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Abstract
Self-report and behavioral data suggest that impulsivity may contribute to the development and
maintenance of obesity. Neuroimaging studies implicate a widespread neural network in inhibitory
control and suggest that impulsive individuals show hypoactivity in these regions during tasks
requiring response inhibition. Yet, research has not directly tested whether body mass correlates
inversely with activation of these regions during response inhibition tasks. The present study used
functional magnetic resonance imaging (fMRI) to investigate neural activations during a food-
specific go/no-go task in adolescent girls ranging from lean to obese. When required to inhibit
prepotent responses to appetizing food, body mass index (BMI) correlated with response
inhibition at both the behavioral and neural level, with more overweight adolescents showing
greater behavioral evidence of impulsivity as well as reduced activation of frontal inhibitory
regions, including superior frontal gyrus, middle frontal gyrus, ventrolateral prefrontal cortex,
medial prefrontal cortex, and orbitofrontal cortex, than leaner individuals. As well, activation in
food reward regions (e.g., temporal operculum/insula) in response to food images correlated
positively with BMI. Results suggest that hypofunctioning of inhibitory control regions and
increased response of food reward regions are related to elevated weight.
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Mounting evidence suggests that deficits in inhibitory control are related to overeating and
obesity. Self-reported impulsivity correlates positively with caloric intake (Guerrieri et al.,
2007a; Guerrieri, Nederkoorn, & Jansen, 2007b), activation of reward circuitry in response
to images of food (Beaver et al., 2006), and body mass index (BMI) scores (Braet, Claus,
Verbeken, & Vlierberghe, 2007; Ryden et al., 2003) and negatively with weight loss during
obesity treatment (Jonsson, Bjorvell, Levander & Rossner, 1986; Nederkoorn, Braet, Van
Eijs, Tanghe, & Jansen, 2006a). Impulsive responses on behavioral go/no-go and stop signal
tasks also correlate positively with caloric intake (Guerrieri et al., 2007a) and BMI (Bonato
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& Boland, 1983a; Nederkoorn et al., 2006a; Nederkoorn, Jansen, Mulkens, & Jansen,
2006b; Nederkoorn, Smulders, Havermans, Roefs, & Jansen, 2006c).

Although self-report and behavioral data link impulsivity to obesity, functional
neuroimaging studies have not previously tested whether BMI correlates with activation of
brain regions involved in inhibitory control during response inhibition to palatable foods.
Along with other widespread and diverse regions within parietal and subcortical areas,
frontal lobe regions, including superior frontal gyrus, middle frontal gyrus, inferior frontal
gyrus, medial prefrontal cortex (PFC), dorsolateral prefrontal cortex (DLPFC), ventrolateral
prefrontal cortex (VLPFC), and orbitofrontal cortex (OFC), are consistently implicated in
response inhibition (Aron & Poldrack, 2005; Buchsbaum, Greer, Chang & Berman, 2005;
Liddle et al., 2001; Mostofsky et al., 2003; Simmonds et al., 2008; Horn et al., 2003).
Studies examining the neural correlates of impulsivity have demonstrated that individuals
who show response inhibition deficits typically exhibit reduced activation in the response
inhibition network, particularly within these frontal regions. For example, during inhibitory
control task, self-reported impulsivity correlates negatively with activation in different areas
within the response inhibition network, such as right inferior parietal lobule, superior medial
frontal gyrus, bilateral ventral PFC, dorsal amygdala, and right dorsolateral PFC (Asahi et
al., 2004; Brown et al., 2006; Horn et al., 2003). Similarly, individuals with versus without
attention deficit hyperactivity disorder (ADHD) show hypoactivity in the response inhibition
network, including right medial and inferior frontal cortex, right medial frontal cortex,
caudate, and globus pallidus during response inhibition tasks (Booth et al., 2005; Rubia et
al., 2001). More germane to the present study, a structural MRI study found lower gray
matter density in the middle frontal gyrus of the PFC in obese versus lean individuals
(Pannacciulli et al., 2006), a region involved in inhibition of inappropriate responses and the
control of goal-directed behaviors. Similarly, higher BMI has been associated with lower
baseline metabolism in PFC and cingulate gyrus, along with associated impairments in
inhibitory control processes (Volkow et al., 2009). In addition, deficits in cognitive
inhibition may lead to a failure to deactivate limbic food reward regions when required to do
so, implicating another possible mechanism by which impairments in executive function
may increase vulnerability to overeat (Wang et al., 2009).

