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Abstract

Objective—While overall success rates of bariatric surgery are high, approximately 20% of
patients either regain or never lose the expected amount of weight. The purpose of this study was
to determine whether, after gastric-bypass surgery, the degree of weight loss can be differentiated
based on the neural response to food cues.

Design and Methods—In this functional MRI study, 31 post-surgical patients viewed food and
neutral images in two counterbalanced runs during which they were either instructed to “crave” or
to “resist” craving. The neural response to food cues was assessed within and between runs for all
participants, and further analyzed between more successful (n = 24) and less successful (n=7)
groups. More successful was defined by meeting 50% excess weight loss.

Results—Overall, instructions to “crave” elicited significant activity in the dorsomedial
prefrontal cortex (PFC) whereas “resist” elicited significant activity in the dorsolateral PFC
(DLPFC). Between groups there was no brain difference when instructed to “crave.” The more
successful participants however had significantly more activity in the DLPFC when instructed to
“resist.”

Conclusions—These findings suggest that the ability to mobilize neural circuits involved in
executive control post-gastric-bypass surgery may be a unique component of successful outcome
post-surgery.
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Introduction

The number of deaths attributed to obesity-related health problems is growing at an alarming
rate, and obesity management remains a formidable challenge (1). Behavioral therapy, diet
regimens, and pharmacologic strategies are associated with significant weight loss, but long-
term success rates are often disappointing (2). Surgical therapy (including gastric banding,
gastric-bypass, and sleeve gastrectomy) is associated with durable long-term success in most
patients and the practice of bariatric surgery is expanding rapidly. Patients who undergo
bariatric surgery can expect to lose between 60 and 70% of their excess weight, defined as
the difference between their current weight and ideal weight (3).

Despite the overall success of these procedures, however, there are some patients who do
not lose the expected amount of weight, and/ or regain previously lost weight post-bariatric
surgery. Approximately 20% of patients regain their weight at 18-24 months post-gastric-
bypass surgery (4-6). The reasons for failure after bariatric surgery are unclear, and vary
based on surgery type, but are sometimes similar to those seen with traditional approaches to
weight loss (e.g., increase in energy intake, obesity-related health problems, and motivation)
(7). The field currently lacks assessments that may predict bariatric failure or success, and
little is known about changes that occur in the brain as a consequence of obesity or
following weight-loss surgery.

One factor that may predict relapse or weight regain following bariatric surgery, is a
particularly strong limbic response to food-cues, accompanied by a strong sense of craving
(9). At baseline obese individuals have heightened arousal to food cues (10,11). It is possible
that following gastric-bypass surgery formerly obese individuals who experience intense
food cravings may be more likely to regain weight (12), just as persistent drug-cravings
predict relapse in former substance-dependent individuals (9,13,14). This is consistent with
the suggestion by Kral (8) that binge-eating disorder, which has many similarities to
addiction (9-11), may contribute to poor outcomes following bariatric surgery. Another
factor that may be associated with unsuccessful weight-loss outcomes is an inability to
mobilize executive control circuitry in the presence of appetitive food cues, leading to an
inability to resist the urge to eat. DelParigi et al. (15) demonstrated that individuals who
were successful dieters had elevated activity in executive control regions when presented
with cues, relative to unsuccessful dieters.

Limbic processing and executive control are largely believed to exist in parallel, functionally
segregated cortical-subcortical circuits in the brain (16), with limbic processing associated
with medial and ventral regions while executive control is largely more in lateral and dorsal
regions. In addiction literature it is well known that cue-induced drug craving is associated
with elevated activity in multiple limbic areas including the medial prefrontal cortex (PFC),
orbito-frontal cortex, ventral striatum, and thalamus (17-19). In contrast, when told to resist
a drug-related cue there is significantly more activity in executive control regions including
the dorsolateral PFC (DLPFC) (17,18). The obesity literature has demonstrated that obese
patients (10) and individuals with bulimia (20) have dysfunctional activity within limbic
reward circuitry when presented with food cues. Among the eating disorder patients, craving
levels in individuals are associated with hyperactivity in the orbitofrontal and anterior
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cingulate cortex (20). Evidence suggests that brain activity in relation to eating behavior
may differ in lean and obese individuals (15,21-24), with successful dieters having a
significantly higher level of activity in executive control regions relative to those who are
unsuccessful (15,25). Further, studies that compare obese individuals to controls have shown
varied and inconsistent results. This remains an under-examined area among bariatric
surgery patients, however, and is relevant given that up to 20% of patients regain weight
following surgery.

