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Reduced Inferior and Orbital Frontal Thickness in
Adolescent Bulimia Nervosa Persists Over

Two-Year Follow-Up
Marilyn Cyr, PhD, PsyD, Daniel C. Kopala-Sibley, PhD, Seonjoo Lee, PhD, Chen Chen, MPH,

Mihaela Stefan, MA, Martine Fontaine, BS, Kate Terranova, MA,
Laura A. Berner, PhD, Rachel Marsh, PhD
Objective: Cross-sectional data suggest functional and
anatomical disturbances in inferior and orbital frontal re-
gions in bulimia nervosa (BN). Using longitudinal data,
we investigated whether reduced cortical thickness (CT) in
these regions arises early and persists over adolescence in
BN, independent of symptom remission, and whether CT
reductions are markers of BN symptoms.

Method: A total of 33 adolescent females with BN
symptoms (BN or other specified feeding or eating dis-
order) and 28 healthy adolescents participated in this
study. Anatomical magnetic resonance imaging and clin-
ical data were acquired at 3 time points within 2-year in-
tervals over adolescence, with 31% average attrition
between assessments. Using a region-of-interest approach,
we assessed group differences in CT at baseline and over
time, and tested whether between- and within-subject
variations in CT were associated with the frequency of
BN symptoms.

Results: Reduced CT in the right inferior frontal gyrus
persisted over adolescence in BN compared to healthy
Supplemental material cited in this article is available online.

www.jaacap.org
adolescents, even in those who achieved full or partial
remission. Within the BN group, between-subject varia-
tions in CT in the inferior and orbital frontal regions were
inversely associated with specific BN symptoms, sug-
gesting, on average over time, greater CT reductions in
individuals with more frequent BN symptoms.

Conclusion: Reduced CT in inferior frontal regions may
contribute to illness persistence into adulthood. Re-
ductions in the thickness of the inferior and orbital frontal
regions may be markers of specific BN symptoms. Because
our sample size precluded correcting for multiple com-
parisons, these findings should be replicated in a larger
sample. Future study of functional changes in associated
fronto-striatal circuits could identify potential circuit-
based intervention targets.

Key words: magnetic resonance imaging (MRI), cortical
thickness, bulimia nervosa, longitudinal design
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ulimia nervosa (BN) typically begins in adolescence
and is characterized by binge-eating and purging or
B other compensatory behaviors to avoid weight gain.

Previous cross-sectional findings from adolescents and
adults with BN suggest that disturbances in control, reward,
and learning processes underlie these symptoms due, in
part, to functional1-4 and anatomical5,6 alterations in fronto-
striatal circuits, particularly the inferior and orbital frontal
regions. Specifically, reduced cortical thickness (CT) and
smaller local volumes on the surface of lateral frontal gyri
were found in adolescents and adults with BN relative to
their healthy counterparts.5 Furthermore, volume reductions
in bilateral inferior frontal gyrus (IFG) were more pro-
nounced in the participants with BN who engaged in more
frequent binge-eating and vomiting episodes. Unclear,
however, is whether structural abnormalities in the frontal
regions are stable across development, thereby contributing
to diagnostic status, or whether these abnormalities are
state-based markers of BN symptoms that fluctuate over
time. Thus, we used longitudinal magnetic resonance im-
aging (MRI) data from adolescents with and without BN
symptoms to determine whether reduced CT in inferior
frontal regions arises early and persists over adolescence in
BN, independent of symptom change. Given the role of the
the orbital frontal cortex (OFC) in control and reward
processes and BN pathophysiology,4,6-8 we also assessed
the trajectory of thickness changes in OFC regions. Spe-
cifically, we examined whether CT reductions in the infe-
rior and orbital frontal regions constitute trait or state
markers of BN and associated binge-eating and purging
symptoms.

Many studies have attempted to identify trait and state
markers of a range of psychiatric disorders, including
anorexia nervosa (AN),9-12 depression,13 bipolar disorder,14

and schizophrenia.15 A trait marker of a disorder is typi-
cally conceptualized in these studies as a characteristic that
distinguishes an individual with a disorder from healthy
controls, is present before and predicts disorder onset, per-
sists following total or partial remission, and is present in
individuals with subclinical profiles. In contrast, a state
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marker of a disorder is defined as a characteristic that is
present only, or at least more pronounced, during acute
phases of a disorder, with symptoms fluctuating with levels
of that marker. Assessing such trait or state markers of an
illness that occur before onset and persist following remis-
sion would require substantial resources that would render
such a study practically unfeasible.

Thus, in the current longitudinal study, we assessed CT
early after BN onset and over the course of adolescence.
We first tested whether CT in inferior and orbital frontal
regions is reduced in BN compared to healthy adolescents
and whether these reductions persist over time, even
following full or partial remission. Such findings would
suggest that reduced CT in these regions is a trait marker
of the illness. In addition to illness markers, we can
measure trait and state markers of symptoms within a
diagnostic group, as CT may show both trait- and state-
like properties. Average CT over time in an individual
could predict average symptom expression relative to
others (i.e., trait). In contrast, CT fluctuations over time
relative to an individual’s average CT could predict
symptom fluctuations over time (i.e., state). Such between-
and within-subject variations can be measured reliably
with CT.16 Thus, we also assessed whether participants’
average CT over time predicted the average frequency of
their BN symptoms over time, or whether fluctuations in
CT over time predicted change in their BN symptoms over
time. This question has remained untested in eating dis-
orders, as longitudinal data comprising at least 3 time
points are needed to examine such within-subject fluctu-
ations. Moreover, although multiple biomarkers relate to
average individual differences in symptoms across a range
of psychiatric disorders,10,12-15 substantial within-subject
fluctuation in symptom expression occurs over time, and
biomarkers of these within-individual fluctuations remain
unidentified.17 Thus, understanding both between-subject
and within-subject fluctuations in the thickness of infe-
rior and orbital frontal regions over time may provide a
more nuanced understanding of neuroanatomical in-
fluences on changes in symptom severity and BN persis-
tence over adolescence.

Although we are unaware of any imaging studies
following this approach, the notion that individual charac-
teristics may have both state- and trait-like variance and
effects on symptom expression is well established in other
fields. For instance, in the personality�psychopathology
literature, it is widely acknowledged that both average levels
of a given characteristic and the extent to which it is
expressed on a given occasion are important predictors of
symptom expression within internalizing disorders.18 In the
current study, multilevel modeling makes it possible to
identify the symptom correlates of both between-subject and
within-subject variability in CT within BN. That is, by
decomposing each participant with BN’s CT for a given re-
gion at each time point into an average value over time and
into deviations from that average at each time point, we can
examine whether, on average over time, CT is inversely
associated with the frequency of BN symptoms (i.e., a trait
effect), whether individual fluctuations in CT are inversely
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associated with the frequency of BN symptoms at each time
point (i.e., a state effect), or both.