In the present study, we used a food-specific go/no-go paradigm to assess whether BMI is
related to the ability to inhibit prepotent responses to appetizing food items. The go/no-go
paradigm is a measure of response inhibition that requires subjects to perform speeded
responses on go trials and to inhibit responding on no-go trials. By having many more go
than no-go trials, responding rather than inhibiting is made prepotent. We examined neural
activations elicited during this task using functional magnetic resonance imaging (fMRI) to
investigate potential BMI-related differences in neural recruitment during response
inhibition. We also investigated whether individual differences in inhibitory control, at both
the behavioral and the neural level, predict increases in BMI over a 1-year follow-up. We
studied adolescent girls because PFC function is still developing in this age group (Zelazo,
Carlson, & Kesek, 2008). Myelination of the PFC continues to progress through adolescence
into early adulthood (Bartzokis et al., 2001), whereas gray matter volume shows gradual
decreases from late childhood through adolescence (Paus, 2005). Because executive control
has not yet fully matured in adolescents, response inhibition deficits should be more likely to
emerge in this population. The present study is the first to employ a food specific go-no-go
paradigm in an fMRI environment to test whether response inhibition deficits at the neural
level to prepotent appetizing food stimuli correlate with BMI and future increases in BMI.

Subjects were instructed to respond rapidly when pictures of vegetables were displayed (go
trials), but to inhibit their response to pictures of desserts (no-go trials). At the behavioral
level, we hypothesized that BMI would correlate positively with number of commission
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errors (false positive responses), reflective of overweight subjects' higher levels of
impulsivity and inability to inhibit prepotent responses to appetizing food. At the neural
level, we hypothesized that BMI would be negatively correlated with activation in response
inhibition regions, such as the right DLPFC and VLPFC, as well as middle, medial, inferior
and superior frontal gyrus and the inferior parietal lobe. Reduced activation in the response
inhibition network in overweight subjects would represent a neurofunctional correlate of
impulsivity and poorer inhibitory control that may increase propensity towards overeating.
We also hypothesized that BMI would correlate positively with activation in regions
involved in encoding the reward value of food, such as the ventral striatum, insula and
operculum, during no-go trials. Obese versus lean individuals report greater sensitivity to
reward in general (Davis, Strachan, & Berkson, 2004) and show heightened response to
appetizing food cues in regions of the brain that encode the sensory properties of food
(Rothemund et al., 2007; Stice, Spoor, Bohon, Veldhuizen, & Small, 2008; Stoeckel et al.,
2008). The expected pattern of results would provide support for the thesis that overweight
individuals are more influenced by the hedonic aspects of appetizing food and have a
reduced ability to inhibit prepotent responses to these types of reward. Lastly, we expected
that behavioral measures of impulsivity, reduced activation in response inhibition areas, and
greater activation in food reward regions would predict weight gain over one-year follow-
up.

Method
Participants

Participants were 39 adolescent girls (M age = 15.7; SD = 0.93); 2% Asian/Pacific Islanders,
2% African Americans, 86% European Americans, 5% Native Americans, and 5% mixed
racial heritage. Participants from a larger study of female high school students who appeared
to meet the inclusion criteria for the present imaging study were asked if they were
interested in participating in a study on the neural response to presentation of food. Those
who reported binge eating or compensatory behaviors in the past 3 months, any use of
psychotropic medications or illicit drugs, head injury with a loss of consciousness, or current
Axis I psychiatric disorder were excluded. Data from other fMRI tasks completed by these
participants have been reported elsewhere (Stice, Spoor, Bohon, & Small, 2008; Stice,
Spoor, Bohon, Veldhuizen, & Small, 2008; Stice, Yokum, Bohon, Marti, & Smolen, in
press). Behavioral data from 4 of the 39 participants could not be used due to technical
problems, resulting in a sample of 35 participants for behavioral analyses (M BMI = [kg/m2]
= 24.5, range = 17.3 −38.9, ranging from the 15th to the 99th age-adjusted percentile). fMRI
data from 10 participants were not analyzed because they showed excessive head movement
during the scans, exceeding 2 mm (M = 3.4 mm, range 2.1 – 7.0 mm). This resulted in a
final sample of 29 participants for fMRI analyses (BMI range = 17.3–38.9). The local
Institutional Review Board approved this project. Participants and parents provided written
consent.