The purpose of the current study was to examine the functional neuroanatomical and
neuropsychological correlates of postsurgical outcomes. Specifically, this study assessed
functional neuroanatomy and neural networks associated with gaining weight after one
particular type of bariatric surgery, gastric-bypass surgery. The primary hypothesis was that
individuals who have maintained expected weight-loss trajectories at least 1 year post-
gastric-bypass surgery (more successful) would have significantly lower neural activity in
limbic reward related regions (e.g., medial PFC) when exposed to appetitive food cues than
would individuals that did not maintain the expected trajectory (less successful).
Additionally, we anticipated that the more successful individuals would mobilize executive
control circuitry more efficiently when instructed to resist the food cues than less successful
participants.

Individuals aged 21-65, at least one year post gastric-bypass surgery (ROUX-en-Y) were
recruited from the greater Charleston, South Carolina area via flyers and web broadcast
advertisements. Forty one participants were initially enrolled in the study. Following
screening, comprehensive psychological assessment and functional MRI1 (fMRI) scanning,
31 complete data sets were acquired. Mean time since surgery was 3.07 years (SD = 2.00,
range 1.08-8.32). The mean age was 45.87 (SD = 11.08). The majority of participants were
women (83.9%) and Caucasian (87.1%). The mean pre-surgery BMI for of the 31
participants was 51.28 kg/m?2 (SD = 10.13) and the mean current BMI was 32.16 kg/m? (SD
=7.27). The mean percent of total weight lost post-surgery based on current weight was
36.92% (SD = 10.65). Participants were divided into two groups according to the Reinhold
criteria, 50% excess weight lost being the mark between “more successful” and “less
successful” (26). Specifically, the less successful group included patients who either never
lost 50% excess body weight or did but then regained it by the time of consent and their
entry into the study. Twenty-four of the 31 participants, at the time of consent, remained on
an appropriate post-surgical weight-loss trajectory (M = 73.50% excess weight loss; more
successful), while 7 did not (M = 38.86% excess weight loss; less successful). Groups did
not differ on depression symptomatology as measured by the CESD-10. The non-parametric
Mann-Whitney test was used to compare continuous variables and Fisher's exact test was
used to compare categorical variables between groups with SPSS (Version 20; IBM,
Armonk, NY). Groups were significantly different only on current BMI, percent excess
weight lost, and percent total weight lost (Table 1).
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Screening/behavioral assessment

Procedures were in accordance with ethical standards and approved by the Institutional
Review Board of the Medical University of South Carolina. Interested participants called
and were initially screened on the telephone. Inclusion criteria included: between the age of
21 and 65, had gastric-bypass surgery at least one year ago, not suicidal, no history of brain
surgery or history of loss of consciousness, and no history of autoimmune or endocrine
disorder. The research procedures, risks and benefits were also explained. If individuals
appeared to meet the inclusion criteria and were still interested in participating they were
scheduled. If the participant was a pre-menopausal female, her session was scheduled during
the luteal phase of her menstrual cycle, a time in the menstrual cycle where women
experience more frequent food cravings (27). All participants were told not to eat within 4 h
of their scheduled session. Participants reported eating a mean of 5.45 h before the scanning
visit (SD = 5.22). Sessions were not specific to a time of day. During their visit, informed
consent was presented and participants’ rights as research participants were explained. Once
written informed consent was obtained, their heights and weights were measured, and their
self-reported history of weight loss and weight gain since surgery was assessed.

Neuroimaging protocol

This study was performed on a Siemens 3T TIM trio scanner (Siemens, Erlangen, Germany)
with a 12-channel RAPID Biomedical (Rimpar, Germany) head coil. First, high-resolution
T1-weighted anatomical images were acquired for each participant (repetition time [TR] =
1750 ms, echo time [TE] = 4 ms, voxel dimensions 1.0 x 1.0 x 1.0 mm, 160 slices).
Following anatomical image acquisition, participants performed the Food Craving/Resisting
Task during two fMRI runs. These fMRI runs consisted of a multislice single-shot gradient
echo planar imaging sequence with the following parameters: TR =2.2 s, TE = 35 ms, 64 x
64 matrix, parallel imaging factor of 2, 3 x 3 x 3 mm voxels, 36 ascending transverse slices
with approximate anterior commissure—posterior commissure alignment.

