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Abstract

OBJECTIVE—To test the relationship of anxiety to caloric intake and food cue perception in
women and men.

METHODS—Fifty-five twins (26 complete, 3 incomplete pairs; 51% women) underwent 2
functional magnetic resonance imaging (fMRI) scans (before and after a standardized meal) and
then ate at an ad /ibitum buffet to objectively assess food intake. State and trait anxiety were
assessed using the State-Trait Anxiety Inventory. During the fMRI scans, participants viewed
blocks of fattening and non-fattening food images, and non-food objects.

RESULTS—In women, higher trait anxiety was associated with a higher body mass index (BMI)
(r=0.40, P=0.010). Trait anxiety was positively associated with kilocalories consumed at the buffet
(r=0.53, P=0.005) and percent kilocalories consumed from fat (+=0.30, P=0.006), adjusted for
BMI. In within-pair models, which control for shared familial and genetic factors, higher trait
anxiety remained associated with kilocalories consumed at the buffet (p=0.66, P=0.014), but not
with BMI. In men, higher state anxiety was related to macronutrient choices, but not to total
caloric intake or BMI. FMRI results revealed that women with high trait anxiety did not suppress
activation by fattening food cues across brain regions associated with satiety perception after
eating a standardized meal (mean difference low anxiety: —15.4, P<0.001; high anxiety: -1.53,
P=0.82, adjusted for BMI).

CONCLUSIONS—In women, trait anxiety may promote excess caloric consumption through
altered perception of high-calorie environmental food cues, placing women with genetic
predispositions toward weight gain at risk of obesity.
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Introduction

By report, anxiety is the most common mental illness in the United States, affecting 18% of
the population (1). Cross-sectional studies have consistently found positive associations
between obesity and anxiety (2). Much of this work has focused on clinical anxiety disorders
(3-6) and is limited to epidemiologic data that cannot discern mechanisms that might
account for these associations. However, another line of research suggests that anxiety itself
could promote excess food intake. For example, participants with high trait anxiety increase
energy intake when exposed to experimental situations that induce stress and anxiety (7, 8).
Such findings raise the question of whether anxiety could predispose individuals to weight
gain, perhaps via alterations in eating behaviors and/or neural mechanisms. We therefore
sought to better understand both the relationship of anxiety to body mass index (BMI) in a
genetically-informative community-based population sample of twins and the neural
responsiveness to food cues among participants with high levels of anxiety.

Prior functional magnetic resonance imaging (fMRI) studies provide insight into the specific
brain regions in which altered responsiveness to food cues could link anxiety to overeating
and obesity. Brain regions that are differentially activated in response to high-calorie visual
food cues include the orbital frontal cortex, amygdala, insula, dorsal striatum and nucleus
accumbens (9-12). Responses in these regions are greater when subjects are hungry
compared to when they are satiated (12-14), and, critically, amygdalar, nucleus accumbens,
and medial orbital frontal cortex (mMOFC) responses predict subsequent choice of high-fat
food (12). Moreover, obese women, regardless of their hunger state, exhibit greater
activation than lean controls in response to high-calorie food cues in regions associated with
food motivation, such as the dorsal striatum (15, 16). Finally, men and women differ in their
reactivity to food cues such that women were more responsive to food cues in regions
related to food-processing, such as prefrontal and parietal regions, irrespective of hunger
state or satiety, compared to men (17-19). In sum, fMRI using visual food cues has
documented potentially sex-specific alterations in brain regulation of appetite in obesity, but
no studies have used these techniques to examine the effect of anxiety on these responses.

Given this background, we sought to understand relationships between anxiety, eating
behavior and neural responses to visual food cues in men and women. Using the State-Trait
Anxiety Inventory (STAI), we determined state (current anxiety induced by a situation) and
trait (global and enduring) anxiety scores of all participants. Trait anxiety has been shown to
affect eating behavior in both lean and obese subjects as well as influence ratings of sweet
and bitter flavors, but other studies indicate that state anxiety predicts increased food intake
(7, 8, 20, 21). We therefore studied each component of anxiety separately, stratifying our
analyses by sex. Next, we used fMRI to understand the potential neural mechanisms linking
anxiety to disrupted eating behavior, hypothesizing that high levels of anxiety would be
associated with greater food intake and greater activation in response to “fattening” food
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cues in brain regions implicated in satiety, food choice, and food reward (12, 16). Finally,
both anxiety (22) and obesity (23) have strong heritability components. Since our study
recruited same-sex monozygotic (MZ) and dizygotic (DZ) twin pairs, we were able to test
for confounding by inherited factors in the relationship between anxiety and obesity.

