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Objective: The pathophysiology of an-
orexia nervosa remains obscure, but struc-
tural brain alterations could be functionally
important biomarkers. The authors as-
sessed taste pleasantness and reward sen-
sitivity in relation to brain structure, which
may be related to food avoidance com-
monly seen in eating disorders.

Method: The authors used structural MR
imaging to study gray and white matter
volumes in women with current restricting-
type anorexia nervosa (N=19), women
recovered from restricting-type anorexia
nervosa (N=24), women with bulimia ner-
vosa (N=19), andhealthy comparisonwomen
(N=24).

Results: All eating disorder groups ex-
hibited increased gray matter volume of
the medial orbitofrontal cortex (gyrus rec-
tus). Manual tracing confirmed larger gyrus
rectus volume, and volume predicted taste
pleasantness ratings across all groups. An-
alyses also indicated other morphological

differences between diagnostic categories.
Antero-ventral insula gray matter volumes
were increased on the right side in the
anorexia nervosa and recovered anorexia
nervosa groups and on the left side in the
bulimia nervosa group relative to the
healthy comparison group. Dorsal striatum
volumes were reduced in the recovered
anorexia nervosa and bulimia nervosa
groups and predicted sensitivity to reward
in all three eating disorder groups. The
eating disorder groups also showed reduced
white matter in right temporal and parietal
areas relative to the healthy comparison
group. The results held when a range of
covariates, such as age, depression, anxiety,
and medications, were controlled for.

Conclusion: Brain structure in themedial
orbitofrontal cortex, insula, and striatum is
altered in eating disorders and suggests
altered brain circuitry that has been as-
sociated with taste pleasantness and re-
ward value.

(Am J Psychiatry 2013; 170:1152–1160)

Restricting-type anorexia nervosa is a severe eating
disorder associated with malnutrition, underweight, and
high mortality. It is distinct from bulimia nervosa, which is
characterized by regular binge eating and purging epi-
sodes but normal weight. Both disorders usually begin
during adolescence, occur most commonly in females,
and aggregate in families.

Functional brain imaging has implicated the striatum,
insula, anterior cingulate, amygdala, and orbitofrontal
cortex in eating disorders (1). The underlying mechanisms
for alterations in these structures are unclear, but gray and
white matter may be directly related to altered brain
function and behavior (2).

Findings from research on brain structure in eating
disorders have been inconsistent. Early studies suggested
reduced total gray andwhitematter volume, and studies in
patients who had recovered from eating disorders found
reduced or normal total brain tissue volumes (3). For the
study of regionally specific volume alterations, brain
analysis methods have become available that allow

automated whole-brain comparison, reducing bias (3). A
systematic review (3) found eight such studies in adults,
and another has been published since (4). Those studies
suggested reduced gray matter volume in anorexia ner-
vosa in the insula, frontal operculum, and occipital, medial
temporal, or cingulate cortex, and one recent study found
increased graymatter volume in the dorsolateral prefrontal
cortex (5–8). After short-term recovery, individuals with
anorexia nervosa have shown reduced gray matter in the
insula, striatum, and occipital, frontal, and parietal cortex
(8), but brain tissue seems to increase with weight gain (9)
and has been shown to be normal after long-term recovery
(10). The few studies in patients with bulimia nervosa
suggested normal or increased localized gray matter
volume in the orbitofrontal cortex and striatum (4, 6).
These variable results may reflect the heterogeneity of
approaches. Only some studies corrected for age or overall
brain volumes; some studies distinguished the restricting
type from the binge eating and purging type of anorexia
nervosa while others did not; and the effects of comorbid
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diagnoses or medication were often not directly taken into
account.
Individuals ill with and recovered from anorexia nervosa

show increased eating concerns, as do individuals with
bulimia nervosa between binge episodes (11). Notably,
affective value attributed both to food stimuli and to
food avoidance (12) has been associated with medial
orbitofrontal cortex function (13). Furthermore, orbito-
frontal cortex function has been directly associated with
taste pleasantness (14), which could have implications for
sensory-specific satiety in eating disorders and being
quickly overstimulated by a food type. Orbitofrontal func-
tion has been repeatedly associated with brain pathology
in anorexia nervosa and bulimia nervosa, including in
studies using food valence ratings (13, 15, 16), and could be
a key area of brain pathology in eating disorders. On the
other hand, brain reward function indicated opposite re-
sponse in the striatum and insula in anorexia nervosa and
bulimia nervosa (17, 18), and those regions might there-
fore distinguish eating disorder groups.
Methodological problems in eating disorders brain re-

