior to placebo/MPH, prior to stimulation (60 min after placebo/MPH), and
the average measures obtained between 3 and 42 min after initiation of the stimulation using
repeat measures ANOVA. Pearson product moment correlations were used to assess the
relationship between the food stimulation–induced changes in BPND and parameters such as
the behavioral effects of the food stimulation, cardiovascular responses (pulse rate and blood
pressure), scores on the binge eating scale, age, and BMI, as well as between MPH-induced
changes in BPND and parameters such as cardiovascular responses, age, and BMI. Pearson
product moment correlations were also performed between the changes in dopamine induced
by MPH when given with the neutral stimulation vs. the changes when given with the food
stimulation and parameters such as the behavior effects of the food stimulation, scores on
the binge eating scale, cardiovascular responses, age, and BMI.

RESULTS
Ten binge eaters and eight nonbinge eaters were recruited for the study. Both groups were
similar in age, BMI, Zung depression scores, years of education and social economic
background (Table 1). The binge eaters had significantly higher scores for the Gormally
Binge Eating Scale (P < 0.000001).

Food stimulation increased hunger and desire for food in binge eaters (P < 0.001, P < 0.001,
respectively) and nonbinge eaters (P < 0.05, not significant, respectively) in placebo as well
as in oral MPH (binge eaters: P < 0.05, not significant; nonbinge eaters: P < 0.05, P < 0.05)
conditions, respectively (Table 2). However, the increases in self-report parameters during
food stimulation (with or without MPH) did not differ between binge eaters and nonbinge
eaters.

Food stimulation increased systolic pressure in binge eaters (+6 ± 7%, P = 0.04) and
nonbinge eaters (+2 ± 2%, P = 0.02) in placebo condition (Table 3). Comparisons between
systolic pressure changes during food stimulation and neutral stimulation did not differ in
binge eaters and in nonbinge eaters (measured by stimulation interaction). During food
stimulation, pulse rate decreased in nonbinge eaters (P = 0.02) in placebo but not in binge
eaters. Blood pressure measured at 60 min (prior to neutral stimulation) after oral MPH in
nonbinge eaters showed systolic pressure increases (P = 0.002), which persisted during
neutral stimulation (P = 0.004). However, systolic pressure in nonbinge eaters did not
change when it was measured prior to food stimulation (60 min after oral MPH), and the
systolic pressure was not significantly different between the studies (measured by study
interaction).
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Averaged blood MPH concentration did not differ between both groups of subjects during
the neutralMPH (binge eaters: 6.75 ± 2.33, nonbinge eaters: 6.07 ± 2.72) and foodMPH (binge
eaters: 6.6 ± 2.83, nonbinge eaters: 6.03 ± 2.48) conditions.

K1 values of averaged striatal regions for the placebo and MPH conditions were 0.101 ±
0.02 and 0.11 ± 0.026 (binge eaters—food), 0.09 ± 0.014 and 0.0927 ± 0.02 (binge eaters—
neutral), 0.107 ± 0.029 and 0.106 ± 0.03 (nonbinge eaters—food), 0.093 ± 0.012 and 0.098
± 0.011 (nonbinge eaters—neutral). The average % changes for the groups were +8%, +4%,
−0.6%, and +5%, respectively. The differences of K1 values were significant for binge
eaters: foodplacebo vs. foodMPH (P < 0.01) and nonbinge eaters: neutral placebo vs. neutralMPH
(P < 0.03).

The baseline (neutralplacebo) dopamine D2 receptor availability did not differ between binge
eaters and nonbinge eaters and was not correlated with BMI or Zung depression scores.
Neither the neutral stimuli nor the food stimuli when given with placebo increased
extracellular dopamine in nonbinge eaters. The neutral stimulation given with MPH
(neutralMPH, drug by cue interaction, P = 0.003; the estimated effect size Cohen’s d = 1.63
with power = 99.99% at significance level of 0.05, and power = 99.96% at significance level
of 0.05/3 with multiple-test correction), but not the food stimuli given with MPH (foodMPH),
significantly increased dopamine release in caudate in nonbinge eaters. In binge eaters,
neutral stimulation neither with nor without MPH (neutralMPH) significantly increased
dopamine release. The food stimuli given with MPH (foodMPH) compared with baseline
(neutralplacebo) showed significant dopamine release in binge eaters in caudate (P = 0.003;
the estimated effect size, Cohen’s d = 1.30) and putamen (P = 0.05; the estimated effect size
= 0.74). The food stimuli given with placebo (foodplacebo) did not induce significant
differences between binge eaters and nonbinge eaters (scan by stimuli interaction). Even
though MPH with neutral stimulation (neutralMPH) induced significant caudate dopamine
release in nonbinge eaters but not in binge eaters, the interaction was not significant (scan by
diagnosis interaction). For the comparison of the food stimuli given with MPH (foodMPH)
vs. the baseline (neutralplacebo), binge eaters had significantly more dopamine release than
nonbinge eater in caudate (scan by diagnosis interaction, P = 0.026, Table 4 and Figure 2 the
estimated effect size = 0.79). However, the differences in putamen or in ventral striatum
were not significant.

