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Theory of Mind and the Brain in Anorexia
Nervosa: Relation to Treatment Outcome

Martin Schulte-Rither, php., Verena Mainz, php., Gereon R. Fink, mp.,
Beate Herpertz-Dahlmann, mo., Kerstin Konrad, ph.n.

Objective: Converging evidence suggests deficits in theory-of-mind (ToM) processing in
patients with anorexia nervosa (AN). The present study aimed at elucidating the neural
mechanisms underlying ToM-deficits in AN. Method: A total of 19 adolescent patients with
AN and 21 age-matched controls were investigated using functional magnetic resonance
imaging during performance of a ToM-task at two time points (in-patients: admission to
hospital and discharge after weight recovery). Clinical outcomes in patients were determined
1 year after admission. Results: Irrespective of the time point, AN patients showed reduced
activation in middle and anterior temporal cortex and in the medial prefrontal cortex.
Hypoactivation in the medial prefrontal cortex at admission to hospital (T1) was correlated
with clinical outcome at follow-up. Conclusions: Hypoactivation in the brain network
supporting theory of mind may be associated with a social-cognitive endophenotype
reflecting impairments of social functioning in anorexia nervosa which is predictive for a poor
outcome at 1-year follow-up. J. Am. Acad. Child Adolesc. Psychiatry, 2012;51(8):

832-841.
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norexia nervosa (AN) is characterized by

a markedly low body weight, intense fear

of gaining weight, and body image dis-
tortion. Although not central to the diagnostic
criteria of AN, emerging evidence suggests addi-
tionally deficits in key aspects of social function-
ing. Patients appear to be socially withdrawn,
and they report having smaller social networks,
less social interactions,' and a reduced number of
close friends.” There is also evidence for premor-
bid social problems, such as increased levels of
loneliness, feelings of inferiority, and shyness,’
and comorbidity with anxiety disorders, such as
social phobia.* Furthermore, a certain amount of
overlap between AN and autism spectrum disor-
ders (ASD) has been suggested.” Both conditions
share a common profile of rigidity, aloofness, and
social disengagement,® and show similar patterns
of neurocognitive dysfunction including im-
paired set-shifting,” weak central coherence,® and
impaired theory-of mind (ToM) abilities.” Con-

A
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versely, a lower mean body mass index as well as
disturbed eating behavior has been described in
some ASD patients.'” ASD is often accompanied
by impaired ToM abilities, which can be defined
as the metacognitive capability of understanding
mental states of other people, such as beliefs,
wishes, and desires. First behavioral studies have
investigated ToM abilities in patients with AN""'
and found deficits particularly in acute patients.
These patients suffer from profound starvation
associated with hormonal dysregulation, a gen-
eral decrease of performance in cognitive tasks,
and reductions in gray matter volume.'” It re-
mains to be elucidated whether impairments in
ToM functioning are fully reversible,'" or persist
after longer periods of recovery."” Persisting
functional deficits in ToM might be detected with
more sensitivity using brain-imaging methods
even when behavioral studies'' fail to reveal
such effects. For example, studies in patients with
attention-deficit/hyperactivity disorder (ADHD)
consistently show brain hypoactivation also in
circumstances in which behavioral measures do
not differ between patients and controls."*
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Emerging evidence relates a negative long-
term outcome of AN to a history of poor social
functioning (e.g., empathy or social interaction
problems) at or before the onset of the disor-
der."”"” Reduced brain activity in ToM networks
might be a sensitive predictor for clinical out-
come in patients with AN. To investigate this
issue further, we used functional magnetic reso-
nance imaging (fMRI) in patients with AN at
admission to hospital (T1) and discharge from
hospital following weight recovery (T2). Clinical
outcome was assessed at a 1-year follow-up. We
used a modified version of the social attribution
task (SAT)'® that has been adapted for optimal
sensitivity in fMRI investigations'” to reveal dif-
ferences in the neural mechanisms underlying
ToM relative to healthy controls and to correlate
clinical outcome with brain activation patterns.
We expected reduced activation in brain net-
works underlying ToM, including medial pre-
frontal cortex (mPFC), temporoparietal junction
(TP]), superior temporal sulcus (STS), and tem-
poral pole (TP). These brain regions have consis-
tently been implicated in ToM processing™ and
have been shown to be hypoactivated in patients
with ASD.”! Furthermore, we hypothesized that
reduced activation in these brain areas might be
predictive for a worse clinical outcome.

