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Abstract

Gender specific effects on human eating have been previously reported. Here we investigated sex-
based differences in neural activation via whole-brain blood oxygen level-dependent (BOLD)
functional magnetic resonance imaging (fMRI) in response to high energy-dense (high-ED) vs.
low-ED visual and auditory food cues in obese men vs. women in both fed and fasted states. The
results show that in response to high vs. low ED foods in the fed state, obese men (vs. women),
had greater activation in brain areas associated with motor control regions (e.g. supplementary
motor areas) whereas women showed greater activation in cognitive-related regions. When fasted,
obese men had greater activation in a visual-attention region whereas obese women showed
greater activation in affective and reward related processing regions (e.g. caudate). Overall the
results support our a priori hypothesis that obese women (vs. men) have greater neural activation
in regions associated with cognition and emotion-related brain regions. These findings may
improve our understanding of sex specific differences among obese individuals in eating behavior.
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Given that obesity and eating disorders are more prevalent in women than men [1,2], sex-
based differences in eating behavior patterns are an important subject of ongoing
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investigation [3,4]. Sex-dependent differences have been observed in neural responses to
food cues [5-7], ingestion [8], behavioral interventions [9], and taste [10]. Moreover, studies
show enhanced responsivity to cues (i.e. sight of food) during the fasted vs. fed states [11],
and that fasted women rate food images higher on valence than women who are satiated [4].
In addition, higher neural activation in affective-cognitive processing brain regions when
hungry to food vs. non-food cues has been reported indicating an interaction effect between
energy states (hunger and satiety) and food cue types on neural activation [12]. Thus, eating
behavior patterns differ in men vs. women, and are affected by motivational state (i.e. fed
vs. fasted), alongside neural differences in cognitive, emotional, and reward processing.
Although several structural brain differences have been identified between obese and lean
persons [13,14], and cerebral white matter changes related to elevated body weight in men
vs. women [15], fundamental questions remain about sexual dimorphic neural mediators of
appetite and weight regulation. Using whole-brain functional magnetic resonance imaging
(FMRI), we sought to elucidate the effect of gender on neural responsivity to high vs. low
energy-dense (ED) food cues with visual and auditory modalities in fed and fasted
conditions. We hypothesized that obese women (vs. men) would have higher neural
activation in emotion-related regions in response to external food stimuli.

Thirty-one obese men (N,=17) and women (N,,=14) with similar body mass index (BMI)
(men=36.2%5.5 and women=36.945.6; mean + SD) and age (m=35%9.0 and w=35+6.9;
mean + SD) were recruited. All participants were right-handed, weight-stable (+ 5%) < 3
months, nonsmoking, premenopausal, not pregnant (urine pregnancy test), with no history of
neurological, psychiatric, or medical (i.e. diabetes) conditions and not taking any medication
or are not obesity treatment (e.g. exercise > 5h/week). The protocol was approved by the
Institutional Review Boards of Columbia University and St. Luke’s Roosevelt Hospital
Center.

Participants’ height, weight, and BMI were measured. Binge eating status was assessed via
the Eating Disorder Examination [16] diagnostics, and used as a covariate in the imaging
analysis to control for its potential effect on neural activation [17]. Participants rated their
preferred flavor: chocolate, vanilla, or strawberry for Boost (Mead Johnson), a nutritionally
complete shake.