search can include inaccurate brain alignment or separa-
tion of gray andwhitematter in imaging as a result of brain
shapes that do not conformwith standard brain templates.
Whole-brain structural studies in eating disorders have
most commonly used voxel-based morphometry (VBM)
and statistical parametric mapping software (SPM; http://
www.fil.ion.ucl.ac.uk/spm/), which analyze gray and white
matter probability across the entire brain. Recently the
VBM8 toolbox was developed to address shortcomings of
the previous versions. It uses a new image registration al-
gorithmanda template basedon the individual studypopu-
lation without relying on standard template assumptions,
and it shows improved separation of gray and white matter
compared with previous VBM versions (19, 20).
In this study, we wanted to compare individuals ill with

and recovered from anorexia nervosa to identify potential
trait alterations in the disorder, but also to compare in-
dividuals with anorexia nervosa and bulimia nervosa in
order to identify brain alterations across eating disorders.
We expected the orbitofrontal cortex to show common
abnormalities across all eating disorder groups, possibly
related to hedonic taste perception (13, 16), and we ex-
pected insula and striatum structures to differentiate the
eating disorder types (3, 17).

Method

Participants

Nineteen women with restricting-type anorexia, 24 recovered
from restricting-type anorexia nervosa, and 20 with bulimia
nervosa, as well as 24 age-matched healthy comparison women,
participated in the study. Participants in the eating disorder
groups were recruited from the Children’s Hospital Colorado and
the Eating Disorders Center of Denver. The study was approved
by the Colorado Multiple Institutional Review Board. Participants

in the eating disorder groups were within 1–2 weeks of closely
supervised inpatient or partial hospitalization treatment and
followed the program meal plan to avoid acute effects of star-
vation and dehydration (see the data supplement that accom-
panies the online edition of this article). Women in the healthy
comparison group and those in the recovered anorexia nervosa
group were recruited through local advertisements. The Struc-
tured Clinical Interview for DSM-IV (21) was administered by
a doctoral-level interviewer. Women in the recovered group had
a history of restricting-type anorexia nervosa but had normal
weight for height, menstrual cycle, exercise, and food intake for
at least 1 year. All participants were right-handed, with no history
of head trauma, neurological disease, major medical illness,
psychosis, or substance use disorders. Thirteen women in the
healthy comparison group, one in the anorexia nervosa group,
five in the bulimia nervosa group, and seven in the recovered
group took birth control pills. All participants provided written
informed consent after receiving a complete description of the
study.

Behavioral Measures

Participants completed the Eating Disorder Inventory–3, the
Temperament and Character Inventory, the Spielberger State
and Trait Anxiety Inventory, the Beck Depression Inventory–II,
and the Revised Sensitivity to Reward and Punishment Ques-
tionnaire. In addition, participants completed a taste perception
test prior to brain imaging in which they rated a 1-molar sucrose
solution for sweetness and pleasantness on 9-point Likert scales
(see the online data supplement).

MRI Acquisition and Image Analysis

Structural brain images were acquired on a GE Signa 3-T
scanner, with axial three-dimensional T1-weighted magnetization-
prepared rapid acquisition gradient echo (spoiled gradient recall
[SPGR], field of view=22 cm, flip angle=10°, slice thickness=1.2
mm, scan matrix=2563256, TR=10 ms, TE=3 ms, voxel size=1.2
mm3).

Images were manually aligned on the anterior-posterior com-
missure line. Preprocessing of T1-weighted images was performed
using the SPM VBM8 toolbox (http://dbm.neuro.uni-jena.de/
vbm/download/) in MATLAB R2009b, 7.9.0 (MathWorks, Natick,
Mass.).

VBM8 brain segmentation (see the online data supplement)
does not require a priori tissue probabilities information. After
segmentation of T1/SPGR images into three pure tissue classes
(gray matter, white matter, and CSF), two additional mixed tissue
classes (gray matter-white matter and gray matter-CSF) are
estimated using partial volume effects. The result is an estima-
tion of fraction of pure tissue type present in every voxel. Images
were smoothed to an 8-mm full-width at half-maximum Gaussian
kernel. Nonlinear modulated data were used in the analyses.
Images were normalized to Montreal Neurological Institute (MNI)
space using high-dimensional diffeomorphic anatomical registra-
tion through exponentiated Lie algebra (DARTEL).