METHOD

Participants

Nineteen female adolescents (12-18 years old) diag-
nosed with AN according to DSM-IV criteria were
recruited from the inpatient service of the Department
of Child and Adolescent Psychiatry, University Hos-
pital Aachen. All patients underwent a multimodal
treatment program including nutritional rehabilitation
and weight management, cognitive-behavioral ther-
apy on an individual and group basis, and family-
based interventions.**** Symptoms associated with
the eating disorder were assessed with a structured
clinical interview for the assessment of anorexia ner-
vosa and bulimia nervosa (SIAB-EX), the Eating Dis-
order Inventory (ED], a self-report questionnaire), and
Morgan-Russell scales.** Depression symptoms were
assessed using the Beck Depression Inventory (BDI).
The Toronto Alexithymia Scale (TAS-26) was used as a
measure of alexithymia, and the Interpersonal Reactiv-
ity index (IRI) was used as a measure of self-rated
empathy. Thirteen patients experienced the restrictive
subtype of AN, whereas six patients met the criteria
for the binge/purging subtype. One patient was med-
icated with diazepam and olanzapine (at T1), one
patient was medicated with fluoxetine (at T2), and one

patient was medicated with olanzapine and fluvox-
amin (at T2). At follow-up, none of the patients re-
ceived medication. One patient fulfilled the diagnostic
criteria for obsessive-compulsive disorder (predomi-
nantly obsessive thoughts, F42.0) and was not ex-
cluded, because obsessive thoughts and obsessive per-
sonality traits are characteristic of AN.>> Two patients
were diagnosed with a moderate depressive episode
(F32.1), which was considered to be related to the
eating disorder. No patient or control participant had a
history of substance abuse.

Twenty-one healthy female control participants
(group-matched for age, overall IQ, and educational
level) without a history of any psychiatric disorder
were recruited via a local advertisement. All partici-
pants gave written informed assent, and their par-
ents or caregivers gave written informed consent
after a complete and detailed description of the
study. The study was approved by the local ethics
committee of the University Hospital Aachen, in
accordance with the Declaration of Helsinki. Using
an overlapping sample of patients, clinical data and
analyses related to structural brain changes have been
published elsewhere.”®

Time Course of Measurements

For patients, T1 occurred 17.3 (SD = 8.9) days after
admission to hospital, and T2 took place at discharge
from hospital (107.1 [SD = 39.8] days after admission).
At discharge from hospital, patients had reached a
mean target weight corresponding to the 17th age-
specific body mass index (BMI) percentile (SD = 8.2;
3rd percentile at T1 [SD = 4.7]). Healthy control
participants were also investigated at two time points
(average time from T1 to T2: 213.4 (SD = 138.3) days).
Clinical outcome in patients was determined 1 year
after admission to hospital (n = 16, dropout (n = 3)
because of noncompliance).

Overall outcome was assessed using Morgan-
Russell outcome scales which are generally used when
judging outcome in AN and have documented reason-
able to good psychometric properties.** The Morgan-
Russell Average Outcome Score (MRAOS) is derived
from a guided interview assessing core clinical fea-
tures of AN including food intake, menstrual state,
mental state, psychosexual adjustment and vocational
adjustment. Scores are rated on a continuous scale by
an experienced clinician, reduced to five subscales, and
further averaged to provide a general estimate of the
clinical status or outcome.

Experimental Paradigm

Participants viewed 15.1-second videos of three white
geometric figures (triangle, circle, and diamond) mov-
ing against a black background.'” Twenty-four videos
were presented that belonged to either of three condi-
tions (eight videos per condition) (Videos S1, S2, and

JOURNAL OF THE AMERICAN ACADEMY OF CHILD & ADOLESCENT PSYCHIATRY

VOLUME 51 NUMBER 8 AUGUST 2012

Www.jaacap.org 833



SCHULTE-RUTHER ef al.