MZ and DZ twin pairs were recruited from the community-based University of Washington
Twin Registry. Registry composition and procedures are described in an earlier publication
(24). MZ and DZ same-sex twin pairs that met study criteria (aged 18-50, BMI 18.5—
45kg/m? and raised together until at least age 15) were selected using a blocked randomized
technique to acquire equal numbers of female and male twin pairs. The exclusion criteria
included behaviors or conditions that could alter appetite or neural responses to food cues
and included: major medical problems (e.g., diabetes mellitus); allergies to foods used in the
study; lactose intolerance or inability to taste; vegetarian or vegan diet; daily smoking or
heavy alcohol consumption (=3 drinks per day for males; =2 drinks per day for females);
medications that affect appetite (e.g., atypical anti-psychotics); a lifetime history of weight
loss surgery or eating disorders; excessive exercise (=8hrs/day); night work; pregnancy or
breastfeeding; current participation in weight loss program or use of weight loss
medications; and contraindication to MRI. Both individuals within a twin pair had to be
eligible in order for the pair to participate. Data were collected over 17 months between
2012 and 2013 and all participants provided informed consent in accordance with
procedures approved by the University of Washington Human Subjects Committee.

Twenty-nine twin pairs (MZ and DZ), 58 total individuals, completed the study visit day.
Self-reported race was 80% white, 4% Asian, 4% black, and 12% as other or more than one
race. Three female participants were excluded from analyses due to illness unrelated to the
study, resulting in our final sample of 55 subjects. In addition, 2 participants (1 male, 1
female) were excluded from fMRI analyses due to poor attention to the task (e.g. falling
asleep).

Study Procedures

Twins began fasting at 9:30 PM the night before the study visit. At 8:00 A.M., Twin 1 was
given a standardized breakfast meal of egg and cheese on an English muffin served with
orange juice (15% protein, 35% fat, 50% carbohydrate). The breakfast was titrated to
represent 10% of estimated daily caloric requirements (calculated by Mifflin-St. Jeor
equation and an activity factor) (25). Twins completed eating behavior questionnaires (see
below) and their height and weight were measured to calculate BMI. At 11:30 A.M., Twin 1
completed the first fMRI then had 15 minutes to consume a standardized meal of macaroni
and cheese (20% of their daily caloric need; 10% protein, 50% fat, 40% carbohydrate). At
12:30 PM, Twin 1 completed a second fMRI and was then taken to a private room, usually
consisting of only a table and chair, where they had 30 minutes to eat at an ad /ibitum buffet.
Participants were not informed the buffet was part of study procedures nor that their food
consumption was monitored until a debriefing session that concluded the study. Twin 2
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followed the same study procedures as Twin 1 but began at 8:30 A.M. Twin order was
counterbalanced by BMI and was assigned prior to the visit day by a statistician who did not
interact with study participants. Twins were separated during all meals to prevent any
appetite stimulation from food cues or social influences.

Questionnaires

Visual analog scale (VAS) ratings of appetite and nervousness were administered every 30

minutes beginning at 8:00 AM. Twins rated their current nervousness, hunger, fullness and
prospective food intake on a 1-100 millimeter scale (26). VAS scores for nervousness were
averaged over the whole study day.

Eating behavior was assessed with the Three-Factor Eating Questionnaire-R18 (TFEQ-R18),
an 18-item questionnaire with 3 subscales that measure different aspects of eating behavior
(unrestrained eating, emotional eating, and cognitive restraint) (27).

Anxiety was evaluated with the State-Trait Anxiety Inventory (STAI) questionnaire. Trait
anxiety was measured at the start of the study day and state anxiety was assessed prior to
each fMRI scan. The STAI consists of 40-items with 2 subscales, both made of 20-items.
Trait anxiety items include: “I worry too much over something that really doesn’t matter”
and “I am content; | am a steady person”; whereas state anxiety items include: “l am tense; |
am worried” and “I feel calm; | feel secure”. All items are rated on a 4-point scale (e.g.,
from “Almost Never” to “Almost Always™). Higher scores indicate greater anxiety and a
score of 39-40 and above in either section constitutes a clinically significant score of anxiety
(28, 29). State anxiety scores obtained prior to the second MRI were used in analyses to
reflect the anxiety state during the ad /ibitum buffet.