Measures
Body Mass—The body mass index (kg/m2) was used to reflect adiposity (Dietz and
Robinson, 1998). After removal of shoes and coats, height was measured to the nearest
millimeter using a stadiometer and weight was assessed to the nearest 0.1 kg using a digital
scale. Two measures of height and weight were obtained and averaged at baseline and at 1-,
6- and 12-month follow-up assessments. The BMI correlates with direct measures of total
body fat such as dual energy x-ray absorptiometry (r = .80 to .90) and with health measures
including blood pressure, adverse lipoprotein profiles, atherosclerotic lesions, serum insulin
levels, and diabetes mellitus in adolescent samples (Dietz & Robinson, 1998).
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fMRI paradigm—Participants were asked to consume their regular meals, but to refrain
from eating or drinking (including caffeinated beverages) for 4–6 hours immediately
preceding their imaging session for standardization purposes. We selected this deprivation
period to capture the hunger state that most individuals experience as they approach their
next meal, which is a time when individual differences in response to food would logically
impact caloric intake. Most participants completed the paradigm between 16:00 and 18:00,
but a subset completed scans between 11:00 and 13:00 due to scheduling restraints. Before
the imaging session, participants were familiarized with the fMRI paradigm through practice
on a desktop computer.

The go/no-go paradigm was designed to examine inhibition of prepotent responses to
appetizing food items. Two functional runs were carried out. Each run consisted of 48 trials.
For each trial, a picture of a vegetable (go trial, 75% occurrence) or a picture of a dessert
(no-go trial, 25% occurrence) was presented for 500 ms. Examples of go trials included
pictures of broccoli, carrots, cabbage, and eggplants. Examples of no-go trials included
pictures of chocolate cake, pie, ice cream, and cookies. Thus, there was substantial variation
between trials within a given condition, reflecting real-life variation in food choices. Trials
were separated by a fixation cross, which was presented for intervals ranging from 7 to 19
seconds in order to capture the full hemodynamic response. Subjects were instructed to
respond with a button press to all vegetables, but to withhold their responses to desserts, and
to respond as quickly and accurately as possible. Reaction times were measured from the
beginning of trial onset and collected with a fiber-optic response box system. Trials were
presented in pseudo-randomized order, designed so that desserts appeared with equal
frequency after 1, 2, and 3 vegetable presentations. Stimuli were presented visually using the
Presentation software package (Version 9, Neurobehavioral Systems, Davis, CA) and were
displayed using a video projector that illuminated a rear projection screen located at the end
of the magnet. Subjects viewed stimuli through an adjustable mirror attached to the head
coil. MRI acquisition was synchronized with the paradigm.

Behavioral analyses
For each subject, median reaction times for go trials and for no-go trials (that were
incorrectly responded to) were calculated. The mean rate of commission errors was
calculated as the total number of failures of inhibition divided by the total number of no-go
trials. The mean rate of omission errors was calculated as the total number of failures of
response divided by the total number of go trials. Spearman's rho was used to calculate the
correlation between reaction time, rate of commission errors, and BMI. For determining
prospective change in body mass, BMI slope over 1-year was calculated based on BMI
measurements taken at baseline, 1-, 6-, and 12-month follow-up visits.

Imaging and statistical analysis
Scanning was performed by a Siemens Allegra 3 Tesla head-only MRI scanner. A standard
birdcage coil was used to acquire data from the entire brain. A thermo foam vacuum pillow
and additional padding was used to restrict head motion. In total, 270 scans were collected
during each of the functional runs. Functional scans used a T2* weighted gradient single-
shot echo planar imaging (EPI) sequence (TE=30 ms, TR = 2000 ms, flip angle=80°) with
an in plane resolution of 3.0 × 3.0 mm2 (64 × 64 matrix; 192 × 192 mm2 field of view). To
cover the whole brain, 32 4mm slices (interleaved acquisition, no skip) were acquired along
the AC-PC transverse, oblique plane as determined by the midsagittal section. Structural
scans were collected using an inversion recovery T1 weighted sequence (MP-RAGE) in the
same orientation as the functional sequences to provide detailed anatomic images aligned to
the functional scans. High-resolution structural MRI sequences (FOV = 256 × 256 mm2, 256
× 256 matrix, thickness = 1.0 mm, slice number ≈ 160) were acquired.
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Data were pre-processed and analyzed using SPM5 software (Wellcome Department of
Imaging Neuroscience, London, UK) in MATLAB (Mathworks, Inc., Sherborn, MA)
(Worsley & Friston, 1995). The images were time-acquisition corrected to the slice obtained
at 50% of the TR. For each participant, each functional image was then spatially realigned to
the mean of all functional images for that participant, minimizing the effects of head
movement. Functional and anatomical images were coregistered, and the images (both
functional and anatomical) were normalized to the standard MNI template brain
implemented in SPM5 (ICBM152, based on an average of 152 normal MRI scans).
Normalization resulted in a voxel size of 3 mm3 for functional images and a voxel size of 1
mm3 for structural images. Functional images were smoothed with a 6 mm FWHM isotropic
Gaussian kernel