S3, available online, provides sample videos). “ToM”
scenes were designed to suggest contingent interac-
tions of the figures that can be interpreted easily as
social. The participants were instructed to decide at the
end of the video whether all shapes were “friends” or
not. Two types of non-ToM videos were used: figures
that were circling at various speeds around the box,
reminiscent of little “bumper cars”; and figures that
performed physical movements, i.e., following simple
trajectories. The task for non-ToM videos was to de-
cide whether all shapes were equally “strong,” based
on the trajectories and speed after collisions. Each
video was preceded by a 3-second condition-specific
instruction cue. Between videos, a fixation cross ap-
peared for 12 seconds. Yes-or-no responses were given
via a button press at the end of each video (Supple-
ment 1, available online, provides further details).

MR Technical Parameters

MRI measurements were taken using a 3-Tesla TRIO
magnetic resonance (MR) scanner (Siemens, Erlangen,
Germany) with a standard circularly polarized (CP)
head coil. For functional imaging, gradient-echo
echoplanar T2*-weighted images (EPI) were acquired
(time to echo [TE] = 30 milliseconds, repetition time
[TR] = 2424ms, a = 90°, field of view [FOV] = 200
mm, slice thickness = 3.0 mm?3, matrix size = 64 X 64,
40 transversal slices, ascending slice acquisition) in one
session (~12 minutes). Anatomical images were ac-
quired using a Tl-weighted 3D magnetization-
prepared, rapid acquisition gradient echo (MP-RAGE)
pulse sequence (TE = 3.03 milliseconds, TR = 2250
milliseconds, time for inversion [TI] = 900 millisec-
onds, @ = 9°, FOV = 256 mm, voxel size =1 X 1 X 1
mm?, matrix size = 256 X 256, 176 sagittal slices, slice
thickness = 1 mm).

Behavioral and fMRI Data Analysis Before and
After Weight Rehabilitation

Data for the analysis of T1 and T2 was available for 21
healthy controls and 19 AN patients. fMRI-data for
some participants was missing at either T1 or T2
because of dropout or issues with fMRI data quality
(missing data at T1: nAN = 1, nyc = 1; missing data at
T2: nAN = 1, nyc = 5; available data at T1: nAN = 18,
nye = 20; available data at T2: nAN = 18, nyy = 16).
For behavioral data, the software package PASW Sta-
tistics 18 (SPSS Inc., Chicago, IL) was used. Data
referring to the description of the subject sample
(demographical variables, diagnostic parameters and
questionnaire data) were analyzed with t tests. Behav-
ioral data of the functional paradigm were analysed
with the mixed linear models module (a flexible gen-
eralized linear model [GLM] framework for mixed
designs allowing for missing data of repeated mea-
sures). Two-tailed inference was performed, unless
otherwise indicated.

Functional data were analysed with SPM5 (Well-
come Department of Imaging Neuroscience, London,
UK) implemented in MATLAB 7 (Mathworks, Natick,
MA). After realignment, functional images were nor-
malized into the Montreal Neurological Institute
(MNI) coordinate space and smoothed with an 8 X 8 X
8 mm?® Gaussian kernel (full-width half-maximum).
Boxcar functions (aligned with the videos) were con-
volved with a canonical model of the hemodynamic
response and its first-order temporal derivative. Move-
ment parameters were included as additional regres-
sors. Parameter estimates of the resulting general
linear model were calculated for each voxel and each
regressor. For population inference, a second-level
random effects analysis was performed (analysis of
variance [ANOVA]), using the factors condition
(within-subjects, 3 X 2 regressors for each type of
video and measurement), and group (between-
subjects). Specific effects at each voxel were tested by
applying the appropriate linear contrasts to the param-
eter estimates. Because an initial assessment of results
related to the difference between both non-ToM con-
ditions revealed no effects with respect to group or
time, these conditions were collapsed. Therefore, all
reported results related to the factor task pertain to the
comparison between the ToM and the combined non-
ToM conditions, resulting in a three-factorial ANOVA
design (group [AN, control] X time [T1, T2] X task
[ToM, non-ToM]).