Ad libitum caloric intake

Total caloric and macronutrient intake were measured using an ad /ibitum buffet presented to
each twin privately and containing a variety of foods appropriate for a midday meal. The
buffet lunch was presented as a thank you for study participation and subjects were not
informed food intake was monitored until the debrief session at the conclusion of the study.
Food was presented in amounts that widely exceeded each participant’s estimated energy
needs (~5000 kilocalories provided) and differed in caloric and macronutrient content as
well as hedonic appeal (e.g. bagels, turkey, fruit, pastries). All uneaten food was weighed to
determine kilocalories and macronutrient percentages consumed (ProNutra, Viocare
Technologies, Princeton, NJ).

Food cue images

Selection and validation of study images were completed in an independent study and have
been described previously (12, 30). In sum, “fattening” foods include those rated as
unacceptable to eat while dieting to lose weight and were universally characterized by high
caloric, fat, and/or sugar content (e.g. candy, desserts, pizzas). “Non-fattening” foods were
rated as acceptable to eat while dieting and were lower in kilocalories (e.g. fruits, vegetables,
chicken breast).
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Imaging paradigm
The imaging paradigm used in the current study has been described elsewhere (12). FMRI
sessions consisted of 13 blocks of 10 photographs (7 non-food, alternating with 3 fattening
and 3 non-fattening food blocks). Each image was viewed for 2.4 s. Block order was
counterbalanced between pairs, but was matched between twins so that each twin pair
viewed the blocks in the same order. Non-food images were easily recognizable objects (e.g.
pencils, chairs, books). After each scan, twins were asked to distinguish images they had
viewed in the scanner from distractor images.

Image acquisition and processing

Scans were acquired with a 32-channel SENSE head coil on a 3-Tesla Philips Achieva MR
System (Philips Medical Systems, Best, The Netherlands) with dual Quasar gradients
(80mT/m at a slew rate of 110 mT/m/s or 40 mT/m at a slew rate of 220 mT/m/s). In both
sessions, a 133 volume, T2*-weighted single-shot echo-planar imaging (EPI) timeseries (44
ascending axial slices, 2.75 x 2.75 x 3.00 mm voxels, repetition time (TR)=2400 ms, echo
time (TE)=30 ms, SENSE factor=2) was acquired during passive picture viewing. A B0 field
map (TR=10ms; minimum TE=2.8 ms; delta TE 1.0 ms; flip angle=10°) with the same
geometry was acquired for distortion correction of the EPI data. A 3D Magnetization-
Prepared Rapid Gradient-Echo (MPRAGE) image with 176 sagittal slices (TR=7.5, TE=3.5
ms, flip angle=7°, SENSE factor=2, matrix=256 x 256, 1 mm isotropic voxels) was also
acquired in one session for registration of the functional data to standard space.

Timeseries data were processed using tools from FSL (Functional MRI of the Brain
(FMRIB) Software Library, www.fmrib.ox.ac.uk/fsl), FreeSurfer (http:/
surfer.nmr.mgh.harvard.edu/), and AFNI (Analysis of Functional Neurolmages, http://
afni.nimh.nih.gov/afni). The following preprocessing steps were applied to the functional
data: simultaneous application of fieldmap-based EPI unwarping (FUGUE) (31, 32) and
motion correction (MCFLIRT) (33); bias-field correction (FAST) (34); removal of spike
artifacts with 3dDespike; correction for slice timing differences using Fourier space-time
shifting implemented in slicetimer; mask-based removal of non-brain tissue; spatial
smoothing with SUSAN with FWHM=5mm; grand-mean intensity normalization by a single
multiplicative factor; high-pass temporal filtering of 90 seconds. The time series statistical
analysis was performed with FMRIB’s Improved Linear Model with local autocorrelation
correction (35). The regression model included covariates for the fattening and non-fattening
stimulus conditions, as well as mean-centered nuisance covariates (average signal time
courses in white matter and lateral ventricles defined by FreeSurfer segmentation, motion
parameter estimates, and the first derivative of each motion estimate). Each block of
fattening and non-fattening visual stimuli was modeled using a boxcar convolved with a
gamma function and its temporal derivative. Condition effects were estimated from the
average response across blocks for our contrast of interest (fattening vs. non-fattening).

FMRI data for each session were registered to the participant’s high-resolution structural
scan using a boundary-based registration procedure (36). The high-resolution structural
scans were then registered to the Montreal Neurological Institute template space (ICBM152)
with FMRIB’s linear image registration tool (33). For each participant, the derived
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transformations were concatenated and applied to the statistical images to allow for group-
level analyses.