Thus, herein we assessed whether CT reductions within
inferior and orbital frontal regions are trait markers of BN
(i.e., reductions in participants with BN versus healthy par-
ticipants that persist over time), or BN symptoms (i.e.,
average reductions over time in participants with BN that
predict average symptom expression over time). We also
assessed state markers of BN symptoms (i.e., within-subject
fluctuations in CT at each time point that predicted BN
symptoms at each time point).

METHOD
Study Participants
Study participants were adolescent females with BN symptoms (n ¼
33) and healthy controls (HC; n ¼ 28) who were group matched for
age, body mass index (BMI), race, and ethnicity. Participants were
recruited through local and online advertisements. Participants with
a history of neurological illness, past seizures, head trauma with loss
of consciousness, mental retardation, pervasive developmental dis-
order, or current Axis I disorders (other than depressive or anxiety
disorders in the BN group) were excluded. Controls had no lifetime
Axis I disorders. Axis I disorders were assessed using the Kid-
die�Schedule for Affective Disorders and Schizophrenia�Present
and Lifetime Version.19 BN symptom severity and prior diagnoses
of AN were assessed using the Eating Disorders Examination.20

Participants in the BN group were included if they had engaged
in an average of one loss-of-control eating episode (including both
objectively and subjectively large bulimic episodes) and one
compensatory episode (self-induced vomiting, laxative/diuretic
misuse, or compulsive exercise) per week within the past 3 months,
with at least one loss-of-control eating and compensatory episode
occurring in the past month. Two follow-up assessments (FU1 and
FU2) were conducted, each within 2-year intervals over adolescence.
BN symptom severity and the presence or absence of comorbid ill-
nesses were assessed each time point. The research protocol was
approved by the Institutional Review Board of the New York State
Psychiatric Institute, and all participants gave informed consent or
assent before participating.

Image Acquisition and Processing
Image acquisition and processing procedures are detailed in Sup-
plement 1, available online. Whole-brain structural T1-weighted
magnetic resonance imaging (MRI) images were acquired using a
standard quadrature GE 8-channel head coil and a GE Signa 3T LX
scanner (Milwaukee, WI). Processing, including cortical surface
reconstruction and volumetric segmentation, was performed in
FreeSurfer image analysis suite (version 5.3.0, http://surfer.nmr.
mgh.harvard.edu/) using automated and semi-automated
tools21,22 followed by the longitudinal stream.23 The cerebral cor-
tex of each participant was automatically parcellated into 6 inferior
and orbital frontal regions in each hemisphere (i.e., inferior frontal
gyrus pars triangularis, opercularis and orbitalis, medial and lateral
orbital gyrus and frontal pole) based on the Desikan-Killiany atlas.24

Mean CT was extracted from each region, and these values were
used in region-of-interest (ROI) analyses.

Statistical Analyses
Stability of CT and BN Symptoms Over Time. Pearson correlation co-
efficients were calculated to examine the stability of CT and BN
symptoms from baseline to FU1, FU1 to FU2, and baseline to FU2.
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http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
http://www.jaacap.org


CYR et al.
Group Differences in CT Over Time. Growth curve models
examined the following: group (BN versus HC) differences in CT
at baseline; group differences in the rate of change in CT over
time; and the persistence of group differences in CT over time.
These analyses were then repeated after including only those
adolescents with BN who showed more than a 50% symptom
reduction in the frequency of their core BN symptoms between
their baseline and last assessments, calculated as the sum of the
frequency of objective bulimic episodes (OBEs) and self-induced
vomiting episodes over the past 28 days. This 50% criterion was
chosen in an attempt to retain as many participants as possible in
our analyses, given that few participants met more stringent
criteria for remission.

Trait Versus State Effects of CT on BN Symptoms. The second set
of analyses examined whether reduced CT in frontal regions in the
BN group constitutes a trait or state marker of binge-eating and
purging behaviors. Specifically, between-subject/trait predictors
were calculated by averaging participants’ CT scores over time.
Within-subject/state CT predictors were calculated by subtracting
each participant’s average CT over time from that individual’s
raw CT value at each time point. These values therefore repre-
sented deviations at each time point from each participant’s own
average CT. Multilevel models then tested simultaneously
whether between- and within-subject variation in CT was asso-
ciated with the frequency of OBEs and vomiting episodes over the
28 days prior to scanning. Between-subject effects would reveal
whether participants who had, on average, reduced CT in a given
region over time relative to other participants also engaged in
more or fewer BN symptoms over time (i.e., trait effects) relative
to other participants. In contrast, within-subject effects test
whether changes in CT from each participant’s own average levels
of CT from one time point to the next predict fluctuations in
symptom frequency at each time point (i.e., state effects). Because
significant change in CT over time was detected in several
regions, participants with only baseline data (n ¼ 6) were
excluded from these analyses to avoid biased estimation of their
mean CT over time.

Growth curve and multilevel models were conducted using
SAS PROC MIXED (version 9.3). Both modeling approaches
permit the analysis of unbalanced data (i.e., unequal numbers of
data points among participants because of varying numbers of
time points completed). These models make use of all available
data via maximum likelihood�based estimation.25 Growth curve
models regressed CT on time (months from baseline), group status
(HC versus BN), their interaction, and age at baseline (in years),
thereby controlling for possible maturational differences in CT due
to baseline age. For the multilevel models, a first-order autore-
gressive covariance structure was used to accommodate expected
correlations between unexplained variance from one time point to
the next. Between�within degrees of freedom were used. To
control for maturational effects on symptoms as well as natural-
istic changes in symptoms over time, multilevel models adjusted
for the effects of baseline age and months elapsed since baseline,
rendering our prediction of BN symptoms very conservative. All
models included a random effect for the intercept and fixed effects
for predictors.