Total intracranial volume (global tissue volume) was obtained
by adding up gray and white matter and CSF volumes from the
tissue class images in native space using the VBM8 toolbox.

To confirm VBM results for orbitofrontal gyrus rectus volume,
the left gyrus rectus gray matter was traced using MRIcron (by
M.E.S., blind to group) (http://www.mccauslandcenter.sc.edu/
mricro/mricron/) from the most inferior orbitofrontal brain slice
to the level of the inferior rostral sulcus as the superior border
to include the functionally connected agranular and dysgra-
nular layers, and between the olfactory sulcus as the lateral
boundary and the medial longitudinal fissure as the medial
boundary (22).
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Statistical Analysis

A general linear model whole-brain analysis was used (SPM8),
comprising a factorial design with group as a factor with four
levels (healthy comparison group, anorexia nervosa group, re-
covered anorexia nervosa group, and bulimia nervosa group) and
age and total intracranial volume as covariates, as well as use
of antipsychotics or selective serotonin reuptake inhibitors and
comorbid depression or anxiety (each coded 0 or 1 for presence
or absence, respectively). Initially, a voxel-wise F test was per-
formed with a significance threshold of 0.001 uncorrected and an
extent threshold of 50 voxels to include functionally relevant
brain structures, such as the insula taste area and the or-
bitofrontal cortex. We used anatomical regions defined by the
SPM8 Automated Anatomical Labeling atlas (orbitofrontal cortex,
insula, caudate, putamen) for small-volume correction (family-
wise error corrected p,0.05). Gray matter regional volumes that
reached significance within the anatomical region were extracted

using the MarsBaR region-of-interest toolbox (http://marsbar.
sourceforge.net/) for post hoc analysis. Similarly, significant
white matter regional volumes from the group whole-brain
analysis were also extracted. Demographic and extracted re-
gional brain volumes were analyzed using SPSS (IBM-SPSS,
Chicago) and analysis of variance (ANOVA). Post hoc group
comparisons were analyzed with Dunnett’s T3, and ANOVA with
covariates (ANCOVA) used Bonferroni correction for post hoc
comparison, verified using bootstrap procedures. Regression
analyses assessed relationships between behavioral measures
and brain volumes.

Results

The participants’ demographic and behavioral data are
summarized in Table 1. There were no significant differ-
ences in mean age between the eating disorder groups

TABLE 1. Demographic Variables in Women Ill With or Recovered From Anorexia Nervosa, Women With Bulimia Nervosa,
and Healthy Comparison Women

Variablea
A. Comparison
Group (N=24)

B. Anorexia
Nervosa

Group (N=19)

C. Recovered
Anorexia
Nervosa

Group (N=24)

D. Bulimia
Nervosa

Group (N=20)

Analysis

F p Comparisonb

Mean SD Mean SD Mean SD Mean SD

Age (years) 27.4 6.3 23.1 5.8 30.3 8.1 25.2 5.3 4.7 0.004 B,C**
Body mass index 21.6 1.3 16.0 1.1 20.8 2.4 22.6 5.7 17.4 ,0.001 A, C, D.B***
Education (years) 16.6 2.1 14.5 2.4 16.9 2.7 16.0 3.0 3.4 0.020 A, C.B*
Novelty seeking 17.9 5.2 13.7 6.7 18.1 6.1 22.1 6.7 6.0 0.001 B,D**
Harm avoidance 9.6 4.0 23.7 5.4 15.5 6.5 23.0 5.8 32.6 ,0.001 A,B, D***, A,C**,

B.C***, C,D***
Reward dependence 17.0 3.7 15.2 2.9 18.2 2.7 16.0 4.7 2.9 0.037 C.B**
Depression 1.1 0.9 24.4 10.6 4.5 4.2 24.5 11.3 57.5 ,0.001 A,B, D***, A,C**,

B, D.C***
Drive for thinness 2.6 3.4 19.2 6.7 8.5 6.4 23.1 4.5 66.7 ,0.001 A,B, D***, A,C**,

B.C***, C,D***
Bulimia 0.8 1.2 3.7 4.0 2.3 2.5 22.7 5.3 182.2 ,0.001 A,D***, A,B*,