A region of interest (ROI) approach was applied utilizing masks established in an
independent study (12). Anatomical areas were chosen based on their known responsiveness
to food cues (10-12) or physiologic satiety signals (37). ROIs were established in an
independent sample of 23 healthy fasted participants and were functionally defined as voxels
exhibiting a greater BOLD response to fattening food cues vs. non-food objects. These
functionally-defined areas were combined with anatomical areas defined by the Harvard-
Oxford probabilistic atlas (38) and included the bilateral ventral striatum (nucleus
accumbens), bilateral amygdala, bilateral dorsal striatum (caudate and putamen), bilateral
insula, and mOFC. An overall average of brain activation was calculated for each participant
from our a priori ROIs for Pre- and Post-standardized meal.

Nested case-control analysis of anxiety and brain activation

Cases and controls were defined based on STAI trait anxiety scores. A STAI trait anxiety
score 240 identifies clinically significant anxiety (28) and was used to define high anxiety in
this study. There is no established low anxiety category for the STAI, therefore we set the
cutoff for low anxiety scores at one standard deviation away from the sex-specific group
mean trait anxiety score. This resulted in a low anxiety cutoff of 30 for both men and
women. Of those participants with usable fMRI data, 12 women and 12 men qualified as
high anxiety, while 8 women and 8 men had STAI trait anxiety scores <30, and were
classified as low anxiety participants.

Statistical Analysis

Results

Unless otherwise noted, analyses were performed with generalized estimating equations to
account for relatedness within twins. For adjusted values, scatter plots were generated by
mean centering the dependent and independent variables, given the mean of the covariate of
interest (via regression model). The residuals were determined for each mean-centered
variable, and the corresponding mean was added back to each individual’s value for
graphing purposes only. Within-pair analyses (N=13 complete pairs) were performed to
observe the effects of anxiety while controlling for genetics and other factors including age
and shared environment. R values presented were derived from Pearson’s correlations.
Spearman’s rank correlations were performed due to the smaller sample size when pairs
were the unit of analysis. Effect size was calculated for all significant fMRI outcomes with
Cohen’s d for repeated measures. Statistics and graphing were completed using STATA
(13.1, College Station, TX) and GraphPad Prism (Version 6.00 for Windows, La Jolla, CA).

Participant characteristics

The final study sample included 55 participants (27 males, 28 females) of which 41 were
identified as an MZ twin and 14 as a DZ twin. No significant differences in age, BMI, trait
and state anxiety scores, or VAS scores were found between men and women (Table 1), but,
as expected, men ate more at the ad /ibitum buffet (P=0.005).
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Relationship of anxiety to nervousness and subjective appetite in women and men

In women, higher trait and state anxiety scores were significantly associated with greater
average nervousness ratings (=0.46, P=0.003 and r=0.65, P<0.001, respectively), indicating
convergent validity. These relationships remained significant when BMI was included in the
model (Figure 1A-B). No relationships were found in women between trait or state anxiety
and self-reported fullness (r=0.30, P=0.056; /=-0.08, P=0.67), willingness to eat (+=—0.08,
P=0.65; r=0.07, P=0.65) or hunger (r=-0.12, P=0.49; r=0.24, P=0.065) prior to the ad
libitum buffet.

In men, higher average scores of nervousness were also correlated to higher trait (/=0.34,
P=0.039) and state (+=0.56, P=0.005) anxiety, but only the association between state anxiety
and average scores of nervousness was independent of BMI (Figure 1C-D). No relationships
were found in men between trait or state anxiety and self-reported fullness (/=0.33, P=0.13;
r=0.13, P=0.63), willingness to eat (+=0.02, P=0.93; =0.02, P=0.93) or hunger (+=-0.04,
P=0.83; r=0.14, P=0.50) prior to the ad /ibitum buffet.

Relationships between anxiety, BMI and eating behaviors in men and women

In women, trait anxiety scores were positively associated with BMI (Figure 2A), emotional
eating scores (/=0.52, P=0.001) and kilocalories consumed at the buffet (+=0.53, P=0.001),
but state anxiety scores were not (+=0.20, P=0.28; =0.29, P=0.13 and r=0.28, P=0.095,
respectively). The association between trait anxiety and caloric intake at the buffet, but not
emotional eating, persisted after controlling for BMI (Figure 2B-C).

Additionally, trait anxiety scores in women were positively correlated with kilocalories
consumed from fat (r=0.30, P=0.033) and negatively correlated with kilocalories consumed
from carbohydrates (r=-0.28, P=0.028), but not associated with protein (+=0.06, P=0.76)
consumed at the ad /ibitum buffet. These relationships remained after adjusting for BMI
(Figure 3A-C).