The experimental procedures were scheduled on two non-consecutive days. On separate
days of each procedure participants had a pre-fast meal of approximately 4180 kJ (1000
kcal) around 7-8 pm followed by a 12-h overnight fast. They ingested 750 ml Boost (fed
condition) or 750 ml of water (fasted condition) in a randomized counterbalanced sequence
95 min prior to scans, and rated their hunger and fullness (0-100) on a visual analog scale
(VAS) 10 min prior to scans. Participants were exposed to high-ED food = 3.5 kcal/g (e.g.
pepperoni pizza), low-ED foods < 1 kcal/g (e.g. raw vegetables), and non-foods (e.g. office
supplies) stimuli in both visual (photos) and auditory (spoken words) modalities during the
fMRI. Visual cues were transmitted through eye goggles and auditory cues were transmitted
through a headset. Stimuli of each type did not repeat, and were presented in two separate
runs, resulting in a total of twelve runs (2 visual high-ED, 2 visual low-ED, 2 visual non-
food, 2 auditory high-ED, 2 auditory low-ED and 2 auditory non-foods), each lasting 2 min,
12 sec. Within each run, 10 different stimuli of the same type were presented consecutively
resulting in a total block duration of 40 s (4s each picture presentation, or a spoken word
repeated twice, e.g. “chocolate brownie, chocolate brownie™) with a 52-sec pre- and 40-sec
post-stimulus baseline (white crosshair centered in a black background for visual, and tone
for auditory conditions). The six runs containing visual cues were followed by the six runs
containing auditory cues, which were presented in pseudorandom order within each set of
six runs, and any stimulus type could not be followed by a run of the same stimulus type
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(e.g. for the set of visual runs: 1) high-ED, 2) low-ED, 3) non-food, 4) lowED, 5) non-food,
6) high-ED).

A 1.5-Tesla twin-speed fMRI scanner (GE) with quadrature RF head coil and 65 cm bore
diameter was used. Participants wore a headset and goggles with their head placed in a
passive restraint (pads and tape around the head) to minimize motion. Three-plane
localization was used to verify head position. A head coil (MRI Devices Corporation,
Gainesville, FL) was used to improve the signal to noise ratio. Total time in the scanner was
about 60 min. In each run, 36 axial scans of the whole brain were acquired, consisting of 25
contiguous slices (4 mm thick), with a 19 x 19 cm field of view, an acquisition matrix size
of 128 x 128, and 1.5 mm x 1.5 mm in plane resolution. The first three scans of each run (12
sec) were discarded to attain magnetic equilibration. The axial slices were parallel to the
AC/PC line. T2*-weighted images with a gradient echo pulse sequence (echo time = 60 ms,
repetition time = 4 sec, flip angle = 60°) were acquired with matched anatomic high
resolution Tq-weighted scans.

15t level analysis: Functional data were analyzed with SPM8 (Wellcome Department of
Imaging Neuroscience, London, UK; http://www.fil.ion.ucl.ac.uk/spm/spm8.html). Prior to
statistical analyses, the realigned T2*-weighted volumes were slice-time corrected, spatially
transformed to a standardized brain (Montreal Neurologic Institute) and smoothed with a 8-
mm full-width half-maximum Gaussian kernel. Each of the 12 runs in each session were
concatenated together to create a single run per session (396 total time points x 2 sessions).
Block regressors were included in each subject’s 15 level model to account for the mean of
each run within each session. Additional nuisance covariates included motion, as well as
global signal and spikes as computed using the scn_session_spike_id.m script available in
Diagnostics Tools for MATLAB (http://wagerlab.colorado.edu/tools). Both scan sessions
(fed and fasted conditions) were included in the 15t level model for each participant. 1st-
level regressors-of-interest were created by convolving the onset of each trial (visual and
auditory high-ED, low-ED, and non-food) with the canonical HRF with a duration of 40 sec.
Given our specific hypotheses, we first examined the neural activation in response to visual
high-ED relative to visual low-ED food cues in fed and fasted conditions. The following
contrasts of beta parameters were then submitted to 2" level analyses: 1) Fed visual high-
ED > Fed visual low-ED, and 2) Fed auditory high-ED > Fed auditory low-ED, 3) Fasted
visual high-ED > Fasted visual low-ED and 2) Fasted auditory high-ED > Fasted auditory
low-ED.