There were no correlations between foodplacebo condition and self-report parameters,
cardiovascular responses, scores on the binge eating scale, age or BMI. Compared across all
subjects, the subjects with larger BMI had lower plasma MPH concentration (n = 18, r =
0.57, P < 0.01). The increases in striatal dopamine release across all subjects for the
neutralMPH condition were not correlated with self-report scores, cardiovascular responses,
scores on the binge eating scale, plasma MPH concentration, age, and BMI. The increases of
dopamine release across all subjects in caudate under foodMPH condition were correlated
with severity in the Gormally Binge Eating Scale (n = 18, r = 0.49, P < 0.03, Figure 3) but
not with BMI, plasma MPH concentration, self-report parameters, cardiovascular responses,
and age. No gender effects were observed in these parameters.

DISCUSSION
This study showed that obese binge eaters had greater increases of extracellular dopamine
levels in the caudate nucleus during the food stimulation when dopamine transporters were
blocked by the administration of MPH, than the nonbinge eaters. In contrast, the ventral
striatum where the nucleus accumbens is located did not differ between the groups.
Dopamine in the nucleus accumbens has been found to influence the motivation for
behavioral output toward drugs and drug-associated stimuli (22). Animal studies showed
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that anticipating an impending reward from food intake activated mesotelencephalic
dopamine neurons, and the dopamine activation in the nucleus accumbens was greater in the
presence of conditioned stimuli that signaled food receipt than after actual delivery of an
unexpected meal (23). The nucleus accumbens integrates converging input from limbic sites
related to appetite and rewards to initiate approach behavior (24). Its activation predicts an
immediate reward. In contrast, the dorsal striatum is important for the formation of
behavioral habits and has been shown to a be major mediator in drug abuse behaviors (25).
The dorsal striatum contributes to stimulus response habit learning, where behavior becomes
automatic and no longer driven by an action outcome relationship (26). When conditioned
stimuli predict an upcoming reward, the firing of dopamine neurons occurs after reward-
predicting stimulus, rather than after the reward itself (27). Electrophysiological recordings
in monkeys in the caudate nucleus, suggest that its activity may be dependent on the
anticipated consequence of performance (28). However, the caudate nucleus is believed to
be involved in reinforcement of action potentially leading to reward but not in processing of
the reward per se (29).

In this study, BMI did not differ between the nonbinge eaters and binge eaters. However,
scores on the binge eating scale were higher for the binge eaters as expected. The Gormally
Binge Eating Scale scores were associated with extracellular dopamine increases in the
caudate during food stimulation. Subjects with higher binge eating scores had greater
extracellular dopamine increases in caudate during the food stimulation than those with
lower scores. Prior imaging studies have shown that obese binge eaters had more activation
in the frontal and prefrontal cortical areas than obese nonbinge eaters during food cue
stimulation (30,31). Binge eaters showed greater responses in medial orbitofrontal cortex
while viewing food pictures, which was correlated with their reward sensitivity (30). In a
prior study using PET-18F-fluorodeoxyglucose and the same food stimulation paradigm, we
showed that in normal weight fasting subjects, orbitofrontal activation was associated with
an increased desire for food (32). The mesoaccumbens/mesocortical dopamine fibers, which
mostly originate in the ventral tegmental area, innervate limbic and cortical regions
including prefrontal and orbitofrontal cortices (33). Thus, the activation in these frontal
regions could reflect downstream effects of dopaminergic striatal activation.