State anxiety scores in women were unrelated to macronutrient intake at the buffet (fat:
r=0.12, P=0.50; carbohydrate: /=—0.04, P=0.81; protein: /=—0.19, P=0.34).

Contrary to the findings in women, men’s trait anxiety scores were unrelated to BMI (Figure
2D), emational eating (=0.23, P=0.29) or kilocalories consumed during the buffet (/=0.27,
P=0.22) (Figure 2E-F). Similar to women, men’s state anxiety scores were unrelated to
these measures (BMI: r=0.26, P=0.32; emotional eating: /=0.14, P=0.51; buffet kilocalorie
intake: =0.18, P=0.39).

Trait anxiety in men tended to be positively correlated with the percent of fat consumed at
the ad libitum buffet (1=0.36, P=0.075) and negatively correlated with carbohydrate intake
(r=—0.39, P=0.071), but unrelated to protein consumption (s=0.25, P=0.24). However, state
anxiety was strongly and positively correlated with the percent of kilocalories consumed at
the buffet from fat (/=0.45, P=0.032) and protein (+=0.44, P<0.001) and negatively
associated with percent carbohydrate intake (/=-0.53, P=0.005). After controlling for BMI,
the relationships between state anxiety and percentage of protein and carbohydrates
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remained significant, and a trend was present with percentage of fat consumed (Figure 3D-
F).

Within twin pair analyses of relationships between anxiety and food intake

Within-twin pair models allow analyses to control for age, sex, genetics (100% among MZ;
50% among DZ pairs) and shared familial factors. In women, within-twin pair models
revealed that trait anxiety scores were positively correlated with caloric intake during the
buffet (Figure 4A). However, there was no relationship between trait anxiety and BMI
(Figure 4B). In other words, the twin with higher trait anxiety was not necessarily the
heavier twin, despite evidence that those women ate more at the buffet. Within-twin pair
models between trait anxiety and fat intake revealed a persistent trend toward an association
(p=0.54, P=0.058), but relationships were weakened for protein (p=0.20, P=0.52) and
carbohydrate intake (p=—0.36, P=0.22) after controlling for inherited and familial factors.
There were no significant within-pair associations in men (data not shown).

Relationships between anxiety and brain response to visual food cues

FMRI analyses were performed as a nested case-control study that included cases with
clinically significant trait anxiety scores and controls with low trait anxiety scores,
considering men and women separately. Participant characteristics are shown in Table 2.
BMI did not differ between high and low anxiety women (Table 2). High-anxiety women
had higher state anxiety scores, consumed more kilocalories during the ad /ibitum buffet and
reported higher levels of VAS nervousness and fullness compared to low anxiety controls
(Table 2). High anxiety men also had higher state anxiety scores and showed trends for
higher VAS nervousness scores and consuming more kilocalories at the buffet compared to
low anxiety men (Table 2).

FMRI findings averaged across all ROIs showed that, among low anxiety women, a meal
induced expected reductions in brain activation by fattening (vs. non-fattening) food cues
(mean parameter estimatestSEM, pre-meal 12.4+1.65 vs. post-meal —3.03+5.34; P<0.001,
adjusted for BMI; Cohen’s ¢=1.64). The high anxiety group failed to demonstrate reductions
in activation by fattening food cues (8.27+5.11 vs. 6.75+2.97, P=0.82). Subsequent region-
by-region analyses revealed that the reductions (pre vs. post meal) in mean activation by
fattening food cues were present in all examined regions (amygdala, insula, dorsal striatum,
nucleus accumbens, and mOFC) in the low (P=0.001-0.036; Cohen’s ¢=0.66-1.35), but not
the high (P=0.44-0.92), anxiety group. These results were confirmed with an omnibus test
indicating a significant interaction of time x region (P=0.009) and remained after adjusting
for BMI (Figure 5).

In men, average brain activation across all ROIs by fattening (vs. non-fattening) food cues
was not significantly reduced by a meal in the low (0.33£2.66 vs. —4.14+4.60, P=0.52) or in
the high anxiety group (7.91+2.44 vs. 3.36+6.05, P=0.53).