B,D***, C,D***
Body dissatisfaction 4.4 4.3 24.4 9.3 10.5 8.1 30.7 8.0 56.6 ,0.001 A,B, D***, A,C*,

B.C***, C,D***
Punishment sensitivity 4.4 2.8 7.2 3.8 5.8 3.3 8.4 3.6 5.6 0.002 A,D**
Reward sensitivity 4.0 1.9 13.2 4.2 6.6 4.1 12.4 3.9 32.5 ,0.001 A,B, D***, A,C*,

B.C***, C,D***
State anxiety 32.7 11.8 50.4 9.7 45.0 9.4 47.8 12.8 11.5 ,0.001 A,B, C, D***
Trait anxiety 33.9 11.4 51.7 9.7 43.6 6.9 56.0 10.9 21.5 ,0.001 A,B, D***, A,C**,

B.C*, C,D***
Sucrose sweetness 8.33 0.16 8.88 0.19 8.17 0.16 8.70 0.17 3.6 0.017 B.C*
Sucrose pleasantness 4.92 0.05 4.19 0.62 4.63 0.51 5.45 0.55 0.80 0.477

N % N % N % N %

Medication use
SSRI 0 0.0 6 31.6 5 20.1 9 45.0
Atypical antipsychotic 0 0.0 1 5.3 0 0.0 0 0.0
SSRI and atypical
antipsychotic

0 0.0 2 10.5 0 0.0 4 20.0

Comorbid diagnoses
Major depression 0 0.0 2 10.5 0 0.0 4 20.0
Anxiety disorder 0 0.0 4 21.1 0 0.0 6 30.0
Major depression and
anxiety disorder

0 0.0 6 31.6 0 0.0 6 30.0

a SSRI=selective serotonin reuptake inhibitor.
b Significance is based on the Dunnett T3 post hoc test.
* p,0.05. **p,0.01. ***p,0.001.
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and the healthy comparison group, but participants in the
recovered anorexia nervosa group were older on average
than those in the anorexia nervosa group.
Body mass index (BMI) was lower in the anorexia ner-

vosa group.Measures for eatingpathology,mood, and anx-
iety as well as reward sensitivity were typically elevated in

the eating disorder groups. Ratings of sucrose pleasant-
ness were similar across groups, but sweetness rating was
greater in the anorexia nervosa group compared with the
recovered anorexia nervosa group.
Total brain volume was similar across groups (Table 2).

Gray matter results (Figures 1 and 2 and Table 2) indicated

TABLE 2. Total Brain and Regional Brain Gray Matter and White Matter Volumes in Women Ill With or Recovered From
Anorexia Nervosa, Women With Bulimia Nervosa, and Healthy Comparison Womena

Anatomical
Region

Montreal
Neurological
Institute

Coordinates

A. Comparison
Group

B. Anorexia
Nervosa
Group

C. Recovered
Anorexia
Nervosa
Group

D. Bulimia
Nervosa
Group Analysis

Mean SD Mean SD Mean SD Mean SD F p Comparisonb

Whole-brain
volumes

Gray matter
volume (cm3)

629.7 62.1 651.8 37.9 639.4 49.5 662.4 40.6 1.8 0.149

White matter
volume (cm3)

494.0 44.3 503.8 41.0 493.0 56.3 503.3 68.2 0.3 0.856

CSF volume (cm3) 226.8 30.6 246.3 33.1 226.5 26.6 233.2 28.0 2.0 0.118
Total intracranial
volume (cm3)