Condition-specific effects at each voxel were estimated using general linear models. Vectors
of the onsets for each event of interest were compiled and entered into the design matrix so
that event-related responses could be modeled by the canonical hemodynamic response
function (HRF), as implemented in SPM5, consisting of a mixture of 2 gamma functions
that emulate the early peak at 5 seconds and the subsequent undershoot. We also included
temporal derivatives of the hemodynamic function to obtain a better model of the data
(Henson, Price, Rugg, Turner, & Friston, 2002). A 128 second high-pass filter (per SPM5
convention) was used to remove low-frequency noise and slow drifts in the signal. Finally,
the six movement parameters of the rigid body transformation applied by the realignment
procedure were introduced as covariates in the first-level general linear model.

To explore main effects of this paradigm, we contrasted no-go (dessert) activations to
baseline (fixation cross) activations, as well as no-go activations to go (vegetables)
activations, across all subjects independently of BMI. In a separate analysis, to assess BMI-
related differences in activation patterns, individual contrast maps of no-go trials versus
fixation cross baseline and no-go trials versus go trials were entered into regression models
using Spearman's rho with BMI scores as a covariate. We focused on no-go trials in the
present report because we wanted to assess individual differences in response inhibition to
appetizing foods. We contrasted no-go trials with a baseline fixation condition as our
primary contrast condition to allow for the inclusion of all regions that may play a role in
response inhibition, including those involved in response selection. Given that both go and
no-go events involve active response selection, treating no-go and go trials as opposite
contrasts in an fMRI design may lead to the incorrect conclusion that certain brain areas do
not play a role in response inhibition because they are involved in response selection as well
(Simmonds et al., 2008). Further, because go and no-go trials in our paradigm differed in
both their instructional set (go versus not go) and stimulus type (vegetable versus dessert),
contrasting no-go trials against a neutral baseline condition enabled us to avoid confounding
instructional set and food type in our interpretation of the results. Nevertheless, we included
a no-go > go contrast in secondary analyses to more thoroughly explore all effects. Lastly,
we examined correlations between change in BMI over a 1-year period and brain activation,
while controlling for baseline BMI.

For all analyses, we followed a regions-of-interest (ROI) approach. To test our hypothesis
that BMI would be negatively correlated with activation in response inhibition regions, we
selected ROIs that were previously identified in a meta-analysis of go/no-go tasks: superior
frontal gyrus, middle frontal gyrus (MFG), inferior frontal gyrus, medial and lateral PFC,
inferior parietal lobe, and orbitofrontal cortex (Nakata et al., 2008). To test our hypothesis
that BMI would be positively related to activation in food reward regions, we selected the
following ROIs: insula, operculum, striatum, and orbitofrontal cortex (Stice et al., 2008;
Stoeckel et al., 2008). To examine main effects of our paradigm, we examined increased and
decreased activation in both the response inhibition and food reward regions listed above.
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To examine effects of BMI change over a 1-year follow-up period, we included all ROIs
listed above as well as peaks implicated in the original baseline BMI correlation analyses.
ROIs were defined using the WFU Pickatlas and the AAL and Talairach Daemon Atlases
(Lancaster et al, 2000; Maidjian et al., 2004; Tzourio-Mazoyer et al., 2002). T-maps are
thresholded at p uncorrected < 0.001 with a cluster threshold of 3. Peaks were considered
significant at pFDR corrected across the ROI. Reported pFDR values were corrected for the
number of ROIs.