Discussion

Consistent with our hypotheses, our findings suggest strong relationships between anxiety
and eating behavior in women and potential neural mechanisms whereby anxiety could
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contribute to overeating and obesity. In women, higher trait anxiety was associated with a
higher BMI, higher caloric intake, greater consumption of high-fat foods and persistent
activation by fattening food cues after a meal. Specifically, low-anxiety women had reduced
activation after eating in brain regions that regulate satiety, including the mOFC, amygdala,
dorsal striatum, nucleus accumbens and insular cortex, but highly anxious women did not
have reduced activation in these same regions. These findings were independent of BMI, and
could implicate altered satiety processing as a risk factor for weight gain in highly anxious
women. Importantly, even though anxious women tended to overeat during the experiment,
their risk of excess weight gain over time appeared to be modified by their genetic
background.

As in previous studies (2, 3), anxiety was strongly related to having a higher BMI, but in our
study this was specific to trait anxiety and only among women. We provide new information
that genetic and familial factors modulate the relationship between anxiety and BMI. When
female twins were analyzed as unique individuals by statistically accounting for twin
relatedness, higher scores of trait anxiety were significantly associated with a higher BMI.
However, when shared environmental and genetic traits between twins were controlled for
by using within-pair comparisons, the relationships between trait anxiety and BMI
disappeared. This finding is understandable in light of prior twin studies showing that 80%
or more of the variance in BMI is linked to genetic factors (39, 40).

We also found relationships between anxiety and specific eating behaviors including total
caloric and macronutrient intake that could support the hypothesis that anxiety contributes to
weight gain and risk of obesity in genetically susceptible individuals. Women with high trait
anxiety consumed more total kilocalories during the ad /ibitum buffet as well as a higher
percentage of kilocalories from fat vs. carbohydrates, independent of BMI. Moreover,
within-pair comparisons revealed that the positive relationship between trait anxiety and
total kilocalories consumed was independent of genetic (50% for DZ and 100% for MZ twin
pairs) and shared familial factors. Put another way, female twins who scored higher in trait
anxiety ate more than their twin. These data provide strong evidence that trait anxiety
independently increases food consumption. These findings suggest that anxious women
increase food intake, but the extent that these extra kilocalories promote weight gain is
influenced by genetic and familial factors. The relationship of anxiety to food intake has
been a source of debate (41-43) particularly whether eating substantially relieves anxiety
and thus serves a functional purpose. Experimentally-induced anxiety has been shown to
increase food intake among individuals with a history of loss of control eating (44) or with
high emotional eating scores (45), but our data suggest that anxiety is related to increased
caloric intake among generally healthy women as well.

Findings from our nested case-control fMRI study provide evidence that women with high
anxiety have altered brain response to food cues that could explain their greater caloric
intake during the ad /ibitum buffet. The five regions of interest we examined were selected
based on prior research establishing them as markers of satiety (12); in a state of hunger,
these regions typically show robust activation by food images which decreases during post-
meal satiety. High anxiety women did not reduce activation in these regions, providing
evidence of a disruption in satiety perception. Importantly, these women, independent of
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BMI, also consumed more kilocalories at the post-scan buffet meal that objectively assessed
satiety. The extra food consumption occurred without differences in self-reported appetite,
further suggesting decoupling of eating behavior from hunger. These findings support
theories that neural circuits regulating appetite are disrupted by chronic anxiety or stress in a
manner that could promote obesity or eating disorders (46). Alternately, heightened
attentional functioning (47) or even improved visual detection among anxious women (48)
might explain persistent post-meal responses to visual food cues, a question that deserves
further study.

The current findings emphasize potential differences between trait and state anxiety in
relation to obesity risk. We show that the effects of state and trait anxiety on food
consumption and macronutrient choice varied, and were significantly different by sex. In
women, trait (global) anxiety was related to total caloric intake and food choice, whereas in
men state (current) anxiety more strongly affected food choice. Moreover, as state anxiety is
more closely related to stress, these results suggest that stress might also affect eating
behaviors in men. These findings highlight the importance of investigating sex differences.

A strength of our study is the use of a sample of twins, which allowed for examination of
confounding of relationships between anxiety, food intake, and BMI by genetic and familial
factors. However, due to the cross-sectional study design we cannot discern whether chronic
anxiety contributed to the increased BMI among women or whether the altered eating and
emotional regulation exhibited was a consequence of weight gain. Although obesity did not
appear to explain the relationships seen in our study, previous studies have shown similar
findings of persistent brain activation in response to high-calorie food cues in regions
associated with food motivation and reward in obese individuals (49, 50). Our findings open
the possibility that obesity and anxiety disrupt food cue perception and sensitivity to satiety
cues in a similar fashion, either because they are causally related or as a result of shared
mechanisms. This study cannot distinguish between these two possibilities. Another
limitation was that we selected for relatively healthy individuals and also enrolled a high
percentage of Caucasian subjects, therefore our results may not be generalizable to all
populations. Additionally, we did not include an instrument capable of identifying clinical
anxiety disorders among our sample, therefore, we cannot comment on the clinical severity
of symptoms amongst the high anxiety women. We used BMI to relate anxiety to obesity;
however, we recognize that measures of body composition or even waist circumference
would have been more informative as to cardiometabolic risk.