2"d Jevel analyses: The above contrasts maps for each modality (auditory or visual) and
condition (fed or fasted) were submitted to group random effects models using multiple
regression with the following factors: age and binge-eating disorder status (DSM-1V TR) as
covariates-of-no-interest, and gender as a covariate of interest. Main effects of high vs. low-
ED averaged over all participants were derived from these models (see supplementary
material). We did not perform a 2" level 2x2 ANOVA analysis between gender and food
cue type (using high and low-ED beta images), but would expect the results would be
similar to performing a multiple regression with gender as the independent variable and the
high-ED > low-ED contrast as the dependent variable. For display purposes, statistical maps
for the main effects of gender, (i.e. fed visual for women > men) with a threshold of p <
0.005 uncorrected, were combined with a cluster-size threshold of 50 contiguous voxels. In
addition, contiguous clusters with k > 147 were deemed significant at p < 0.05 corrected
(denoted by asterisk in the tables). This number was determined by 2000 Monte Carlo
simulations of whole-brain fMRI data with respective data parameters of the present study
according to AFNI 3dClustSim [18].
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VAS scores showed that when fed (vs. fasted), participants scored higher on fullness
(mean=56.42 vs. 29.83; p < 0.0001), and when fasted (vs. fed), they scored higher on hunger
(mean=57.83 vs. 29.82; p< 0.0001). When fed, higher neural activation across all
participants for high-ED (vs. low-ED) food cues was observed in primary and association
sensory cortices (i.e. visual cortex for visual cues, auditory cortex for auditory cues). In the
fasted state, higher neural activation across all participants was observed in the above areas,
as well as brainstem, cognitive and reward processing areas in response to high vs. low-ED
food cues (see Supplementary Figures and Tables 1-4).

Figure 1 shows the sex-based differential BOLD responses to visual stimuli. In response to
visual high-ED (vs. low-ED) food cues, when fed, men (vs. women) showed greater
activation in the left fusiform gyrus (FFG), whereas women (vs. men) had greater activation
in the right dorsal anterior cingulate cortex (dACC) (Table 1). When fasted however, men
showed greater activation in right inferior parietal lobule (IPL) and women had greater
activation in the bilateral caudate nucleus and right temporal-occipital area (Table 1).

Figure 2 shows the sex-based differential BOLD responses to auditory stimuli. In response
to auditory high-ED (vs. low-ED) food cues, when fed, men (vs. women) showed greater
activation in bilateral supplementary motor areas (SMA) and right precentral gyrus. Women
(vs. men) did not show significant differential neural activation although sub-threshold
clusters were observed in posterior cingulate, dorsomedial prefrontal cortex (dmPFC) and
hippocampus (Table 2). Moreover, when fasted, no significant differences were found for
men with sub-threshold clusters in ACC and precuneus (Table 2). Women showed greater
activation in right parahippocampal gyrus, with a sub-threshold cluster in cerebellum (Table
2).

ACC processes cognitive and emotion-related information as well as interacts with other
cortical and sub-cortical regions to regulate behavior [19]. We found greater neural
activation in obese women (vs. men) when fed in dACC, which was specifically associated
with error-related negativity and detection [20], and conflict processing [21] in humans, and
selective attention as well as novel response selection during emotional states [22] and for
tasks [19,23] requiring effortful control [24]. Thus, when fed, obese women may be
exhibiting more cognitive-emotional processing than men, for high vs. low-ED visual food
cues. This finding is consistent a previous report [6] on fed, healthy weight women (vs.
men) showing greater activation in dorsolateral PFC (dIPFC)—an area implicated in
cognitive inhibition and control [25], in response to food cues. On the other hand, we found
that when fed, obese men (vs. women) had higher neural activation in SMA, which agrees
with studies reporting higher neural activation in motor-related areas in persons who binge-
eat [17,26]. Brooks et al. [27] found that women with bulimia nervosa (vs. binging-purging
subtype of anorexia nervosa) have higher neural activation in precentral gyrus and SMA.
This may be related to binge-like eating in bulimia patients which may be present in obese
persons that may explain the similar neural activation pattern. Moreover, we also found that
obese men (vs. women) when fed, in response to visual high vs. low-ED food stimuli,
showed higher activation in left fusiform gyrus (FFG) —a region associated with the
perception of faces, emotional expression, salient [28] and appetitive stimuli [5,29]. Frank et
al. [7] reported higher activation in FFG in response to high vs. low-ED food cues in /ean
women (vs. men) when hungry (Ny,=6, N\,=6 ). Thus our finding of higher FFG activation
in obese men when fed, indicates that the sex-based effects on neural responsivity to food
cues may also be dependent on body weight and energy state.