Food craving/resisting task

The fMRI task was divided into two functional runs. Twenty food images, 20 matched
neutral images, and rest screens (static crosshair) were presented in a block design. Each run
contained 15, 28-s blocks: five blocks each of food images, neutral images, and rest. Image
blocks were composed of four randomly ordered pictures displayed for 7 s each, such that
images were not repeated within each run. Blocks were pseudo-randomly ordered. During
one of the two functional runs participants were told to “allow yourself to crave” (crave
run). During the other run participants viewed the same images, but in a different order, and
were asked to “resist food cravings” (resist run). The “crave” and “resist” runs were
counterbalanced across participants. The food-images were standardized color food images
from the International Affective Picture System (IAPS; 28). The foods used were high
caloric foods, including sweets and carbohydrates (e.g., ice cream, cheese-burgers, pizza,
and potato chips). Neutral images were matched on size, shape, and color (e.g., showman,
pennies, and stairs). The use of two-dimensional food pictures in craving studies is a widely
used methodology and has been shown to produce unique cortical and subcortical activation
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relative to pictures of non-food items (29). At the completion of the visit participants were
assessed for adverse effects of the procedures.

Functional image analysis

Results

Statistical Parametric Mapping 8 software (SPM8; Wellcome Department of Imaging
Neuroscience, London, UK), implemented in MATLAB (Mathworks, Natick, MD), was
used to preprocess and analyze fMRI data. For preprocessing, functional images were first
motion corrected with realignment to the first volume in the run. The T,.weighted image
was co-registered to the mean realigned image, anatomical and functional images were
normalized to the Montreal Neurological Institute (MNI) template and functional images
were spatially smoothed spatially smoothed with an 8 mm?3 Gaussian kernel full-width at
half-maximum. Volumes with more than 2 voxels of movement were excluded from
analyses. Functional images were modeled with a boxcar function convolved with the
hemodynamic response function, using the general linear model, and included the food,
neutral, and rest blocks. For each participant, first-level, fixed-effects comparisons were
made to determine activation during food blocks relative to neutral blocks (food > neutral)
for the crave run and the resist run. Overall effects of the crave and resist runs and group
level differences (more successful versus less successful participants) were calculated using
second-level, random-effects analyses of the food > neutral contrast during both the crave
and resist runs. Analyses used a threshold of P < 0.01 for 10 contiguous voxels. Clusters
with a P-value less than 0.05 are reported (corrected and uncorrected).

Blood-oxygen-level-dependent (BOLD) response to appetitive food cues when instructed
to “crave”: all participants

When instructed to crave, participants had significantly more activity in the left medial/
superior frontal gyrus and middle frontal gyrus, anterior insula, left cuneus and bilateral
middle occipital, the left superior parietal, left thalamus, and right caudate (Figure 1; Table
2) when viewing appetitive food cues relative to neutral cues. Additionally, participants had
significantly less activity in the superior parietal and precuneus bilaterally, and the temporal
cortex when viewing food cues relative to neutral cues.

BOLD response to appetitive food cues when instructed to “resist”: all participants

When instructed to resist craving, participants had significantly more activity throughout the
PFC when viewing food cues relative to neutral cues. The effects were the largest in areas
involved in cognitive processing including the left DLPFC but also included the right
inferior frontal gyrus, anterior insula, and the left superior parietal cortex (Figure 2; Table
3). As with the “crave” run, participants had significantly less activity in a large cluster
containing the precuneus bilaterally, the posterior insula, and the occipital lobe when
viewing food cues relative to neutral cues. When the response to food cues during “crave”
and “resist” were compared directly, no significant differences were found.
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BOLD response to appetitive food cues: more successful versus less successful