Effects of Medication and Comorbidities. Both comorbid depression
or anxiety and the use of selective serotonin reuptake inhibitors
(SSRIs) may influence changes in both CT26,27 and BN symptoms28,29

over time. Thus, growth curve and multilevel models were con-
ducted with these additional time-varying covariates (i.e., comorbid
depression or anxiety and current SSRI use) at each time point.
Because these covariates did not appreciably affect our findings
(Tables S1 and S2, available online), they were not included in the
models reported below.
868 www.jaacap.org
RESULTS
Study Participants
Demographic and clinical characteristics are shown in
Table 1. Baseline data was available from 33 adolescents
with BN and 28 healthy adolescents. Of the 33 adolescents
with BN, 22 met DSM-5 criteria for BN. The remaining 11
met criteria for other specified feeding or eating disorder
(OSFED) with subjective or objective loss-of-control eating
episodes30 and compensatory behaviors to avoid weight
gain (i.e., OSFED-BN), and were included because adoles-
cents with less severe BN symptoms tend to engage in more
frequent binge-eating and purging behaviors over time.31,32

Baseline demographic and clinical characteristics across BN
subtypes are presented in Table S3 (available online). FU1
MRI and clinical/demographic data were available from 27
adolescents with BN and 22 HC adolescents (meantime from

baseline ¼ 15.7 months, SDtime from baseline¼ 6.182), and FU2
data from 18 adolescents with BN and 12 HC adolescents
(meantime difference from FU1 ¼ 14.8 months, SDtime difference from

FU1 ¼ 3.275). The 31 participants with any missing data did
not differ significantly from the 30 with complete data from
all time points in terms of baseline demographic character-
istics, CT, or symptom severity in the BN group (all p >.05).
Thus, data were missing at random and were therefore
appropriately estimated via maximum likelihood methods
in a multilevel analytic framework.25 Figure S1 (available
online) depicts each assessment point and corresponding age
of each participant over the course of the study (see Table S4,
available online, for statistical details on the time intervals
between assessments across groups). Of the 33 adolescents
with BN included in the study, 17 showed more than 50%
reduction in the frequency of their core BN symptoms be-
tween their baseline and last assessments. Baseline de-
mographics and clinical ratings did not differ across those 17
adolescents with BN showing symptom remission over time
and the remaining 16.

Stability of CT and BN Symptoms
CT in frontal regions was stable but heterogeneous from
baseline to FU1, FU1 to FU2, and baseline to FU2 (BN: mean
r ¼ 0.70, p ¼ .038, range: 0.16�0.95; HC: mean r ¼ 0.85, p ¼
.001, range: 0.63�0.94) (Table S5, available online). In the BN
group, the frequency of binge-eating and vomiting episodes
was moderately stable over time (OBE: r ¼ .55, p ¼ .136,
range: 0.23�0.79; vomiting: r ¼ 0.34, p ¼ .304, range: �0.04
to 0.63) (Table S6, available online).

Group Differences in CT Over Time
Findings from growth curve models including all partici-
pants with BN are summarized in Table S6 (available
online). All models’ residuals were normally distributed.
Group effects (i.e., average group differences in CT at
baseline) were detected in bilateral frontal pole (left: p ¼ .020;
right: p ¼ .047) and IFG pars opercularis (left: p ¼ .015;
marginal effect in right: p ¼ .056), with thinner cortices in the
BN relative to control adolescents (Table S7, available on-
line). No significant group-by-time interactions were detec-
ted, suggesting that these group differences persisted over
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TABLE 1 Demographic and Clinical Characteristics at Each Assessment Point

Characteristic

Baseline FU1 FU2

BN (n ¼ 33) HC (n ¼ 28) Analysis BN (n ¼ 26) HC (n ¼ 21) Analysis BN (n ¼ 16) HC (n ¼ 12) Analysis

Mean (SD) Mean (SD) t (df) p Mean (SD) Mean (SD) t (df) p Mean (SD) Mean (SD) t (df) p

Age 16.5 (1.5) 16.2 (2.1) �0.73 (49) .47 18.1 (1.5) 17.3 (2.1) �1.38 (35) .18 19.3 (1.5) 18.8 (2.3) �0.65 (18) .52
BMI (kg/m) 22.1 (2.8) 21.4 (3.5) �0.86 (53) .39 23.2 (2.8) 22.6 (3.5) �0.62 (37) .54 23.8 (2.7) 23.9 (4.9) 0.11 (16) .92
WAIS IQ score (full) 105.5 (16.1) 104.9 (11.4) 0.16 (47) .87
Illness duration (mo) 26.0 (19.9)
EDE ratings

OBEs 13.8 (17.8) 7.8 (12.1) 6.7 (19.7)
SBEs 18.3 (24.3) 3.2 (4.0) 3.6 (5.8)
Vomiting episodes 32.9 (28.7) 9.4 (14.5) 8.3 (19.4)
LOCs 25.2 (20.1) 11.0 (12.3) 10.3 (24.7)

Comorbid MDD (%) 42.4 15.4 6.3
Comorbid anxiety (%) 21.2 23.1 6.3
Medication (%) 27.3 46.2 31.23
Prior AN (%) 15.2
Treatment (%)a

Inpatient 39.4
Outpatient 27.2

Note: AN ¼ anorexia nervosa; BMI ¼ body mass index; BN ¼ bulimia nervosa; EDE ¼ Eating Disorder Examination; FU ¼ follow-up; HC ¼ healthy controls; LOC ¼ loss-of-control eating episodes of any size; MDD ¼
major depressive episode; OBE ¼ objective binge-eating episode; SBE ¼ subjective binge-eating episode; WAIS ¼ Weschler Adult Intelligence Scale.
aTreatment-seeking participants received inpatient or outpatient treatment in the Eating Disorders Clinic at the New York State Psychiatric Institute only following their baseline assessment/scan.
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time. Findings from the growth curve models including only
the adolescents with BN whose symptoms improved by
more than 50% between their baseline and last assessments
are summarized in Table 2 and Figure 1, with detailed sta-
tistical results presented in Table S8 (available online). Sig-
nificant group effects (i.e., baseline group differences, Table 2
and Figure 1) were detected in right IFG pars opercularis
(right: p ¼ .030) and orbitalis (p ¼ .021), with CT reduced in
BN relative to HC. No significant group-by-time interactions
were detected, suggesting that these reductions persisted
following partial remission in BN. CT point slope estimates
were computed for each region/year (0, 12, 24, and 36
months) to further assess the persistence of group differences
over time. Contrast comparisons of CT in each region at each
year revealed group differences that remained in right IFG
pars opercularis and orbitalis (Table 3 and Figure 1). Table 3
also presents the magnitude of the group differences,
calculated as the mean group difference divided by the re-
sidual standard deviation.33

Trait Versus State Effects of CT on BN Symptoms
Results from multilevel models are summarized in Table 4
with detailed statistical results presented in Table S9 (avail-
able online). All models’ residuals were normally distrib-
uted. Between-subject effects (Table 4) emerged such that the
adolescents with BN with reduced CT in the left frontal pole
(p ¼ .020) reported more frequent binge-eating episodes.
Similarly, reduced CT in the right IFG pars orbitalis (p ¼
.009) and lateral orbital frontal cortex (OFC; p ¼ .049) was
significantly associated with more frequent vomiting epi-
sodes. No significant within-subject effects were detected.