Results
Behavioral Data

Median reaction time for go trials was 651 ms (SD 140 ms). Median reaction time for no-go
trials that were incorrectly responded to was 588 ms (SD 261 ms). The mean rate of
commission errors was 11.3% (SD 13.5) and the mean rate of omission errors was 2.5% (SD
4.5). Median reaction time to go trials was negatively correlated with baseline BMI (N = 35,
rs = −0.54, p = 0.001), such that subjects with higher BMI scores showed significantly faster
reaction times (Figure 1). Median reaction time to all food stimuli (both go trials and
incorrectly responded-to no-go trials) was also negatively correlated with BMI (N = 35, rs =
−0.54, p = 0.001). Rate of commission errors was positively correlated with baseline BMI
(N = 35, rs = 0.50, p = 0.002), such that subjects with higher BMI scores showed
significantly more false positive responses (Figure 2). Change in body mass over a 1-year
period was not significantly correlated with any behavioral measures of response inhibition
deficits (N = 35, range r = 0.382 to −0.322, n.s.).

Functional Imaging Data
Activation During Go/No-Go Task—A table of main effects, examining increased and
decreased activation to no-go trials relative to both baseline and go trials, is presented in
Table 1. A number of peaks within superior frontal gyrus and inferior frontal gyrus, regions
that are commonly implicated in response inhibition (Nakata et al., 2008), were found to be
activated in the no-go > go contrast. A smaller number of peaks within regions that have
been previously implicated in food reward (Stice et al., 2008;Stoeckel et al., 2008), namely
insula and frontal operculum, also showed greater activation in one or both of these
contrasts. Significant deactivations to no-go trials were not observed at our statistical
threshold, but a number of deactivations that were observed at a more lenient threshold of
pFDR ≤ 0.05 are reported as a footnote for interested readers.

Correlation of Activation During Go/No-Go Task and BMI—Regression models
investigated whether BMI scores (N = 29) showed significant negative correlations with
activation in response to no-go trials versus a baseline fixation in regions that have been
previously implicated in response inhibition (Nakata et al., 2008). As hypothesized, BMI
was negatively related to activation in frontal regions (Table 2), including peaks in superior
frontal gyrus (Figure 3), middle frontal gyrus, VLPFC (Figure 4), medial PFC , and OFC
(Figure 5). The effect sizes from these analyses were all medium to large per Cohen's (1998)
criteria (range rs = −0.39 to −0.79, with a mean rs = −0.57 ).

Regression models also tested whether baseline BMI scores (N = 29) showed positive
relations to regions that have been previously found to encode the reward value of food in
response to no-go trials versus baseline (Stice et al., 2008; Stoeckel et al., 2008). BMI was
positively correlated with bilateral temporal operculum activation, which extended to frontal
operculum and insula (Table 2). The activation was greater in the right hemisphere, and did
not reach statistical significance at our threshold values on the left. This effect size was also
in the medium to large range (rs = 0.60). Although there were two apparent outliers that may

Batterink et al. Page 6

Neuroimage. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



have driven the baseline BMI-BOLD correlations, the effects remained significant at the p =
0.05 level when the outliers were excluded. BMI was not significantly related to activation,
either positive or negative, in the no-go > go contrast.

Change in body mass over a 1-year period after controlling for baseline BMI was negatively
correlated with activation in the temporal operculum (−48, 9, −9, Z = 4.46, pFDR = .01, rs =
−0.57; Figure 6) in the no-go > baseline condition, such that subjects who gained the most
weight showed weaker activation in this area. There were no significant positive relations
between brain activation and change in BMI at 1-year follow-up in the no-go > baseline
condition. There were also no significant relations between brain activation during the no-go
> go contrast and future weight change (neither negative nor positive).

Discussion
In the current study, we used a food-specific go/no-go task to investigate behavioral and
neural correlates of response inhibition to appetizing food in adolescent girls who ranged
from lean to obese. Behaviorally, participants with higher BMI scores responded
significantly more quickly to go food stimuli and made a significantly greater number of
commission errors, failing to inhibit their responses to the images of desserts. Results
suggests that participants with higher BMIs are more willing to sacrifice accuracy for speed
compared to their leaner counterparts and consequently have greater difficulty inhibiting
prepotent responses to go trials. This general pattern of behavioral results is indicative of
lower control of behavioral and greater impulsivity. These findings are consistent with
previous studies that have used more general, non-food-specific go/no-go tasks, which have
also found that obese children and adults have more difficulty with response inhibition and
are more impulsive than lean individuals (Nederkoorn et al., 2006a, 2006b, 2006c).
Collectively, these results provide evidence that impulsivity is positively related to
overeating and adiposity as measured by BMI.