1,350.5 105.3 1,402.0 71.6 1,358.8 107.0 1,398.9 117.8 1.5 0.232

Regional gray
matter volumes

Left orbitofrontal
cortex

x=–6, y=29,
z=–26

0.479 0.071 0.553 0.091 0.538 0.066 0.585 0.072 7.9 ,0.001 B.A*,
D.A***,
C.A*

Right anterior
ventral insula

x=30, y=14,
z=–12

0.704 0.079 0.806 0.084 0.754 0.084 0.777 0.104 5.3 0.002 B.A***

Right anterior,
middle insula

x=42, y=9,
z=4

0.597 0.058 0.679 0.066 0.645 0.063 0.630 0.069 6.1 0.001 B.A***,
C.A*

Left anterior
ventral insula

x=–29, y=12,
z=–17

0.703 0.059 0.753 0.077 0.729 0.066 0.769 0.070 4.0 0.011 D.A**

Right dorsal
caudate

x=21, y=–3,
z=19

0.173 0.019 0.170 0.017 0.153 0.018 0.147 0.021 10.2 ,0.001 A.D***,
A.C**,
B.D**,
B.C*

Left dorsal
caudate

x=–20, y=–3,
z=18

0.308 0.027 0.295 0.032 0.281 0.034 0.270 0.036 5.7 0.001 A.D**,
A.C*

Right dorsal
putamen

x=20, y=0,
z=12

0.173 0.013 0.168 0.016 0.157 0.017 0.151 0.015 9.2 ,0.001 A.D***,
A.C***,
B.D**

Right dorsal
putamen

x=23, y=0,
z=15

0.088 0.008 0.086 0.009 0.080 0.009 0.076 0.008 9.1 ,0.001 A.D***,
A.C**,
B.D**

Regional white
matter volumes

Right medial
temporal lobe

x=27, y=–19,
z=–5

0.770 0.057 0.754 0.052 0.727 0.056 0.713 0.044 5.3 0.002 A.D**

Right inferior
temporal lobe

x=57, y=–20,
z=–21

0.594 0.047 0.585 0.046 0.565 0.044 0.546 0.034 9.3 ,0.001 A.B**,
A.C***,
D,B**,
D,C**

Right inferior
parietal lobe

x=55, y=–48,
z=35

0.347 0.065 0.353 0.081 0.278 0.056 0.285 0.056 8.0 ,0.001 A.D**,
A.C**,
B.D*,
B.C**

Manually
traced volume

Gyrus rectus
volume (mm3)

868 247 1,128 438 1,205 384 1,282 449 5.1 0.003 A,B*, C**,
D***

a Whole-brain volumes are listed in cubic centimeters. Values for regional brain volumes are fractions of the respective brain tissue type per
volume.

b Significance is based on the Dunnett T3 post hoc test.
* p,0.05. **p,0.01. ***p,0.001.
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increased gyrus rectus volume in all eating disorder
groups, reduced caudate and putamen volume in the
bulimia nervosa and recovered anorexia nervosa groups,
and increased insula volume in the eating disorder groups
relative to the healthy comparison group.

An ANCOVA of manually traced gyrus rectus volume
(with total intracranial volume as a covariate) confirmed
increased volume in the eating disorder groups relative to
the healthy comparison group (Table 2).

White matter results (Figure 1, Table 2) showed reduced
inferior temporal white matter in the anorexia nervosa and
recovered anorexia nervosa groups relative to the healthy
comparison group, reduced inferior parietal volume in the
bulimia nervosa and recovered anorexia nervosa groups,
and reduced medial temporal lobe white matter in the
bulimia nervosa group relative to the healthy comparison
group.

Results of the regression analyses indicated that age
was negatively correlated with gray matter volumes in the
healthy comparison group for the right insula (x=30, y=14,
y=212; r=20.437, p,0.033) and the left gyrus rectus (r=20.411,
p,0.048), in the anorexia nervosa group for the left gyrus

rectus (r=20.830, p,0.001) and the right putamen (r=20.473,
p,0.041), and in the recovered anorexia nervosa group for
the left gyrus rectus (r=20.453, p,0.026).
BMI was negatively correlated with volume in the

bulimia nervosa group for the right caudate (r=20.473,
p,0.035) and in the recovered anorexia nervosa group for
the left insula gray matter (r=20.510, p,0.011).
State (r=20.441, p,0.031) and trait (r=20.419, p,0.042)

anxiety were negatively correlated with left anterior
ventral insula gray matter volume in the healthy compar-
ison group but not in the eating disorder groups.
Sensitivity to reward was positively correlated with right

putamen gray matter in all eating disorder groups (MNI
coordinates, x=20, y=0, z=12, and x=23, y=0, z=15; anorexia
nervosa: r=0.620, p,0.005, and r=0.554, p,0.014; bulimia
nervosa: r=0.543, p,0.013, and r=0.443, p,0.050; recovered
anorexia nervosa: r=0.420, p,0.041, and r=0.397, p,0.055).
Other variables, including duration of illness or recovery

or binge/purge episodes, did not predict brain volume
measures.
Gyrus rectus volume was positively correlated with

sucrose pleasantness rating in the healthy comparison

FIGURE 1. Areas of Significant Group Differences Between Healthy Comparison and Eating Disorder Groupsa

a Eating disorder groups were anorexia nervosa, recovered anorexia nervosa, and bulimia nervosa. Green indicates gray matter differences and
red indicates white matter differences.