DISCUSSION
This longitudinal study examined whether reductions in the
thickness of frontal regions are trait or state markers of BN
and/or binge-eating and vomiting behaviors. Growth curve
models revealed CT reductions in inferior frontal regions
that persisted over time in adolescents with BN relative to
their healthy counterparts, even among those whose symp-
toms fully or partially remitted over the course of the study.
Thus, reduced CT in these regions may be a trait marker of
TABLE 2 Growth Curve Models Predicting Cortical Thickness in He
Nervosaa

Cortical Area Side Characteristicb

Inferior frontal gyrus Right Group
(opercularis) Time

Group � time
Age

Inferior frontal gyrus Right Group
(orbitalis) Time

Group � time
Age

Note: aRemission is defined as at least 50% reduction in the frequency of objective bin
bGroup coded as healthy control ¼ 0, bulimia nervosa ¼ 1; time coded as month
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BN, potentially contributing to its development and persis-
tence over adolescence and young adulthood. Our findings
further suggest that between-subject variations in the
thickness of inferior and orbital frontal regions may be trait
markers of binge-eating and vomiting behaviors in BN.
Although a handful of cross-sectional MRI findings point
to potential trait and state markers of AN in remitted
patients,9-12 this is the first study to use a longitudinal
approach to identify trait and state markers of BN and
specific BN symptoms. These findings contribute to our
understanding of how these regions that support control,
reward, and learning processes are involved in the patho-
physiology and persistence of BN and BN symptoms.

We detected reduced CT in the IFG and frontal pole at
baseline in participants with BN compared to healthy ado-
lescents, although frontal pole reductions were no longer
significant when including only the adolescents with BN
who achieved full or partial remission over time. CT re-
ductions in right IFG (pars opercularis and orbitalis)
remained stable over time, even following full or partial
symptom remission. Reductions in right IFG pars orbitalis
remained stable when participants with BN with subclinical
symptoms were excluded from growth curve analyses,
suggesting that reduced CT in this IFG subregion may be a
more robust marker of BN. These findings are consistent
with previous cross-sectional findings of reduced local vol-
umes on the surface of (and reduced CT in) lateral frontal
areas in a different sample of BN relative to control partici-
pants, with local volume reductions in the inferior and
middle frontal cortices becoming more prominent with
advancing age.5 Previous structural MRI studies of in-
dividuals with BN are sparse, with mixed results. Early
studies suggest increased cerebrospinal fluid in BN
compared to control participants,34,35 perhaps pointing to
widespread reductions in gray and/or white matter vol-
umes. More recent findings show enlarged medial orbital
frontal cortex in adults with BN,6,36 although other studies
report no alterations in gray matter volume in acutely ill
(local volumes37) or remitted (total volume38) patients with
BN. In contrast, we detected persistent reductions in the
thickness of the right IFG over time in partially remitted
adolescents with BN. These latter cross-sectional studies
althy Controls Versus Participants With Remitted Bulimia

B SE t p

�0.10 0.05 �2.22 .03
<0.01 <0.01 �2.28 .03
<0.01 <0.01 0.32 .75
�0.02 0.01 �1.30 .20
0.14 0.06 2.36 .02

<0.01 <0.01 2.66 .01
<0.01 <0.01 0.13 .90
�0.03 0.02 �2.09 .04

ge-eating episodes and vomiting episodes between baseline and last assessment.
s from baseline; age coded as years at baseline.
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FIGURE 1 Group differences in cortical thickness (CT) over
time. Note: Top images show group differences in CT at
baseline; line graphs show differences yearly based on point
slope estimates at 0, 12, 24, and 36 months. Remission is
defined as at least 50% reduction in the frequency of objective
bulimic episodes (OBEs) and vomiting episodes between
baseline and last assessment. BN ¼ bulimia nervosa; HC ¼
healthy control; IFG ¼ inferior frontal gyrus.

BRAIN IMAGING FINDINGS IN BULIMIA NERVOSA
used voxel-based morphometry to assess brain structure in
adults with and without BN, whereas we assessed longitu-
dinal structural changes in adolescents, using a methodol-
ogy that does not share the inherent limitations of voxel-
based morphometry approaches.39–42 Thus, discrepancies
between the previous findings and ours may be due to such
methodological differences across studies or to differences in
the demographic and clinical characteristics of the samples
studied (i.e., adults versus adolescents; DSM-5 BN versus
OSFED diagnostic criteria). Nevertheless, our findings
should be replicated in a larger sample.

Similar to studies of AN9,11 and depression,13 this
approach of assessing brain structure in individuals ill and
remitted from a given disorder permits understanding of
whether CT may be a trait versus state marker of that dis-
order. Examining the effects of between- versus within-
subject variations in CT on the frequency of binge-eating
and purging behaviors is a novel approach, permitting
assessment of CT in frontal regions as trait or state markers
of BN symptoms. To our knowledge, this approach has not
been previously applied in clinical neuroscience. Multilevel
modeling allowed us to determine whether adolescents with
BN who, on average, had greater CT reductions over time
also had more severe symptoms (i.e., trait effects), and
whether individual fluctuations in CT were associated with
JOURNAL OF THE AMERICAN ACADEMY OF CHILD & ADOLESCENT PSYCHIATRY
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symptoms over time (i.e., state effects). Within the BN group,
significant between-subject effects of frontal CT on symp-
toms were detected. Specifically, on average over time, those
with the least CT in the left frontal pole engaged in more
frequent OBEs, and those with the least CT in the right IFG
pars orbitalis and lateral OFC engaged in more frequent
vomiting episodes. Thus, reductions in these regions may be
trait markers of symptom expression in adolescents with
BN. No significant within-subject effects were detected,
suggesting that reductions in the thickness of frontal regions
are not state markers of BN symptoms.