Unlike the obese binge eaters, the obese nonbinge eaters did not increase extracellular
dopamine levels in striatum during food stimulation. Using PET-[11C]raclopride with the
same food stimulation paradigm to evaluate changes in striatal extracellular dopamine in
food-deprived normal-weight subjects, we showed significant increases (+12%) in
extracellular dopamine in the dorsal striatum (5). It is possible that obese subjects might
have a downregulated dopamine system (+8% in obese binge eaters and +1% in obese
nonbinge eaters). Imaging studies in humans and animals from our laboratory and others,
showed enhanced activation in brain regions related to sensory processing of food in obese
individuals. Specifically using PET and 18F-fluorodeoxyglucose, we showed that morbidly
obese subjects had higher than normal baseline glucose metabolism (without stimulation) in
the gustatory somatosensory cortex than nonobese subjects (34). A functional magnetic
resonance imaging study of adolescent girls showed that obese girls had greater activation in
insula and gustatory somatosensory cortex in response to anticipated food intake and to
actual consumption of food than lean girls (35). Preclinical studies from our group showed
that food stimulation (viewing and smelling without consumption) enhanced thalamic
activation in obese Zucker rats more than in lean littermates (36). These activated/enhanced
regions are implicated in sensory (somatosensory, visual cortices, thalamus) and hedonic
(insula) aspects of food cues. Dopamine stimulation signals saliency and facilitates
conditioning (37). Dopamine’s modulation of neural processing of food cues in the sensory
cortices and thalamus to food stimuli might enhance their saliency, which is likely to play a
role in the formation of conditioned associations between food and food-related
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environmental cues. The functional magnetic resonance imaging study of adolescent girls
(35) showed that obese girls had greater activation in the brain regions that relate to sensory
and hedonic aspects of the food. However, these obese girls also showed decreased
activation in the caudate in response to food consumption, which might indicate a
dysfunctional dopamine system that could increase their risk of overeating (35).

Here, we show that a therapeutic dose of oral MPH (20 mg) significantly increased
extracellular dopamine in caudate in nonbinge eaters but not in binge eaters. However, the
dopamine increases was not significantly different between the groups. Our prior finding in
healthy normal-weight subjects showed that MPH did not induce significant cardiovascular
effects, similar to the findings of this study, and MPH-induced striatal dopamine increases
were larger when MPH was given with a salient stimulation (visual food stimulation when
food deprived, money) than when given with a neutral stimulus (5,38). These results might
reflect the context-dependent effects of MPH (dopamine increases result from dopamine
transporter blockade and spontaneous dopamine releases). The greater dopamine increases
occurred when exposed to a salient stimulus that presumably increases dopamine cell firing
in the binge eaters. The finding is similar to our study in the cocaine-dependent subjects in
which MPH-induced craving only when given with exposure to cocaine cues (39). The
reason why we did not observe dopamine increases when MPH was given with salient
stimuli (food cues) in nonbinge eaters is not clear. It is possible that when MPH amplifies
the effects of relatively weak reinforcing stimuli (as in binge eaters) it may not do so for
stronger ones (as in normal-weight subjects). It is also possible that the slow and small
dopamine increases induced by MPH could be sufficient to inhibit dopamine release via
dopamine D2 autoreceptors and attenuate the phasic dopamine cell firing associated with
food stimulation.

The use of MPH introduces the possibility of blood flow changes occurring during the scan.
This is only a potential problem in the estimation of BPND if the changes occur in the scan
after oral MPH. If the flow is greater but constant during the scan, there will be no effect on
the VT. Slifstein et al. has shown that the greatest error in VT estimation will occur with
large rapid changes in flow during the first several minutes after tracer injection (21).
However, they have shown that for kinetic parameters characteristic of fallypride, a 60%
change in flow occurring abruptly results in only small differences in VT. Since the K1 for
raclopride is smaller than for fallypride, flow changes will have less effect on uptake. Also
the dose of MPH is given orally and not by injection, so that any changes in flow would be
expected to be continuous. Since the change in K1 was in binge eaters, comparing
foodplacebo and foodMPH, we would conclude that the change in K1 had no effect on the VT
since it didn’t change. For nonbinge eaters, comparing neutralplacebo and neutralMPH, the
average change in K1 was 5%, which is unlikely to be responsible for any change seen in
VT. Given the small differences in K1 observed in this study, we conclude that any changes
in BPND were not due to changes in blood flow.