When fasted, we found that in response to high vs. low-ED food cues (auditory), obese
women had higher bilateral caudate nucleus, right parahippocampal gyrus activation, as well
as right temporal-occipital area in response to high vs. low-ED visual food cues. Caudate
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nucleus is a brain region associated with reward processing and craving [30]. It has been
suggested that obese persons have similar patterns of craving for food as seen with other
types of cravings (i.e. drugs, alcohol). Thus our results suggest that when fasted, obese
women have higher neural responses associated with craving than men. Moreover,
activation in parahippocampal gyrus, an area related to affective evaluation of stimuli [28],
has been previously shown in response to high vs. low calorie food cues in obese women-
only group, in an energy state between hungry and satiated [29] and in an obese men-only
group, when hungry [31]. Uher et al. [5] also reported that during fasting, lean women (vs.
men) had stronger activation in visual processing neural areas (i.e. inferior temporal
occipital) in response to visual high vs. low-ED food cues. In fasted obese men (vs. women)
however, the only supra-threshold region was right inferior parietal lobule (IPL), a region
related to visuospatial attention, responding to salient new or alerting stimuli [32], as well as
judgment and knowledge manipulation (e.g. grasp-to-use) [33]. Taken together, these results
suggest that, in response to food cues, obese men (vs. women) have greater neural activation
in regions associated with motor execution and planning, whereas obese women have higher
neural responses in areas associated with cognitive and affective processes.

This study examines the sexually dimorphic neural activity in obese persons in response to
food cues. When fed, obese men (vs. women) showed greater activation in motor planning
and control regions (e.g. SMA) whereas women showed greater activation in cognitive-
affective processing regions (i.e. dACC). When fasted, obese men had greater activation in
visual and attention regions (i.e. IPL) whereas obese women showed greater activation in
affective and reward related processing regions (e.g. caudate), and visual perception region
(i.e. temporal-occipital). Overall, these results support our a priori hypothesis that obese
women (vs. men) have greater neural activation in regions associated with cognition and
emotion.

There were several study limitations. We did not 1) control for the time of menstrual cycle,
2) match for the colors of the high vs. low-ED food items and instead selected commonly
preferred high-ED foods [9], or 3) include a lean control group. However, our results with
obese individuals are in line with other findings [5] which showed that lean women had
higher activations in emotion-related areas than men in response to food cues Taken
together, greater affective neural processing in obese women could be a contributing factor
for the higher prevalence of obesity in women. Further research comparing lean and obese
individuals for sexually dimorphic neural activation and functional connectivity may help
better elucidate the neural mediators of overeating and obesity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Effects of gender in response to visual high-ED vs. low-ED food cues. A) In fed state obese
men had higher response to high-ED foods in fusiform gyrus (a), whereas women had higher
responses in dACC (b). When fasted obese men had responses to high-ED foods in inferior
parietal lobule (c), whereas women had higher responses in caudate (e) and temporal-
occipital area (f). B) Bar graphs depicting average beta estimates for each group: visual
high-ED and low-ED responses in both males and females. Error bars represent 90%
confidence intervals. (M=men, F=females)
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Figure 2.

Effects of gender in response to auditory high-ED vs. low-ED food cues. A) In fed state
obese men had higher response to high-ED foods in supplementary motor area (a) and
precentral gyrus (b), When fasted obese women had higher responses in parahippocampal
gyrus (c). B) Bar graphs depicting average beta estimates for each group: auditory high-ED
and low-ED responses in both males and females. Error bars represent 90% confidence
intervals. (M=men, F=females)
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