FIGURE 2. Areas of Significant Gray Matter Differences Across Healthy Comparison and Eating Disorder Groupsa

Right Insula
Anorexia > Comparison

Left Insula
Bulimia > Comparison

Left Orbitofrontal Cortex
Anorexia, 
Recovered Anorexia,
Bulimia > Comparison

Left, Right Caudate/Putamen
Comparison > Bulimia,
Recovered Anorexia

Right Insula
Anorexia, Recovered
Anorexia > Comparison

z=–14 z=–28 x=41 z=18
L L L

a Eating disorder groups were anorexia nervosa, recovered anorexia nervosa, and bulimia nervosa.
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group (r=0.419, F=4.970, p,0.03) and in the eating disorder
groups combined (r=0.268, F=4.50, p,0.038), as well as in
all study subjects together (Figure 3), but not in the eating
disorder groups separately.
There were no significant correlations between white

matter volume and BMI or behavioral measures.

Discussion

The results of this large, well-controlled study implicate
both overlapping and distinct brain morphology in two
phases of anorexia nervosa as well as bulimia nervosa.
Findings that show a link between brain structure and
both sensitivity to reward and taste pleasantness support
the notion that marked neurological underpinnings are
associated with phenotypes exhibited across eating dis-
orders. Specifically, VBM results indicate that anorexia
nervosa, recovered anorexia nervosa, and bulimia nervosa
are associated with increased left orbitofrontal gyrus rec-
tus gray matter volume. Anorexia nervosa is associated

with increased anterior ventral insula gray matter volume
on the right, and bulimia nervosa on the left; anorexia
nervosa and recovered anorexia nervosa are associated
with increased gray matter in the right anterior middle
insula; and bulimia nervosa and recovered anorexia
nervosa, but not anorexia nervosa, are associated with
decreased dorsal caudate and putamen gray matter
volumes. Notably, in all three eating disorder groups,
putamen gray matter was positively related to sensitivity
to reward.
White matter was reduced in bulimia nervosa in the

medial temporal lobe, in anorexia nervosa and recovered
anorexia nervosa in the inferior temporal lobe, and in
recovered anorexia nervosa and bulimia nervosa in the
parietal lobe.
The results of this adult study are in line with recent

reports of normal total gray andwhitematter volumes (4, 5)
and finds a distinct pattern of increased and decreased
regional cortical and subcortical brain volumes in anorexia
nervosa, recovered anorexia nervosa, and bulimia nervosa.
However, we did not find alterations of the cingulate or tem-
poral cortex as did previous studies (3).
Several factors distinguish our study from past inves-

tigations. First, we used more accurate analysis software
(19, 20), and to our knowledge no study in anorexia
nervosa and only one study in bulimia nervosa (4) has used
this method. Improved separation of gray and white
matter and reduced white matter volume underlying gray
matter may have contributed to findings of reduced gray
matter in past studies, which may be supported by our
finding of reduced white matter in all three eating disorder
groups. Second, we report only gray matter areas that
survived stringent anatomical region-based small-volume
correction as significant. Third, patients with anorexia
nervosa and bulimia nervosa were in a strict inpatient or
partial hospital program where they had normal food and
fluid intake for 7–10 days before brain imaging and were
prevented from binge or purge behavior. Fluid changes
significantly affect graymatter changes (23), and our study
protocol helped reduce acute effects of nutritional deple-
tion. Fourth, in a highly conservative approach, we used
age, depression and anxiety, medication use, and total
intracranial volume as covariates, and to our knowledge
this is the first brain imaging study of eating disorders to
include all those covariates. Lastly, this is the largest study
of restricting-type anorexia nervosa and recovered an-
orexia nervosa as well as bulimia nervosa on gray and
white matter brain structure to date. In summary, our
study procedures were stringent, and we believe they
contributed to improved results.
All three eating disorder groups had increased left gyrus

rectus volume, suggesting that this is potentially a trait
marker for anorexia nervosa, and possibly also for bulimia
nervosa, although this will need to be studied in bulimia
nervosa after recovery as well. These findings support
previous research implicating the orbitofrontal cortex