participants

When individuals were exposed to appetitive food cues and instructed to allow themselves
to crave (crave run), there were no significant differences in neural activity (BOLD
response) between the groups. When individuals were exposed to cues and instructed to
resist craving (resist run) however, the more successful group had significantly greater
activation in the left DLPFC than the less successful group (Figure 3; Table 4). Significantly
greater left DLPFC activation was still seen in the more successful than less successful
group during the “resist” run when excluding the males from the more successful group
(data not shown). This was the only region that was differentially activated between the
groups and there were no regions in which the less successful group had greater activation
than more successful participants when told to resist. We also examined the role of percent
excess weight lost and current BMI in response to food cues, controlling for time since
surgery. There were no significant correlations between percent excess weight lost and
activation in response to cues in the “crave” or the “resist” run. There were also no negative
correlations between current BMI and response to cues in the “resist” run. However,
activation in the anterior cingulate cortex (peak activity in MNI space [X,y,z]:12 35 19) and
insula (=42 -7 1; both P <0.05 uncorrected) was positively correlated with BMI during the
“crave” run, indicating greater craving-related reward response in heavier participants.

Discussion

Obesity continues to be a social problem and bariatric surgery is on the rise, as it is one of
the most effective weight loss methods. Unfortunately, however, many individuals regain
weight or do not lose the appropriate amount of weight after the surgery making this a
potentially costly procedure for society and potentially causing physical and psychological
risks to people who may not get any long-term benefit from it (4-6). A greater understanding
of the underlying neurological processes associated with successful and non-successful
surgical outcomes could inform therapeutic approaches to managing post-surgery weight
loss. The results of this initial, cross-sectional study of participants who underwent gastric-
bypass surgery demonstrated that individuals who are able to activate a brain region integral
in executive control, the DLPFC, when told to resist craving, are significantly more likely to
have successful outcomes. While this study is cross-sectional and preliminary, it supports
and extends prior findings in gastric-bypass patients and suggests that fMRI may provide
insight into the causes of weight loss failure.

There are two main conclusions from this study. The first is that when post-surgical gastric-
bypass participants are exposed to appetitive food cues, a network of limbic related neural
regions is activated, including the medial frontal gyrus, the anterior insula, the caudate and
the thalamus. In addition to modulating reward and motivation in healthy adults, these
limbic regions are also specifically activated in response to salient cues, including food cues
among obese individuals and drug cues among substance-dependent individuals (30,31).
The activation of the anterior insula (a brain region tightly coupled to craving) (32) when
these formerly obese patients are presented with appetitive food cues is consistent with prior
literature and our a priori expectations.
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The second, and perhaps most interesting conclusion from this preliminary investigation is
that, although among the entire study sample there were no statistically unique neural
regions associated with “resisting” the food cues compared to “craving,” the ability of post-
surgical individuals to recruit executive control circuitry was related to sustained weight-loss
following gastric-bypass. Individual differences between those who were “more successful”
versus “less successful” (as defined by meeting 50% of their excess weight loss) emerged
only when we assessed their ability to “resist” the food cues. The more successful
individuals had significantly greater activity in the left DLPFC, a brain region which is
perhaps the primary cortical node of the executive control loop in the brain (16). Previous
research demonstrated the importance of DLPFC in response to food cues, finding that the
DLPFC is associated with self-control in food-related decision-making (33), and that
stimulation of the DLPFC can inhibit food craving (34). In a study of bariatric patients,
decreases in limbic and DLPFC response to passive viewing of food cues from one month
pre to post gastric-bypass surgery were found, suggesting that when reward value of the
food decreases less inhibitory control is needed (35). The current findings extend this
research by highlighting the importance of the left DLPFC and inhibitory control in actively
resisting food craving over 1 year post-surgery. Although these data are still preliminary
given the small number of people who were not as successful at losing weight post-surgery,
these data suggest that individuals that are “more successful” may be able to recruit
significantly more of the DLPFC when instructed to “resist” appetitive food cues.