For the main effect of tasks (across time points
and/or groups), a strict voxelwise threshold was ap-
plied (p < .05 familywise error (FWE) correction,
extent threshold k > 30). For the relevant task-by-
group and task-by-group-by-time interactions the
voxel level threshold was set at p < .005 (t > 2.60). To
control for false positive results, a spatial extent thresh-
old was used resulting in a cluster-level threshold of p <
.05, corrected for multiple comparisons. For region-
of-interest (ROI) analyses, small volume corrections
were applied across each respective region (p < .05,
voxel-level FWE-correction). Anatomical ROIs of su-
perior/middle temporal gyrus and TP were con-
structed using the Wake Forest University (WFU)
Pickatlas software. Because the location of brain acti-
vation related to ToM at the TP] and MPFC is not
clearly defined anatomically, functional ROISs for these
areas were constructed (10-mm sphere) using the
coordinates of TPJ given in a recent meta-analysis on
empathy, ToM, and attention*” and the coordinates of
the mPFC given in a recent study that used a similar
paradigm.®® An additional analysis was performed
that excluded medicated patients; however, this did
not change the pattern of results. To exclude the
possibility that morphometric changes in gray matter
(GM) volumes induced by starvation might contribute
to group differences in the fMRI analysis, we con-
ducted an additional analysis using the biological
parametric mapping toolbox (BPM)* implemented in
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TABLE 1 Change in Diagnostic Variables From Admission to Hospital (T1) to Discharge From In-patient Treatment
(T2), and Follow-up in Anorexia Nervosa Patients
Tl T2 Follow-up
n=18 n=18 n=15
Variable Mean SD Mean SD Mean SD
BMI 15.3 1,5 18.1 1.0 17.5 1.5
EDI 260.7 57.3 241.8 63.4 254.0 80.5
SIAB-EX 65.1 24.5 41.3 18.6 54.1 26.9
BDI 20.3 1.1 9.5 8.6 12.6 12.1
MRav 5.71 1.26 6.46° 1.40 7.41 2.12
Note: Follow-up took place 1 year after T1. BDI = Beck Depression Inventory; BMI = body mass index; EDI = Eating Disorder Inventory; MRav = Morgan
Russell average score; SIAB-EX = structured interview for eating disorders (expert rater).
“Missing data: n = 1.

SPMS5 for those contrasts that yielded significant group
differences (Supplement 1, available online).

Clinical Outcome and Dysfunction in ToM
Networks in AN

A regression analysis was performed to relate reduced
brain activation during the acute phase (at T1) to
clinical outcome at follow-up. The individual contrast
images of the comparison ToM versus non-ToM at T1
was used as a measure of individual ToM-related brain
activation and correlated with average Morgan-Russell
scores at follow-up. Of the original sample, data from
15 patients was available for this analysis (n = 3
drop-out at T3, n = 1 no neuroimaging data at T1). To
restrict the results to brain structures involved in
theory of mind processing as measured by our func-
tional task, a functional ToM-ROI was defined using
the fMRI data from the control sample (at T1, contrast
ToM vs. non-ToM) thresholded at p < .005, FWE
corrected. Because the functional ROI comprised all
our relevant areas of interest, no additional anatomical
ROI analyses were performed. For this regression
analysis we report results that survived a threshold of
p < .05 (cluster level corrected for multiple compari-
sons (ROI), p < .001 voxel level). Again, an additional
BPM regression analysis was performed to control for
potentially confounding reductions in gray matter
(Supplement 1, available online).

RESULTS

Demographical and Questionnaire Data

Control participants and patients were closely
matched for age (AN: 15.7 [SD = 1.5]; controls:
15.8 [SD = 1.9]; Tzg = —0.166, p = .869) and IQ
(AN: 108.8 [SD = 8.5]; controls: 108.0 [SD = 16.1];
Tyy5 = 0198, p = .844). The BMI of control
participants was within normal population range

(T1: 22.7 [SD = 3.9]; T2: 22.8 [SD = 3.6]). Clinical
data of the patients at T1, T2, and follow-up are
summarized in Table 1, additional data on em-
pathy and alexithymia scales are given in Table
S1 and S2, available online. At the time of dis-
charge (T2), a reduction in symptoms associated
with the eating disorder could be observed for
the patients (as compared to T1), as assessed with
SIAB-EX (T;, = 3.961, p < .001), EDI (T, = 1.394,
p < .091) and Morgan Russell average score (T}, =
—1.440, p < .0846). Furthermore, a decrease in
depression symptoms, as assessed with the BDI
(Ty; = 3.490; p < .002) and a significant increase
in BMI were observed (T, = —8.944, p < .001, all
p values one-tailed).