An alternative explanation for our findings is that BN
symptoms may have a scarring effect on brain structure,
thereby contributing to reductions in CT over time. For
instance, time point�to�time point fluctuations in symp-
toms, such as purging and also food restriction, could lead to
acute changes in CT, which would be reflected by deviations
in CT at each time point. Such a possibility is consistent with
evidence that episodes of purging and food restriction may
lead to reduced brain volumes via the depletion or lack of
bodily fluids.43 Similarly, chronically frequent BN symptoms
may result in long-term alterations in CT, which would be
reflected by reduced mean CT over time. Finally, brain
structure and BN symptoms may also show transactional
effects such that symptoms contribute to CT reductions that,
in turn, contribute to the persistence or worsening of symp-
toms. Although such scarring or transactional effects should
be assessed in future longitudinal studies, this is the first to
assess neuroanatomical trait and state markers of symptom
expression in BN, providing a more nuanced understanding
of the relation of such markers to the persistence and
expression of binge-eating and purging during adolescence.

Associations of inferior and orbital frontal abnormalities
with BN symptoms have been documented in anatomical5,6

and functional2-4 MRI studies of BN. For example, we pre-
viously detected, in another sample of participants with BN,
volume reductions in the inferior frontal regions that were
greatest in individuals who engaged in the most frequent
binge-eating and vomiting episodes,5 consistent with the
between-subject effects of inferior frontal CT on symptom
frequency detected herein. Fronto-striatal circuits support a
range of cognitive functions, including control, reward, and
learning processes.44 Thus, reduced thickness of the inferior
and orbital frontal regions may account, in part, for deficits
in these processes in BN45,46 and for deficient activation of
these regions during performance of inhibitory control,
reward, and learning tasks.2,3,47,48 These functional deficits
may, in turn, underlie the binge-eating and purging be-
haviors that characterize BN, thereby mediating our
observed associations between CT and the severity of BN
symptoms.

Although this is the first longitudinal anatomical study of
individuals with BN, it is limited by the modest sample size
combined with attrition. Although some participants drop-
ped out of the study over time, participants with missing
data did not differ significantly from those with complete
data in terms of demographic characteristics, CT, or symp-
tom severity at baseline. Thus, data were missing at random,
and our growth curve and multilevel models, via the use of
www.jaacap.org 871
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TABLE 4 Multilevel Models of Cortical Thickness (CT)
Predicting Bulimia Nervosa (BN) Symptomsa

BN Symptom Cortical Area Side

Between-Subjectb

B SE t p

OBEs Frontal pole Left �2.63 1.05 �2.5 .02
Vomiting episodes Lateral OFC Right �3.99 1.92 �2.08 .05

IFG orb Right �3.40 1.20 �2.84 .01

Note: IFG ¼ inferior frontal gyrus; OBEs ¼ objective binge-eating episodes;
OFC ¼ orbital frontal cortex; orb ¼ pars orbitalis.
aBN symptoms were the frequency of binge-eating and vomiting episodes

over the past 28 days prior to scanning.
bAverage CT over time is used as the between-subject predictor.
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maximum-likelihood estimation,25 allowed participants with
missing data to contribute to model estimation. This analytic
approach is one of the gold-standard methods for dealing
with attrition,25 an inevitable consequence for longitudinal
studies, especially of adolescents.49 Given the low power
due to our modest sample size, we did not correct for mul-
tiple tests, which were conducted within 12 different brain
regions (6 per hemisphere), thereby increasing the risk of
type I error. We thus underscore the importance of inter-
preting these findings with caution prior to replication in a
larger sample. In addition, 33% of our BN sample met DSM-
5 criteria for OSFED-BN at baseline, consistent with the
presentation of BN symptoms in early adolescence30; how-
ever, our modest sample size precluded testing the differ-
ential effects of BN and OSFED-BN on our outcome
measures.

To retain as many participants with BN as possible in our
analyses, we defined remission as a 50% reduction in
symptoms, because few participants met more stringent
criteria for remission (i.e., only 12 showed more than 75%
reduction, and only 3 fully remitted). Thus, residual ongoing
BN symptoms in that subgroup may have contributed to the
observed CT reductions over time. Future studies should
assess whether such reductions persist following long-term
full remission and indeed qualify as a trait marker.
Although our stability analyses revealed that CT in the
inferior and orbital frontal regions that associated with
symptoms was highly stable over time in both groups, in-
clusion of more time points in future studies could ensure
more representative estimates of average CT over time.
Furthermore, the absence of CT data from participants prior
to the onset of BN or BN symptoms precludes testing
whether reduced CT in inferior frontal regions precedes and
predicts the development of BN. Moreover, a trait effect on
BN symptoms was detected in the right lateral OFC, but CT
in this region did not differ significantly across groups.
Future studies should examine whether reduced CT in this
region is uniquely associated with BN or BN symptoms, or is
instead a nonspecific marker that may relate to characteris-
tics common in BN and healthy individuals with subclinical
eating, weight, or body image concerns. Finally, the absence
of a clinical control group precluded examining whether
findings are BN specific or instead generalize to other eating
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disorders or psychopathology. Because controlling for co-
morbid depression and anxiety did not appreciably affect
our findings, reduced CT in the inferior and orbital frontal
regions unlikely constitutes a general marker of
psychopathology.

Our results provide the first longitudinal evidence of
neuroanatomical trait markers of BN and symptom expres-
sion within BN. In particular, reduced CT in the right infe-
rior frontal regions may represent a trait marker of the illness
that persists over time, even after symptom remission.
Moreover, we provide the first evidence that CT reductions
in specific inferior and orbital frontal regions may represent
trait markers of specific BN symptoms. Future studies
should assess functional changes in these regions over
adolescence in individuals with BN to determine whether,
for example, deficient engagement of these regions and of
fronto-striatal circuits is also a trait marker of the illness or of
specific BN symptoms. Such longitudinal data, together with
the present findings, will allow the development of novel,
early interventions for the prevention of persistent BN
symptoms that target the enhanced functioning of these re-
gions and circuits. &
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BRAIN IMAGING FINDINGS IN BULIMIA NERVOSA
SUPPLEMENT 1

METHOD
Image Acquisition

Whole-brain magnetic resonance imaging (MRI) scans were
acquired using a standard quadrature GE 8-channel head
coil and a GE Signa 3 Tesla LX scanner (Milwaukee, WI).
Structural images were collected using a high-resolution
T1-weighted FSPGR pulse sequence (inversion time 500
milliseconds, echo time 2.5 milliseconds, repetition time
6.3 milliseconds, one excitation, matrix size 256 � 256,
field of view � 25 cm, flip angle � 11, number of slices
164, slice thickness 1 mm encoded for sagittal slice
reconstruction, providing voxel dimensions of 1 mm
isotropic).