The field continues to lack assessments that predict bariatric surgery outcomes and little is
known about changes that occur in the brain as a consequence of obesity, or following
weight-loss surgery. Although results remain inconsistent when comparing obese
individuals to controls, evidence suggests that brain activity in relation to eating behavior
may differ in lean and obese individuals and that there is change from one month pre to
post-bariatric surgery, specifically in gastric-bypass patients (15,21-24,35,36). Additionally,
fMRI findings have demonstrated variability in neural responses to food cues when
comparing obese, normal-weight, and obese individuals who have maintained a near
normal-weight, but this remains an under examined area among bariatric surgery patients
(25). The results of the current study help elucidate the differences in brain activity in
response to food cues in those that are more successful at weight loss after surgery, versus
those that are not. While we only have data indicating differences post-surgery, the findings
from this study help clarify other results and suggest that the ability to activate the executive
circuit may be a predictor of surgery outcomes. These differences in brain activation may
also be used to identify individuals who need additional treatment (e.g., cognitive training)
prior to surgery in order to be successful post-bariatric surgery. In addition, the knowledge
that a lack of success post-surgery is partly due to an inability to effectively activate control
regions when resisting food craving could inform treatment for people who have already
undergone surgery, but have not been able to achieve their weight-loss goals. Therefore,
these findings could lead to the development of new targets for behavioral, pharmacologic,
brain stimulation, and/or cognitive interventions to improve the success rate of bariatric
surgery.

There are several limitations to the current study. The sample used for the current study was
small with only 31 participants, and the group difference in this study only survived a
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cluster-wise, uncorrected statistical threshold as a balance between Type 1 and 2 errors. Use
of a small sample size can raise threats to external validity. Regarding generalizability, the
sample used in this study consisted mainly of Caucasian women and it is not known if
similar brain activity would be observed in a sample consisting of males and/or other ethnic
backgrounds. Further, while there were five men in the group that was more successful, all
of the less successful participants were female, which leads to additional questions regarding
gender differences in the ability to recruit executive control circuitry when presented with a
salient limbic cue. There are also potential confounding variables between groups pre- and
post-surgery, such as type 2 diabetes and binge eating disorder, or possibly differences in
neurovascular coupling which could have affected the results. It is unlikely however that the
latter difference would specifically affect the left DLPFC. Perhaps the most important
limitation to this study is the cross-sectional design, which did not allow scans prior to and
post-surgery. Few studies have started to examine this, but further research is needed in this
area to compare brain activation in individuals prior to and post-weight loss surgery in order
to determine if there are changes that occur in direct response to surgery that can predict
surgical outcomes. It is also possible that the laboratory paradigm employed in this study
does not elicit responses that generalize to real-world eating or craving behaviors, as there
may also be a difference between voluntary craving, and “instructed” craving, to the natural
experience of craving. Furthermore, the nature of the fMRI paradigm makes it impossible to
verify attention to and compliance with the task during the runs. Finally, the criteria to
determine if a participant was more successful versus less successful at weight loss
following gastric-bypass surgery is challenging. Here, we used a criterion that is well used
within the bariatric surgery field, which is participants that have lost less than 50% of their
excess weight were considered less successful (26), but certainly other strategies/algorithms
could have been applied.

Taken together, data from this preliminary, cross-sectional study demonstrate that
individuals who undergo gastric-bypass surgery, as a group, have the ability to increase
limbic circuitry when instructed to crave in the presence of appetitive food cues, and to
dampen activity in the insula, and other limbic processing areas, when instructed to resist
these food cues. The difference between individuals that were more successful versus less
successful, however, is in their ability to utilize executive control circuitry when told to
resist. Specifically, the more successful individuals have a much larger brain response in the
DLPFC. This dissociation between limbic drive and executive control circuitry is a common
theme in addiction literature used to explain substance use and relapse (30) and may provide
valuable insight into basis for so many unfortunate relapses to obesity following gastric-
bypass surgery. Through these results and future research in this area we may be able to
identify individuals who have a lower integrity of these executive control circuits and either
advise them against surgery or provide additional pre- and post-operative targeted cognitive
control therapy.
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FIGURE 1.
Brain response to “craving” appetitive food cues. The data in this figure include statistical

maps of the brain regions significantly activated when viewing food cues relative to non-
food cues when the participants were instructed to “Crave.” Brain regions with elevated
activity to the food cues (red color map and depressed activity to the food cues (blue color
map) relative to neutral are displayed (cluster-wise P < 0.05, uncorrected). The coordinates
above the coronal slices refer to the anterior—posterior dimension of the standardized MNI
template. They are displayed as white lines on the sagittal section for further reference. R =
right hemisphere, L = left hemisphere.
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FIGURE 2.
Brain response to “resisting” appetitive food cues. The data in this figure include the