Future studies examining the role of anxiety in body fat distribution could be informative.
Limited sample size (20 women and 20 men), though not uncommon in fMRI studies, could
account for the high variability in our measures. We were unable to study the relation of
state anxiety to fMRI findings in men due to limited numbers of men scoring high enough to
reach clinical cutoffs in state anxiety. Clearly, sex and acute (i.e., experimental) vs. chronic
anxiety each influence the ultimate effect of anxiety on eating behavior and should be taken
into account in future studies.

In conclusion, the current findings suggest that anxiety promotes caloric consumption and
consumption of high-fat foods in women. We also provide evidence that anxiety alters brain
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responses to satiety such that the normal reduction in activation by high-calorie food cues
induced by a meal (12) does not occur in highly anxious women, suggesting a disruption in
neural circuitry that could promote overeating. Anxiety may be a risk factor for obesity, but
we show this risk is likely limited to people with a genetic susceptibility to weight gain.
Future longitudinal studies should examine a larger population to firmly establish whether
anxiety and overeating are a risk factor for obesity in women. Interventions to promote a
healthy weight in highly anxious women should test the utility of directly addressing
anxiety, satiety and emotional eating habits as components of treatment.
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Figure 1. Sex-specific associations between trait and state anxiety and aver age nervousness
rating (mm)
In women, average visual analog scale nervousness ratings were associated with A) trait
anxiety, and B) state anxiety (from State-Trait Anxiety Inventory). In men, average
nervousness ratings were associated with D) state anxiety only. P-values derived from
generalized estimating equations and r~values from Pearson’s Product-moment correlation.
Data are adjusted for BMI.
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Figure 2. Sex-specific relationships between trait anxiety, BMI, emotional eating and ad libitum

buffet intake

Associations in women are shown between trait anxiety and A) BMI (kg/m?2), B) TFEQ-R18
emotional eating subscale scores and C) kilocalories consumed during the ad /ibitum buffet.
In men, associations were not present between trait anxiety and D) BMI (kg/m?), E) TFEQ-
R18 emotional eating subscale scores, or F) kilocalories consumed during the ad libitum
buffet. P-values derived from generalized estimating equations and r~values from Pearson’s
Product-moment correlation. TFEQ-R18 =Three-Factor Eating Questionnaire-Revised 18

item version; BMI=body mass index. Data are adjusted for BMI.

Psychosom Med. Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mestre et al.

Women, Trait Anxiety
A

. 80

©

L

E

E 60 i

g .

'E 40 @ .

- Te %

o e ® .

2 20 . . r=0.40
P=0.006

20 30 40 50 60
Trait Anxiety

Men, State Anxiety
D

. 80

3]

L

§ 60

L [ ]

k: s .7

S 401 o o % :

o Cd

(&)

22 O ° r=0.39

¢ P=0.058
20 30 40 50 60
State Anxiety

B =23 =]
o o o

[
[=]

% Calories From Carbohydrates

[=1]
o

% Calories From Carbohydrates
'S
(=]

r=-0.34
P=0.026

20 30 40 50 60
Trait Anxiety

L]
L] e® 9 "
ee o0 ®, *
* g °
L] .. a
r=-0.48
P=0.013
20 30 40 50 60
State Anxiety

@)

% Calories From Protein

-

% Calories From Protein

]
o

(]
(=]

-
(%]

-
=

25

20

15

10

Page 17

L ]
] . .
oo °,
e . .
%
™ a :. - ..o
* r=-0.02
P=0.93
20 30 40 50 60
Trait Anxiety
[ 1] *
o °®
.. L "9 % °
- 9
* r=0.40
P=0.002
20 30 40 50 60
State Anxiety

Figure 3. Sex-specific relationships between trait anxiety (women) or state anxiety (men) and

macronutrient choice

In women, associations were present between trait anxiety and percentage of kilocalories
consumed at the ad /ibitum buffet from A) fat and B) carbohydrates but not C) protein. In
men, associations were present between state anxiety and percentage of kilocalories
consumed from B) carbohydrates and C) protein; a trend was also present with A) fat. P-
values derived from generalized estimating equations and /~values from Pearson’s Product-
moment correlation. Trait and state anxiety scored derived from the State-Trait Anxiety