Results from our fMRI analyses indicate that the correlation between BMI and impulsivity is
observable at the neural level as well, with more overweight individuals showing different
patterns of brain activation when asked to inhibit prepotent responses to images of
appetizing foods compared to their leaner counterparts. Specifically, subjects with higher
BMIs appear to less effectively recruit regions involved in response inhibition, particularly
within the frontal lobes, including loci within superior frontal gyrus, middle frontal gyrus,
VLPFC, medial PFC, and OFC. This pattern of hypoactivation in these regions may
contribute to these individuals' greater difficulties with response inhibition. At the same
time, individuals with higher BMIs show increased activation in right temporal operculum
extending to frontal operculum and insula, which are food reward regions.

Activation During Go/No-Go Task
Across all subjects, no-go trials elicited greater activation relative to go trials in a number of
peaks within superior frontal gyrus and inferior frontal gyrus, regions which have previously
been shown to play key roles in response inhibition (Nakata et al., 2008). This finding
indicates that our food-specific go/no-go task successfully engaged the response inhibition
system, recruiting neural areas implicated in inhibitory control as intended. Peaks within two
regions that have been implicated in food reward processing, the insula and frontal
operculum, were also activated more in the no-go (dessert) condition relative to the go
(vegetable) condition and the baseline fixation condition. The operculum and insula play a
role in encoding the reward value of food (Small et al., 2001, 2008; Stice et al., 2008; Schur
et al., 2009; Rothemund et al., 2007; Stoeckel et al., 2008). Thus our finding of greater
activation in these food reward regions to no-go (dessert) trials relative to go (vegetable)
trials suggests that, across all subjects, the images of desserts were indeed viewed as more
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appetizing and rewarding than the images of vegetables, recruiting neural circuitry
associated with reward processing as intended. This conclusion is supported by participants'
average pre-scan palatability ratings of a subportion of the vegetable and dessert images
used in the paradigm. Desserts were rated as appetizing significantly more often than
vegetables (t = 3.41, p = 0.002), while vegetables were rated as unappetizing significantly
more often than desserts (t = 6.33, p < 0.001). In sum, these results give support for the
validity of this new paradigm.

Activation of Inhibitory Control Regions Correlate Negatively with BMI
We observed bilateral activation in superior frontal gyrus, middle frontal gyrus, VLPFC,
medial PFC, and OFC that correlated negatively with BMI. As noted, these different regions
are part of a distributed frontal lobe inhibitory control network and have been commonly
implicated in response inhibition during go/no-go tasks (Buchsbaum et al., 2005; Liddle,
Kiehl & Smith, 2001; Mostofsky et al., 2003; Simmonds et al., 2008; Aron & Poldrack,
2005; Horn et al., 2003; Casey et al., 1997). Different regions within this network have been
proposed to play different roles in top-down inhibitory control. For example, predominantly
left hemispheric regions of a bilateral network of middle and inferior frontal regions are
especially important in response selection, while predominantly right areas have been
proposed to mediate the withholding of a prepared motor response (Rubia et al., 2001;
Chevrier et al., 2007). Similarly, the superior medial frontal cortex has been proposed to
directly mediate response inhibition independent of signal monitoring and post-response
processing (Li et al., 2006). The VLPFC is involved in the maintenance of information in
working memory and low-level control (Wolf, Vasic, & Walter, 2006; Rahm et al., 2006).
The OFC has also been implicated in behavioral inhibition through lesion studies (Fuster,
1997; Paradiso, Chemerinsku, Yazici, Tartaro, & Robinson, 1999), and plays a key role in
decision-making involving reward and response cost (Bechara, Tranel, & Damasio, 2000).

Activation in many of these regions has been previously shown to correlate negatively with
different measures of impulsivity. Self-reported impulsivity has correlated negatively with
activation in the right middle frontal gyrus, medial superior frontal gyrus, and bilateral
bentral PFC. (Asahi et al., 2004; Brown et al., 2006; Horn et al., 2003). Li et al. (2006a)
found that greater activation of left superior medial and precentral frontal cortices correlated
with more efficient response inhibition, as measured by shorter stop-signal processing times.
Casey et al. (1997) showed a significant negative correlation between number of
commission errors and volume of activation in OFC, implying that hypoactivity in this area
predisposes individuals to poor response inhibition.

In sum, findings from the present study support the idea that hypoactivity in these frontal
regions is related to poorer inhibitory control, and establish direct links between
hypoactivation in the response inhibition network, behavioral inhibitory deficits, and
predisposition to overweight. Results suggest that, relative to more overweight individuals,
leaner participants may more readily recruit neural regions involved in response inhibition,
allowing them to more effectively withhold prepotent responses when required to do so.