statistical maps of the brain regions significantly activated when viewing food cues relative
to non-food cues when the participants were instructed to “Resist” the cues. Brain regions
with elevated activity to the food cues (red color map) and depressed activity to the food
cues (blue color map) relative to neutral are displayed (cluster-wise P < 0.05, uncorrected).
The coordinates above the coronal slices refer to the anterior—posterior dimension of the
standardized MNI template. They are displayed as white lines on the sagittal section for
further reference. R = right hemisphere, L = left hemisphere.
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FIGURE 3.
Brain response to “Resist”: More successful greater than less successful. This figure displays

the region with significantly higher activation (left dorsolateral prefrontal cortex) in the
“more successful” group relative to the “less successful” group when instructed to resist the
urge to crave in response to food cues (cluster-wise P < 0.05, uncorrected).
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TABLE 1
Participant characteristics by group

Measures More Successful (n=24)  Less Successful (n=7)
Gender (Men/Women) 5/19 0/7
Ethnicity (Caucasian/Other)  20/4 7/0
Age 46.58 (11.36) 43.43 (10.47)
Depression 8.30 (6.56) 8.14 (4.26)
Hours since they last ate 5.38 (5.63) 5.71(3.83)
Years since surgery 2.73 (1.80) 4.22(2.37)
Pre-surgery BMI (kg/m?) 51.59 (11.22) 50.21 (5.36)
Current BMI (kg/mz)a 30.41 (7.16) 38.16 (3.69)
Percent excess weight lost® 7350 (16.17) 38.86 (9.04)

40.81 (8.21) 23.60 (6.46)

Percent total weight lost®

Continuous variables shown are group means with standard deviations in parentheses. Depression measured with CESD-10.

alndicates a group difference (P < 0.05).

Obesity (Slver Soring). Author manuscript; available in PMC 2014 November 01.

Page 14



yduasnuel Joyny Yd-HIN

Goldman et al. Page 15

TABLE 2

Areas of elevated and suppressed response to food cues relative to neutral cues for all participants: the
“Crave” run

Region ~BA MNI Coordinates t Size

Elevated activity when viewing food cues

Medial/superior frontal gyrus L 6/8 -6 14 52 8.00 6422
Middle frontal gyrus, anterior insula L 6 -48 249 7.44 6082
Cuneus L/middle occipital (bilateral) 18/19  -27-9422 5.70 3342
Superior parietal L 7 -27-7043 5.16 2652
Thalamus L/caudate R -32213 5.00 202

Suppressed activity when viewing food cues

Superior parietal/precuneus/occipital (bilateral)  5/7,19 9-4052 4.64 15492

Middle temporal gyrus R 39 51 -5513 4.62 7702

N = 31; Voxel threshold P < 0.01 for 10 contiguous voxels. Regions are significant at cluster-level P < 0.05, uncorrected

aFDR corrected. Coordinates of peak activity reported.
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TABLE 3

Areas of elevated and suppressed response to food cues relative to neutral cues for all participants: the
“Resist” run

Region ~BA MNI Coordinates t Size

Elevated activity when viewing food cues

Inferior/middle frontal gyrus, anterior insulaL ~ 9/10/13 -51 14 -2 6.97 6872
Superior/medial frontal gyrus L 6/9 -33234 5.84 5262
Superior parietal L 7 -42 -64 49 421 172

Suppressed activity when viewing food cues
Precuneus, posterior insula, occipital 7,18,19 6-5243 5.91 64503

N = 31; Voxel threshold P < 0.01 for 10 contiguous voxels Regions are significant at cluster-level P < 0.05 uncorrected

aFDR corrected. Coordinates of peak activity reported.
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TABLE 4

Neural response to appetitive food cues relative to neutral cues among individuals with “more successful” and
“less successful” weight loss outcomes after gastric-bypass surgery

Region ~BA  MNI Coordinates t Size
Craverun

More greater than less successful No significant clusters

More greater than less successful No significant clusters

Resist run

More greater than less successful

Superior/middle frontal gyrus L 9 -393831 4.00 343

More greater than less successful

No significant clusters

Results of two-sample t-tests comparing groups. More successful (n = 24), less successful (n = 7); Voxel threshold P < 0.01 for 10 contiguous
voxels. Region is significant at cluster-level P = 0.005, uncorrected (P = .062, corrected). Coordinates of peak activity reported.

Obesity (Slver Soring). Author manuscript; available in PMC 2014 November 01.