Image Processing
Image processing, including cortical surface reconstruc-
tion and volumetric segmentation, was performed in
FreeSurfer image analysis suite (version 5.3.0, http://
surfer.nmr.mgh.harvard.edu/) using automated and
SUPPLEMENTARY REFERENCES
1. Fischl B, Dale AM. Measuring the thickness of the human cerebral

cortex from magnetic resonance images. Proc Natl Acad Sci. 2000;97:
11050-11055.

2. Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I.
Segmentation and surface reconstruction. Neuroimage. 1999;9:
179-194.

FIGURE S1 Data collection by age and assessment point. Note:
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semi-automated tools.1,2 Briefly, T1-weighted images
were registered to Talairach space, intensity variations
corrected, and nonbrain tissues (i.e., skull or extracerebral
regions) removed. Data from each participant were
segmented into gray and white matter, and a triangular
tessellation cover was applied to each individual scan
before the image was inflated for visualization of cortical
surfaces within sulci. Each scan was then transformed
into a parameterizable surface to ensure accurate align-
ment to a reference template, and the cerebral cortex was
divided into parcels based on gyri and sulci positioning.3

Cortical thickness (CT) at every point on the smoothed,
aligned images was then calculated by estimating
the shortest distance between the pial surface and
gray�white matter boundary at each point across the
cortical mantle. To extract reliable CT estimates, the
images were then automatically processed with the lon-
gitudinal stream.4 Specifically, an unbiased within-subject
template space and image was created using robust,
inverse consistent registration, and subsequent processing
steps were then initialized with common information
from the within-subject template.4
3. Desikan RS, Segonne F, Fischl B, et al. An automated labeling system for
subdividing the human cerebral cortex on MRI scans into gyral based
regions of interest. Neuroimage. 2006;31:968-980.

4. Reuter M, Schmansky NJ, Rosas HD, Fischl B. Within-subject template
estimation for unbiased longitudinal image analysis. Neuroimage. 2012;61:
1402-1418.

BN ¼ bulimia nervosa; HC ¼ healthy control.
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TABLE S1 Growth Curve Models Predicting Cortical Thickness in Healthy Controls (HC) Versus Participants With Remitted Bulimia Nervosa (BN),a Adjusting for the Use of
Selective Serotonin Reuptake Inhibitor (SSRIs) and Presence of Comorbid Depression or Anxiety

Cortical Area Side Characteristicb B SE t p

Inferior frontal gyrus (oper) Right Group �0.11 0.05 �2.32 .02
Time <0.01 <0.01 �2.28 .03

Group � time <0.01 <0.01 0.33 .74
Age �0.02 0.01 �1.30 .20
SSRI �0.02 0.02 �0.86 .40

Comorbidities �0.01 0.02 �0.39 .70
Inferior frontal gyrus (orb) Right Group 0.12 0.06 1.88 .07

Time <0.01 <0.01 2.66 .01
Group � time <0.01 <0.01 0.40 .69

Age �0.03 0.02 �2.08 .04
SSRI �0.02 0.03 �0.59 .56

Comorbidities �0.03 0.03 �1.06 .29

Contrast Comparisons of CT at 0, 12, 24, and 36 Months, Based on CT Point Slope Estimates From Growth Curve Models Reported Above

Cortical Area Side

0 Month 12 Months 24 Months 36 Months

Bc SE t p Bc SE t p Bc SE t p Bc SE t p

Inferior frontal gyrus (oper) Right �0.11 0.05 �2.32 .02 �0.11 0.05 �2.31 .02 �0.10 0.05 �2.18 .03 �0.10 0.05 �1.96 .05
Inferior frontal gyrus (orb) Right �0.12 0.06 �1.88 .07 �0.12 0.06 �2.08 .04 �0.13 0.06 �2.11 .04 �0.14 0.07 �2.01 .05

Note: Oper ¼ pars opercularis; orb ¼ pars orbitalis.
aRemission is defined as >50% reduction in the frequency of objective bulimic episodes and vomiting episodes between baseline and last assessment.
bGroup coded as HC¼0, BN¼1; time coded as months from baseline; age coded as years at baseline; SSRI coded as Not taking SSRI ¼ 0, Taking SSRI ¼ 1; Comorbidities coded as Absence ¼ 0, Presence ¼ 1.
cB estimates represent group difference in CT, where group was coded as HC ¼ 0 and BN ¼ 1.
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TABLE S2 Multilevel Models of Cortical Thickness (CT) Predicting Bulimia Nervosa (BN) Symptoms,a Adjusting for the Use of
Selective Serotonin Reuptake Inhibitors and Presence of Comorbid Depression or Anxiety

BN Symptom Cortical Area Side

Between-Subjectb

B SE t p

OBEs Frontal pole Left �2.69 1.06 �2.5 .02
Vomiting episodes Lateral orbitofrontal Right �3.95 1.96 �2.01 .06

Inferior frontal gyrus (orb) Right �3.41 1.22 �2.80 .01

Note: OBE ¼ objective binge-eating episodes; orb ¼ pars orbitalis.
aBN symptoms were the frequency of binge-eating and vomiting episodes over the past 28 days prior to scanning.
bAverage CT over time is used as the between-subject predictor.

TABLE S3 Baseline Demographic and Clinical Characteristics Across Bulimia Nervosa (BN) Subtypes

Characteristic

BN (n ¼ 21) OSFED-BN (n ¼ 12) Analysis

Mean (SD) Mean (SD) t (df) p

Age (y) 17.0 (1.3) 15.8 (1.5) 2.52 (31) .017
Body mass index (kg/m2) 22.3 (3.2) 21.7 (1.4) �0.65 (31) .518
Duration of illness (mo) 29.9 (20.6) 16.2 (19.4) �1.91 (31) .070
WAIS IQ score (full) 108.4 (10.6) 105.9 (12.5) 0.58 (31) .567
Eating Disorders Examination ratings

Objective bulimic episodes (past 28 days) 21.5 (18.7) 0.9 (1.7) �5.01 (31) <.001
Subjective bulimic episodes (past 28 days) 17.3 (26.9) 20.2 (20.1) �0.37 (31) .731
Vomiting episodes (past 28 days) 34.6 (26.2) 30.3 (33.5) �0.38 (31) .712
Loss of control (past 28 days) 38.7 (31.7) 21.1 (20.2) �1.95 (31) .063