Activation of Food Reward Regions Correlate Positively with BMI
Although most of the significant activations during no-go trials were found to correlate
negatively with BMI, activation in right temporal operculum, extending to frontal operculum
and insula, was positively correlated with BMI. The paradigm used in this preliminary study
confounded stimulus type (vegetable or dessert) with instruction set (go or no-go) and thus
neural activity observed during no-go trials may have been associated with either the
perception of images of appetizing food or with response inhibition. Previous evidence,
however, suggests that this activation more likely reflects the processing of images depicting
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appetizing food. For example, Schur et al. (2009) found that viewing photographs of
fattening foods compared to nonfood objects resulted in greater activation in the right insular
cortex, among other regions, in healthy non-obese women. Rothemund et al. (2007) found
greater activation in right anterior insula, among other areas, in response to pictures of high-
calorie foods versus a neutral utensil condition in obese relative to lean individuals and also
found that BMI correlated positively with activation in this region. Stoeckel et al. (2008)
reported greater activity in left insula, among other areas, in response to pictures of high-
calories versus low-calorie foods for obese relative to lean individuals. Thus, reward
processing associated with viewing images of appetizing food appears to be the most likely
explanation for our finding of positive BMI-correlated activation in temporal and frontal
operculum and insula. Overweight individuals may be captured by the appetizing
characteristics of the food images and engage to a greater extent in reward processing
associated with the stimuli. As a result, perhaps they may have fewer neural resources to
invest in the experimental task, consequently showing poorer response inhibition.

An alternative explanation to consider, however, is that the insula activation observed is
associated with response inhibition rather than food reward processing, as the insula has
been implicated previously in go/no-go tasks (Nakata et al., 2008; Mostofsky, 2003,
Simmonds, 2008). Some evidence suggests that enhanced activation in the insula during
response inhibition tasks is characteristic of subjects with greater difficulties in inhibitory
control, consistent with our finding. For example, Horn et al. (2003) reported that right
anterior insula activation during response inhibition was positively correlated with self-
reported impulsivity. Similarly, Pliszka et al. (2006) found that children and adolescents
with ADHD activated the right insula during response inhibition, while control subjects did
not show activation in this area. Thus, another possibility is that our observed insula
activation, positively correlated with BMI, represents a neural correlate of inhibitory control
deficits in overweight relative to leaner individuals during response inhibition.

Prospective BMI Results
We found no evidence that either behavioral or neural measures of response inhibition
predict weight gain at one-year follow-up. Change in body mass over a 1-year period was
not significantly correlated with any behavioral measures of response inhibition, nor was it
correlated with any peaks that correlated negatively with baseline BMI. The only finding to
reach significance was a negative correlation between weight change after one year and
activation in left temporal operculum. This area plays a role in reward processing associated
with appetitive food stimuli. The finding that subjects who show the most weight gain over
one-year follow-up show weaker activation in this area accords with the reward deficit
model of obesity, which posits that people who experience weaker activation of dopamine-
based reward circuitry overeat to compensate for this reward deficit (Blum et al., 1996). It is
possible that we did not observe more effects because we had limited power to detect
prospective effects in this preliminary study. The present study was sufficient to detect only
large effects (e.g., power = 0.81 for r = 0.50), and was not adequate to detect medium effects
(power = 0.36 for r = 0.30) or small effects (power = 0.08 for r = 0.10). Thus, given this
limited power, effect sizes for behavioral and neural predictors of changes in BMI were
likely not large enough to be detected. Future studies with a larger number of participants
and a longer follow-up period should be carried out to examine whether inhibitory control
differences at either the behavioral or neural level predict subsequent weight gain.