FIGURE 3. Gyrus Rectus Gray Matter Volumes and Ratings of
Sucrose Pleasantness in Healthy Comparison and Eating
Disorder Groupsa
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(R2=0.044, p,0.029).
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across eating disorder groups (13, 16). The gyrus rectus is
the medial part of the orbitofrontal cortex (22). It is further
defined by a caudal agranular and dysgranular layer (area
14) that transitions antero-superiorly into the granular
layer (area 11) (24). The agranular and dysgranular layers
have fiber connections to the hippocampus, amygdala,
cingulate, and insular cortex (25), areas important for
taste as well as reward, motivation, and emotion pro-
cessing. In line with those functional aspects of the
orbitofrontal cortex may be the finding of gyrus rectus
volume predicting the rated pleasantness of the sucrose
solution. Greater gyrus rectus volume predicted a stron-
ger pleasantness experience, which is consistent with
previous research (26). The orbitofrontal cortex is im-
portant in food intake control (26). It is possible that the
larger gyrus rectus in eating disorders is associated with
stronger sensory experience of food stimuli, which could
be experienced as overwhelming—as supported by
increased reward and punishment sensitivity (17)—
which could trigger cognitively driven food avoidance.
Notably, the medial orbitofrontal cortex has been
associated with food avoidance (12), and this region
therefore may be a key structure in eating disorder
pathology. Eating disorder phenotype differences with
restriction in anorexia nervosa and episodic binge eating
in bulimia nervosa, by contrast, may be driven by
differences in the insula and basal ganglia between the
two disorders (17, 18).

The cause for increased gyrus rectus volume is unclear.
One potential explanation is that the trajectory of or-
bitofrontal gray matter development in eating disorders
may be delayed, reaching peak volume later than in
healthy comparison subjects and thus resulting in greater
cortical thickness and volume (27). Another possibility
could be effects of repeated food restriction in the
eating disorder groups, but this will need to be tested
further.

Individuals ill with and recovered from anorexia nervosa
showed increased volumes in the right anterior ventral/
middle insula, which connects to ventral striatal and
orbitofrontal reward pathways (26). Previous research has
implicated insula function in eating disorders (1), and
altered insula structure could underlie altered function.
The anterior ventral insula is connected to the amygdala
(28) and has been associatedwith fear response (29). It also
aids in connecting complex perceptual inputs to generate
internal emotional states (30). Thus, altered insula volume
could contribute to dysfunction in the regulation of
anxiety by the insula, contributing to high trait anxiety in
anorexia nervosa. Functional imaging taste reward studies
have suggested excessive insula activation in anorexia
nervosa (17), and increased size could mediate excessive,
overwhelming taste stimulus transmission and subse-
quent input into reward-processing brain regions.

The right anterior insula has also been associated with
self-recognition—the “abstract representation of oneself”

(31)—and interoceptive awareness (32). The fixed percep-
tion of being fat while severely underweight in anorexia
nervosa (33) could thus be related to right-sided increased
anterior ventral insula volumeand dysfunction. Left anterior
ventral insula activation is related to gastric distention (34)
and self-reported fullness (35). Thus, altered anterior insula
size could interfere with normal interoception in bulimia
nervosa, which may contribute to a reduced ability to sense
fullness or satiation and then trigger the urge to purge after
excessive food intake and guilt experienced over eating.
Dorsal caudate and putamen volumes were reduced in

the recovered anorexia nervosa and bulimia nervosa
groups, but not the anorexia nervosa group. Nevertheless,
in all three eating disorder groups, right putamen gray
matter volume correlated significantly positively with
sensitivity to reward. The dorsal striatum has been widely
associated with supporting rewarding behaviors based on
previous experience (36), and reduced brain volume in
that region might alter reward-motivated behaviors. Acti-
vation of the dorsal striatum responds to reward and
punishment (37) and contributes to reward-based decision
making (38). It is rich in dopamine D1 and D2 receptors,
which code reward response, but those receptors have op-
posing effects (39). Thus, dopamine receptor expression
may be affected by altered dorsal striatal volume and be
related to altered sensitivity to reward in eating disorders.
Various right-sided white matter regions showed re-

duced volume in the eating disorder groups. The func-
tionality of such alterations is unclear, but the fact that the
recovered anorexia nervosa group showed reduced vol-
umes in the right temporal and parietal lobe suggests
either long-lasting or premorbid volume reductions in
anorexia nervosa. The right-sided reduced inferior parietal
lobe/temporo-parietal junction area in the recovered
anorexia nervosa and bulimia nervosa groups has been
associated with fiber paths connecting with the insula,
especially in women (40), further indicating an involve-
ment of insula-related brain circuitry in eating disorders.