Prior AN (%) 14.2 9.0
Comorbid MDD (%) 42.9 41.7
Comorbid anxiety (%) 9.5 41.7
SSRIs use (%) 23.8 33.3
Treatment

Inpatient (%) 38.1 33.3
Outpatient (%) 28.6 25.0

Note: AN ¼ anorexia nervosa; MDD ¼ major depressive disorder; OSFED ¼ other specified feeding or eating disorder; SSRI ¼ selective serotonin reuptake inhibitor;
WAIS ¼ Weschler Adult Intelligence Scale.
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TABLE S4 Time Intervals (in Months) Between Assessments
Across Groups

Time Interval

BN HC Analysis

Mean (SD) Mean (SD) t p

FU1ebaseline 17.01 (7.47) 13.97 (3.58) �1.71 .09
FU2eFU1 15.03 (3.99) 14.50 (2.11) �0.42 .68
FU2ebaseline 29.41 (6.69) 26.87 (2.16) �1.26 .22

Note: BN ¼ bulimia nervosa; FU ¼ follow-up; HC ¼ healthy control.

TABLE S5 Test�Retest Pearson Correlations of Cortical Thickness (CT) Between Assessments Within Groups

BN Group
Cortical Area Side

Baseline and FU1 FU1 and FU2 Baseline and FU2

r p r p r p

Inferior frontal gyrus (oper) Left 0.80 <.01 0.82 <.01 0.74 <.01
Right 0.95 <.01 0.92 <.01 0.89 <.01

Inferior frontal gyrus (orb) Left 0.84 <.01 0.63 .01 0.74 <.01
Right 0.89 <.01 0.91 <.01 0.90 <.01

Inferior frontal gyrus (tri) Left 0.83 <.01 0.75 <.01 0.75 <.01
Right 0.75 <.01 0.80 <.01 0.74 <.01

Lateral orbitofrontal Left 0.61 <.01 0.43 .10 0.38 .15
Right 0.53 .01 0.53 .03 0.51 .04

Medial orbitofrontal Left 0.51 .01 0.37 .16 0.68 <.01
Right 0.52 .01 0.16 .56 0.28 .29

Frontal pole Left 0.86 <.01 0.72 <.01 0.88 <.01
Right 0.81 <.01 0.92 <.01 0.89 <.01

HC Group
Cortical Area Side

Baseline and FU1 FU1 and FU2 Baseline and FU2

r p r p r p

Inferior frontal gyrus (oper) Left 0.92 <.01 0.92 <.01 0.85 <.01
Right 0.94 <.01 0.91 <.01 0.93 <.01

Inferior frontal gyrus (orb) Left 0.84 <.01 0.86 <.01 0.80 <.01
Right 0.90 <.01 0.86 <.01 0.87 <.01

Inferior frontal gyrus (tri) Left 0.86 <.01 0.91 <.01 0.87 <.01
Right 0.85 <.01 0.94 <.01 0.93 <.01

Lateral orbitofrontal Left 0.75 <.01 0.91 <.01 0.91 <.01
Right 0.70 <.01 0.72 .01 0.77 .01

Medial orbitofrontal Left 0.69 <.01 0.84 <.01 0.84 <.01
Right 0.63 <.01 0.75 .01 0.80 <.01

Frontal pole Left 0.90 <.01 0.92 <.01 0.89 <.01
Right 0.91 <.01 0.86 <.01 0.72 .01

Note: BN ¼ bulimia nervosa; FU1 ¼ first follow-up; FU2 ¼ second follow-up; oper ¼ pars opercularis; orb ¼ pars orbitalis; tri ¼ pars triangularis.
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TABLE S7 Growth Curve Models Predicting Cortical Thickness in Healthy Controls (HC) Versus Participants With Bulimia
Nervosa (BN)

Cortical Area Characteristica

Left Hemisphere Right Hemisphere

B SE t p B SE t p

Inferior frontal gyrus (oper) Group �0.08 0.03 �2.50 .01 �0.07 0.04 �1.94 .06
Time <0.01 <0.01 0.71 .48 <0.01 <0.01 �2.35 .02

Group � time <0.01 <0.01 0.83 .41 <0.01 <0.01 0.77 .44
Age �0.02 0.01 �1.95 .06 �0.01 0.01 �0.97 .34

Inferior frontal gyrus (orb) Group �0.05 0.05 �0.93 .36 0.09 0.06 1.60 .11
Time <0.01 <0.01 2.23 .03 <0.01 <0.01 2.60 .01

Group � time <0.01 <0.01 0.07 .94 <0.01 <0.01 0.41 .68
Age �0.01 0.01 �0.59 .56 �0.03 0.02 �1.89 .06

Inferior frontal gyrus (tri) Group �0.06 0.04 �1.60 .12 �0.07 0.03 �1.90 .06
Time <0.01 <0.01 0.52 .61 <0.01 <0.01 �1.89 .06

Group � time <0.01 <0.01 0.78 .44 <0.01 <0.01 1.54 .13
Age �0.01 0.01 �0.80 .43 �0.02 0.01 �2.57 .01

Lateral orbitofrontal Group <0.01 0.04 0.10 .92 �0.04 0.04 �0.83 .41
Time 0.01 <0.01 6.31 <.01 0.01 <0.01 5.60 <.01

Group � time <0.01 <0.01 �1.76 .08 <0.01 <0.01 �0.68 .50
Age �0.02 0.01 �1.93 .06 �0.01 0.01 �0.97 .34

Medial orbitofrontal Group �0.03 0.04 �0.62 .54 �0.05 0.04 �1.29 .20
Time 0.01 <0.01 5.19 <.01 <0.01 <0.01 2.32 .02

Group � time <0.01 <0.01 �1.33 .19 <0.01 <0.01 0.32 .75
Age �0.02 0.01 �1.85 .07 <0.01 0.01 0.42 .68

Frontal pole Group �0.15 0.06 �2.38 .02 �0.10 0.05 �2.02 .05
Time <0.01 <0.01 0.44 .66 <0.01 <0.01 1.03 .31

Group � time <0.01 <0.01 0.33 .74 <0.01 <0.01 0.92 .36
Age �0.02 0.02 �0.98 .33 �0.02 0.01 �1.17 .25

Note: oper ¼ pars opercularis; orb ¼ pars orbitalis; tri ¼ pars triangularis.
aGroup coded as HC ¼ 0, BN ¼ 1; time coded as months from baseline; age coded as years at baseline.