Inventory (STAI); BMI=body mass index. Data are adjusted for BMI.
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Figure 4. Associations of within-twin-pair differencesin trait anxiety with total kilocalories

consumed at the ad libitum buffet and BM| in women

After controlling for age, family background, and genetics (100% in MZ, 50% in DZ), trait
anxiety was positively related to A) kilocalories (kcals) consumed during the buffet meal but
not to B) BMI. Spearman’s rho and P-values derived from Spearman’s Rank Correlation

Coefficient. BMI= body mass index.
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Figure5. Brain activation by visual food cues pre- and post-standar dized meal in low and high
anxiety women
Among low anxiety women, brain activation by fattening vs. non-fattening food cues was

significantly suppressed by a standardized meal in each of the five ROIs (A-E bars on left,
Nucleus Accumbens, Amygdala, Insula, Dorsal Striatum, and mOFC). Women with high
anxiety did not show meal-induced changes in brain activation in any of the ROIs (A—E bars
on right). Data are mean parameter estimates for each ROl + SEM pre- (white bars) and
post- (gray bars) standardized meal between low and high anxiety women (left bars and right
bars, respectively). Bilateral regions (A—D) were averaged. P-values derived from
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generalized estimating equations. *P<0.050, **P<0.010, ***P<0.001 pre-meal vs. post-meal
in low anxiety women. Data are adjusted for BMI.
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Total number of individuals, M
MZ pairs (individuals), /

DZ pairs (individuals), NV

Age, years

BMI, kg/m?

Trait Anxiety score

State Anxiety score

Emotional Eating score
Average Nervousness rating, /mm
Hunger, mm

Fullness, mm

Willingness to eat, mm

Kilocalories consumed at the buffet, kcals

Table 1
Women Men Total
28 27 55

8 (18) 11 (23) 19 (41)

5 (10) 2(4) 7(14)
2177 27+75 27+76
3073 28+58 28.9+6.6
3790 39+10 378+94
29+6.6 3282 305+75

73+24 6.0+1.9 6.6+2.2

10.5+10.6 12 +13 11+12
42+21 54 +21 48 22
39+20 30+19 34+20
56+ 18 65+ 20 61+19

986 + 382 1304 + 394* 1142 + 417

Values are means + standard deviations. Visual analog scale ratings of hunger, fullness and willingness to eat were obtained immediately prior to
the ad libitum buffet and are measured in millimeters (mm). All DZ twin pairs were complete. MZ: monozygotic; DZ: dizygotic; BMI: body mass
index; kcals: kilocalories. P-values derived from generalized estimating equations.

*
P=0.005 vs. Women.
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Table 2

Subject characteristics in the nested case-control study of anxiety.
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Total number of individuals, &
Member of MZ pair, N

Member of DZ pair, N

Age, years

BMI, kg/m?

Kilocalories consumed at the buffet, kcals
Trait Anxiety score

State Anxiety score

Average Nervousness rating, mm
Hunger, mm

Fullness, mm

Willingness to eat, mm

High Anxiety Women

12
6
6
258+5.8
32.8+7.9
1204 £369™
459+47"
3354517
157+£129%
420+20.1
411+1407
59.3+13.2

8
7
1
30.0+10.3
28.1+6.4
747 + 302
271.3+2.7
248+45
50+5.0
48.6 £12.26
23.2+17.7

65.0+17.6

Low Anxiety Women

High Anxiety Men
12
9
3
29.4+9.6
28.7+45

1454 + 410%
46.8 + 4.8%#
35.8 + 6.47%

16.0 + 12.8%
54.8 +20.1
33.3+ 165

65.1+17.9

Low Anxiety Men
8
8
0
245+54
26.2+6.4
1063 + 387

264+2.0
243+31
73+6.4

49.7+17.8
29.3+19.3

61.0+18.3

Values are means + standard deviation. High anxiety was defined as a STAI trait anxiety score 240, a clinically significant anxiety score; low

anxiety was defined as a STAI trait anxiety score <30, Visual analog scale appetite ratings of hunger, fullness and willingness to eat were obtained

immediately prior to the ad /ibitum buffet. BMI: body mass index; kcals: kilocalories. P-values derived from generalized estimating equations.

*
P<0.050,
Ak
P<0.001 vs. low anxiety women.

#P<0.060,

##P<0.001 vs. low anxiety men.
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