Limitations

Although this is the largest structural imaging study
contrasting anorexia nervosa, recovered anorexia nervosa,
and bulimia nervosa to date, replication is needed. Some
of the results are in contrast to previous studies that found
reduced brain volumes, although in our study we found
both increased and decreased gray matter volumes as well
as decreased white matter volumes. The brain analysis
method we used shows improved accuracy (19, 20), and
we do not believe our analysis was affected by any met-
hodological systematic error. Notably, this approach does
not depend on standard template assumptions but nor-
malizes the images to a template created from the specific
study population, thus improving tissue segmentation
accuracy. The manual tracing of gyrus rectus volume also
supports the whole-brain VBM results. Furthermore, the
results in the anorexia nervosa and normal-weight
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recovered anorexia nervosa groups point toward consis-
tent brain alterations.
The reason for increased gray and reduced white matter

volume is unclear. One possibility is the alteration of brain
maturation in eating disorders. During development, gray
matter in adolescence decreases (indicative of synaptic
pruning), beginning in puberty in sensorimotor areas and
then spreading during late adolescence into higher-order
cortical regions while white matter increases, indicative of
thicker myelin sheaths, increased axonal diameter, and
improved organization of white matter tracts, improving
signal transduction (27). A delay or incomplete maturation
of brain structures in eating disorders could be responsible
for the results in this study and would fit the develop-
mental perspective. This points to an interesting future
research direction and suggests the need for longitudinal
imaging studies in these groups. However, while we made
every effort to reduce effects of acute malnutrition, past
or more recent effects of underfeeding may also have
contributed to the differences across groups. Age, comor-
bidity, and use of medication are all potential confounders
in brain imaging studies. We accounted for those factors
by using them as covariates in the imaging analysis, and it
is possible that inclusion of the covariates contributed to
the fact that we did not find, for instance, alterations in the
cingulate or temporal cortex. Sucrose pleasantness ratings
were similar across groups, and sweetness perception was
similar between the eating disorder groups and the healthy
comparison group. However, the anorexia nervosa group
rated sweetness higher compared with the recovered
anorexia nervosa group. The meaning of this difference
between anorexia nervosa groups is uncertain and needs
further exploration. Regression analysis between graymatter
volumes and demographic and behavioral data suggested
various significant relationships. However, most of those
results would not have survived correction formultiple com-
parisons and should be viewed as preliminary until further
replication.
In summary, anorexia nervosa, recovered anorexia nerv-

osa, and bulimia nervosa are associatedwith increased gyrus
rectus gray matter volume, which could be a trait-related
alteration. The strong correlations between gyrus rectus
volume and rating of taste pleasantness may suggest over-
stimulation in eating disorders to sensory input, possibly
contributing to food avoidance. Increased right anterior
ventral insula volume in anorexia nervosa and recovered
anorexia nervosa and increased left anterior ventral insula
volume in bulimia nervosa distinguished the two disorders.
Furthermore, the dorsal putamen appears to be important in
modulating reward sensitivity in eating disorders. Studies
that integrate brain structure and function will be needed to
disentangle how brain volume affects behavior in eating
disorders.
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Clinical Guidance: Responses to Sweet Taste in Eating Disorders
Appreciation of abnormal brain activation to food in anorexia nervosa or bulimia nervosa, even after recovery, may
help patients understand its pathological mechanisms. Oberndorfer et al. (p. 1143) demonstrated that in response to
the taste of sugar, the brain’s higher center for taste processing, the anterior insula, activated less in women
recovered from anorexia nervosa than in healthy women. Conversely, women recovered from bulimia nervosa had
exaggerated responses. An attenuated response to food might call for small meals throughout the day, whereas help
to cope with excessive activation might combat purging. A study of brain structure by Frank et al. found associations
between sweet taste and the volume of brain regions related to both taste and reward sensitivity in both anorexia
nervosa and bulimia nervosa. In an editorial, Alonso-Alonso (p. 1082) distinguishes between “liking” and “wanting”
food, noting that both healthy subjects and eating disorder patients considered the sweet taste to be pleasant but
that the patients had higher sensitivity to it as a reward.
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