TABLE S6 Test�Retest Pearson Correlations of Bulimia Nervosa (BN) Symptoms Between Assessments Within the BN Group

Cortical Area

Baseline and FU1 FU1 and FU2 Baseline and FU2

r p r p r p

OBE (past 28 days) 0.62165 .0012 0.78564 .0005 0.23502 .3991
Vomiting (past 28 days) 0.46165 .0232 0.62608 .0125 �0.04421 .8757

Note: FU ¼ follow-up; OBE ¼ objective bulimic episodes.
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TABLE S8 Growth Curve Models Predicting Cortical Thickness in Healthy Controls (HC) Versus Participants With Remitted Bulimia
Nervosa (BN)a

Cortical Area Characteristicb

Left Hemisphere Right Hemisphere

B SE t p B SE t p

Inferior frontal gyrus (oper) Group �0.07 0.04 �1.77 .08 �0.10 0.05 �2.22 .03
Time <0.01 <0.01 0.72 .47 <0.01 <0.01 �2.28 .03

Group � time <0.01 <0.01 0.03 .97 <0.01 <0.01 0.32 .75
Age �0.02 0.01 �2.07 .04 �0.02 0.01 �1.30 .20

Inferior frontal gyrus (orb) Group �0.03 0.06 �0.50 .62 0.14 0.06 2.36 .02
Time <0.01 <0.01 2.23 .03 <0.01 <0.01 2.66 .01

Group � time <0.01 <0.01 �0.23 .82 <0.01 <0.01 0.13 .90
Age �0.02 0.01 �1.17 .24 �0.03 0.02 �2.09 .04

Inferior frontal gyrus (tri) Group �0.06 0.05 �1.37 .18 �0.06 0.04 �1.56 .12
Time <0.01 <0.01 0.51 .61 <0.01 <0.01 �2.01 .05

Group � time <0.01 <0.01 0.03 .98 <0.01 <0.01 1.59 .12
Age �0.01 0.01 �1.11 .27 �0.03 0.01 �2.59 .01

Lateral orbitofrontal Group �0.01 0.04 �0.13 .90 �0.03 0.05 �0.52 .61
Time 0.01 <0.01 7.03 <.01 0.01 <0.01 5.45 <.01

Group � time <0.01 <0.01 �1.93 .06 <0.01 <0.01 �0.91 .36
Age �0.02 0.01 �2.26 .03 �0.02 0.01 �1.45 .15

Medial orbitofrontal Group �0.06 0.05 �1.17 .25 �0.05 0.04 �1.18 .24
Time 0.01 <0.01 5.83 <.01 <0.01 <0.01 2.41 .02

Group � time <0.01 <0.01 �1.73 .09 <0.01 <0.01 �0.27 .79
Age �0.02 0.01 �1.65 .10 <0.01 0.01 �0.36 .72

Frontal pole Group �0.12 0.07 �1.76 .08 �0.11 0.06 �1.80 .08
Time 0.00 0.00 0.48 .64 0.00 0.00 1.02 .31

Group � time 0.00 0.00 �0.23 .82 0.00 0.00 0.46 .65
Age �0.02 0.02 �1.40 .17 �0.02 0.02 �1.41 .16

Note: Oper ¼ pars opercularis; orb ¼ pars orbitalis.
aRemission is defined as >50% reduction in the frequency of objective bulimic episodes and vomiting episodes between baseline and last assessment.
bGroup coded as HC ¼ 0, BN ¼ 1; time coded as months from baseline; age coded as years at baseline.
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TABLE S9 Multilevel Models of Cortical Thickness (CT) Predicting the Frequency of Episodes Over the Past 28 Days Prior to
Scanning

OBEs
Cortical Area Side

Between-Subjecta Within-Subjectb

B SE t p B SE t p

Inferior frontal gyrus (oper) Left �2.42 2.16 �1.12 .27 4.00 3.03 1.32 .19
Right �1.28 1.79 �0.72 .48 �0.52 4.02 �0.13 .90

Inferior frontal gyrus (orb) Left �1.14 1.47 �0.77 .45 �0.25 1.90 �0.13 .90
Right �1.87 1.30 �1.44 .16 2.46 2.31 1.07 .29

Inferior frontal gyrus (tri) Left �0.87 1.74 �0.50 .62 2.31 2.39 0.97 .34
Right �1.38 2.12 �0.65 .52 0.68 2.76 0.25 .81

Lateral orbitofrontal Left 3.60 2.36 1.53 .14 �0.39 1.93 �0.20 .84
Right �1.61 2.07 �0.78 .45 1.12 1.59 0.70 .49

Medial orbitofrontal Left 0.26 1.91 0.14 .89 0.35 1.41 0.25 .81
Right 0.39 2.62 0.15 .88 �0.02 1.78 �0.01 .99

Frontal pole Left �2.63 1.05 �2.50 .02 2.45 1.93 1.27 .21
Right �1.44 1.28 �1.12 .27 �0.02 2.20 �0.01 .99

Vomiting Episodes
Cortical Area Side

Between-Subjecta Within-Subjectb

B SE t p B SE t p

Inferior frontal gyrus (oper) Left �0.35 2.24 �0.15 .88 3.80 3.45 1.10 .28
Right �0.92 1.82 �0.50 .62 3.17 4.90 0.65 .52

Inferior frontal gyrus (orb) Left �2.81 1.41 �1.99 .06 3.46 2.26 1.53 .13
Right �3.40 1.20 �2.84 .01 3.45 2.60 1.32 .19

Inferior frontal gyrus (tri) Left 0.39 1.78 0.22 .83 5.56 2.74 2.02 .05
Right 1.20 2.14 0.56 .58 2.98 3.03 0.99 .33

Lateral orbitofrontal Left �1.33 2.54 �0.53 .60 1.90 2.23 0.85 .40
Right �3.99 1.92 �2.08 .05 0.26 1.91 0.14 .89

Medial orbitofrontal Left �2.18 1.87 �1.17 .25 0.82 1.63 0.50 .62
Right �2.79 2.64 �1.06 .30 �1.99 2.13 �0.93 .36

Frontal pole Left �1.90 1.11 �1.70 .10 3.36 2.25 1.50 .14
Right �0.98 1.29 �0.76 .46 �0.39 2.46 �0.16 .88

Note: OBEs ¼ objective bulimic episodes; Oper ¼ pars opercularis; orb ¼ pars orbitalis.
aAverage CT over time is used as the between-subject predictor.
bDeviation at each time point from each participant’s own average CT over time is used as the within-subject predictor.
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