This study has some limitations. First, the effects of food stimulation by itself were
insufficient to elicit responses that could be detected with the PET-[11C]raclopride method.
We had to use a low dose of MPH, which blocks dopamine transporters, to enhance the
detection of dopamine (5). Thus, we cannot rule out the possibility of a pharmacological
interaction between MPH and the response to food stimulation. However, the failure to see
an association between the dopamine changes induced by MPH between the two groups
when given with the neutral stimulation provides evidence that the MPH effects were driven
by the food stimulation condition. Second, since all the subjects received the same oral dose
of MPH, the subjects with greater BMI had lower plasma MPH concentrations. However,
the subjects with greater BMI did not show lower dopamine release neither for the neutral
MPH nor for the food MPH conditions, which provides evidence that MPH effects were
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driven by the food stimulation. Third, to avoid additional arterial lines insertion, the studies
were completed in 2 days, which introduces potential confounds from order effects. Fourth,
the changes in the ventral striatum did not differ among the conditions, which could reflect
the decreased reactivity of these subjects to the food cues that they knew they could not eat.
However, the magnitude of changes in ventral striatal regions had great variability, which
might result from movement during food/MPH stimulation and the structure of the region
beyond the spatial resolution of the PET scanner. Since the study was done in a small
number of heterogeneous subjects (different in age, gender, and BMI) we cannot rule out the
possibility that the lack of a group effect in the reactivity of the ventral striatum was due to
low statistical power. Another limitation was that neither did we control the time of the
menstrual cycle at which the studies were performed nor did we measure gonadal hormones.
The menstrual cycle could influence brain responses to food since the pattern of estradiol
secretion during the ovarian cycle has been shown to affect eating behavior; e.g., women eat
more during the luteal and menstrual phases than the follicular and periovulatory phases
(40).

In summary, this is the first study using PET to measure brain dopamine changes during
food stimulation in binge eaters. These results provide evidence of involvement of the
caudate nucleus in the pathophysiology of BED. Inasmuch as binge eating is not exclusively
found in obese individuals, further studies are warranted to assess the neurobiological
factors that may differentiate obese and nonobese binge eaters.
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Figure 1.
Flow chart of the study. PET, positron emission tomography.
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Figure 2.
Distribution volume ratio image [11C]raclopride at level of striatum for one of the binge
eaters and one of the nonbinge eaters for four scanning conditions: neutral stimulation with
oral placebo, neutral stimulation with oral methylphenidate (MPH), food stimulation with
oral placebo and food stimulation with oral MPH. The images are scaled with respect to the
maximum distribution volume ratio value of the binge eater obtained on neutral stimulation
with oral placebo. The images are presented by using the rainbow scale, where red
represents the highest value and violet represents the lowest value. Binding of
[11C]raclopride is lowest during the food stimulation with oral MPH in the binge eater.
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Figure 3.
Correlation between dopamine release (changes in nondisplaceable binding potential
(BPND)) in the caudate nucleus of all subjects under foodMPH condition with scores of the
Gormally Binge Eating Scale (n = 18, r = 0.49, P < 0.03). MPH, methylphenidate.
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Table 1

Characteristics of study participants

Binge eaters
(n = 10)

Nonbinge eaters
(n = 8) P value

Number 8F + 2M 5F + 3M

Age (y/o) range 21–54 28–56

Age (y/o) mean ± s.d. 38.5 ± 13.3 41.8 ± 8.9 NS

Education (years) range 12–18 12–18

Education (year) mean ± s.d. 15.3 ± 1.6 14.3 ± 2.1 NS

Cigarette use (per day) 2.2 ± 3.5 2.4 ± 6.7 NS

BMI range 30–65 31–59

BMI mean ± s.d. 43.4 ± 13.5 36.5 ± 9.4 NS

BES range 19–31 0–13

BES mean ± s.d. 25.5 ± 4.1 4.6 ± 4.9 0.000001

Zung depression mean ± s.d. 53.6 ± 12.5 47.4 ± 9.3 NS

BES, Gormally Binge Eating Scale; F, female; M, male; NS, not significant; y/o, years old.
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Table 2

Self-report feelings of hunger and desire for food after food stimulation (FS) in the binge eaters and nonbinge
eaters

Binge eaters Nonbinge eaters

Conditions Pre-FS Post-FS Pre-FS Post-FS

Hunger

    Foodplacebo 4.26 ± 2.51 8.90 ± 2.33* 5.57 ± 3.34 9.25 ± 1.39**

    FoodMPH 5.84 ± 2.44 8.29 ± 2.26** 4.62 ± 3.54 9.43 ± 0.98**

Desire for food

    Foodplacebo 4.21 ± 2.57 9.00 ± 1.70* 5.83 ± 3.57 9.25 ± 1.39

    FoodMPH 6.80 ± 2.27 8.76 ± 1.69 4.79 ± 3.40 9.29 ± 1.25**

Self-report ratings: 1–10 (1: least, 10: most). Comparisons correspond to repeated ANOVA of pre-to post-FS.

MPH, methylphenidate.

*
P < 0.001,

**
P < 0.05.
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