Limitations and Future Directions
There are several limitations to this study that should be noted. First, data from several of
our subjects could not be analyzed due to excessive head movements in the scanner,
resulting in a smaller sample than originally anticipated. By reducing the number of subjects
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in the study, statistical power was also reduced, making it more likely that certain a priori
expected results, such as BMI-correlated activations in the inferior frontal gyrus and inferior
parietal lobe (Nakata et al., 2008), were not found to be significant. Although our sample
size was larger than most previously published neuroimaging studies that compared obese to
lean individuals and a number of significant relations were observed, future studies with
larger samples should attempt to replicate these relations. Second, our sample is limited to
adolescent girls and thus results may not be generalizable to other demographic groups,
particularly given the evidence that there may be gender and age-related differences in
activation patterns (e.g., Casey et al., 1997; Li, Huang, Constable, & Sinha, 2006). Third, as
noted, in this preliminary food-specific go/no-go paradigm, go trials always consisted of the
presentation of a vegetable, while no-go trials always consisted of the presentation of a
dessert. Thus, instruction type (go or no-go) and stimulus type (vegetable or dessert) were
confounded. Activation during no-go trials may have been caused either by the processing
of appetizing food images or by response inhibition. Although this design was adopted to
maximize the number of trials requiring inhibition of prepotent responses to appetizing food,
representing our main condition of interest, future research might incorporate a balanced
design to answer other related research questions. By disentangling instruction type and
stimulus type, subsequent research will be able to clarify whether similar results are
observed when subjects are instructed to inhibit their responses to less palatable, low-calorie
foods such as vegetables. Such future studies could also parse which activations are caused
by the processing of appetizing food images and which are solely accounted for by response
inhibition.

Conclusions
In sum, our neuroimaging findings indicate that BMI is negatively correlated with activation
throughout diverse loci in the frontal lobes, including superior frontal gyrus, middle frontal
gyrus, VLPFC, medial PFC, and OFC, when subjects are required to inhibit prepotent
responses to appetizing foods. As these areas have been shown to play a key role in response
inhibition, one explanation for this observation is that recruitment of the neural circuitry
underlying inhibitory control occurs to a lesser extent in more overweight individuals. Thus,
the lower activation can be interpreted as a neurofunctional correlate of impulsivity and poor
inhibitory control, traits which have been previously shown to contribute to unhealthy eating
patterns and weight gain. At the same time, more overweight individuals show greater
activation in certain food reward areas, suggesting that they may be "captured" by the
hedonic reward aspect of appetizing food presentations, recruiting more neural resources to
process the appetitive characteristics of these stimuli at the expense of completing the
experimental task, response inhibition. These two elements, increased sensitivity to
appetitive stimuli and deficits in inhibitory control, would be expected to predict poorer
performance in our experimental task as well as to increase the risk of problems in real-life
situations that require inhibitory control, such as resisting the temptation of appetizing, high-
calorie food.

These findings contribute to our understanding of the link between impulsivity and obesity.
Individuals whose response inhibition neural networks are recruited to a lesser extent during
response inhibition, or who preferentially engage in the processing of food reward stimuli,
may be at risk for impulsive behavior, including overeating and making unhealthy food
choices. By elucidating the neural basis of risk factors underlying obesity, we may
contribute towards reaching a better understanding of overweight and obesity and to
designing and implementing effective interventions and treatments to combat this prevalent
problem. For instance, it is possible that cognitive training to improve recruitment of regions
involved in response inhibition may reduce the frequency of intake of high-fat foods.
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Figure 1.
Scatterplot showing reaction times to go trials plotted as a function of BMI (N = 35).
Subjects with higher BMIs showed significantly faster reaction times.
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Figure 2.
Scatterplot showing rate of commission errors (%), calculated as the number of commission
errors divided by the total number of no-go trials, plotted as a function of BMI (N = 35).
Subjects with higher BMIs showed a significantly higher rate of commission errors.
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Figure 3.
Coronal section showing less activation in the bilateral superior frontal gyrus (−21, 12, 57, Z
= 3.96, pFDR = 0.003) extending into middle frontal gyrus in response to picture of dessert
versus baseline fixation as a function of BMI. Although the correlation appears to be driven
by 2 outliers, the effect remains significant at the p = 0.05 level when outliers are excluded.
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Figure 4.
Coronal section showing less activation in the right VLPFC (36, 42, 0, Z = 3.93, pFDR =
0.008) in response to picture of dessert versus baseline fixation as a function of BMI. Again,
exclusion of the 2 apparent outliers still results in a significant effect at the p = 0.05 level.
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Figure 5.
Axial section of less activation in a region of the OFC (45, 33, −6, Z = 4.30, pFDR = 0.002)
in response to picture of dessert versus baseline fixation as a function of BMI. Again, the
effect remains significant at the p = 0.05 level when the two apparent outliers are excluded.
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Figure 6.
Activation in a region of the temporal operculum (−48, 9, −9, Z = 4.46, pFDR =0.01) in
response to dessert versus baseline fixation was related to risk for future weight gain.
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