Behavioral Data of the Experimental Paradigm

The statistical analysis of percentage of correct
responses revealed a main effect of condition (F
(2,154.13) = 59.59, p < .001), which was due to a
better performance during the ToM task as com-
pared to both non-ToM tasks (pairwise post-hoc
comparisons, corrected for multiple compari-
sons, p < 0.001) and a better performance for the
physical task than the bumper-car task (p < 0.05)
across all participants. Importantly, there were
no effects or interactions between groups. With
respect to reaction times, a significant main effect
of condition could be observed (F, 33,0 = 3.72,
p < .05) which was due to longer reaction times
(ART = 174 milliseconds) for the ToM videos as
compared to the physical videos (p < .05). There
were no significant differences between the non-
ToM conditions (p > .99, ART = 40 milliseconds)
or between the ToM and the bumper-car condi-
tion (p > 0.20, 8 RT = 134 milliseconds). Further-
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TABLE 2 Peaks of Significant Group Differences

Anatomical Region H BA x y z t k
T1 and T2
Middle temporal gyrus L 21 -56 4 -20 6.56 457
Inferior temporal gyrus L 20 -58 -14 -28 3.36
Middle temporal pole L 38 -52 14 -22 2.89
Middle temporal pole R 21 58 8 -20 5.31 405
Middle temporal gyrus R 21 54 -6 -22 3.59
Inferior temporal gyrus R 20/21 56 -6 -30 3.11
Superior temporal gyrus R 22 66 =16 —4 4.60 412
Middle temporal gyrus R 21 58 —-38 —4 3.17
Medial prefrontal cortex®® R 10 4 60 20 3.35
T1
Superior temporal gyrus R 22 66 =16 0 5.18 438
Middle temporal gyrus/temporal pole®< L 21 -58 4 -18 5.20
Middle temporal pole®< R 21 58 8 -20 4.82
T2
Middle temporal gyrus L 21 -56 4 -20 5.83 537
Inferior temporal gyrus L 20 -56 -12 -28 4.34
Middle temporal gyrus L 20 -50 -4 -16 4.02
Middle temporal pole®d L 21 -52 6 -18 4.43
Middle temporal pole® R 21 56 10 -22 4.18
Note: Threshold p < .05 corrected for multiple comparisons at the cluster level (voxel level: p < .005, t> 2.60). BA = Brodmann area; H = hemisphere;
k = cluster size; L = left; R = right.
2Small volume correction for multiple comparisons (familywise error correction, p < .05, voxel level.
b/?egion of inferest (ROI) based on a 10-mm sphere around [12 64 22], coordinates for activation in the medial prefrontal cortex reported by Moriguchi et al. 28
“ROI based on superior and middle temporal gyrus.
9ROI based on the temporal pole; x, y,and z refer to Montreal Neurological Institute [MNI) coordinates of local peaks of activation for the interaction contrast
(theory of mind [ToM J> non-ToMeait, connol (He) > (TOM > n0n-ToM)ansrexia Newosa (AN-parients ACT0ss fime points (admission fo hospital [T1] and
discharge from in-patient freatment [T2]) and separately for each time point (T1, T2).

more, there was a significant effect of time
(F3,18381 = 5.64, p < .05) due to shorter reaction
times (on average 142 milliseconds) at the second
measurement (12). Again, neither an effect of the
factor group nor any interactions could be ob-
served (Figure S1, available online).

fMRI Data
Across participants and time points, the compar-
ison of ToM versus non-ToM tasks revealed
neural activation in widespread brain areas in-
cluding mPFC, superior and middle temporal
gyrus, TP, fusiform gyrus, TP] and precuneus
(Figure S2 and Table S3, available online).
Interaction contrasts related to the effect of
time (T1 versus T2) did not reveal any significant
results (i.e., three-way interactions contrasts
group-by-time-by-task and two-way interaction
contrasts group-by-time). However, significant
differences could be observed for a two-way
interaction contrast (group-by-task), revealing re-
duced activation in patients with AN for the

comparison between ToM and non ToM. This
pattern could be observed in the right superior
temporal gyrus, right TP, and left anterior mid-
dle temporal gyrus, extending into left TP and
left inferior temporal gyrus (whole brain analy-
sis; Table 2 and Figure 1). A ROI analysis in the
mPFC revealed reduced neural activation in pa-
tients in the right mPFC. The reverse interaction
contrast (testing for increased ToM-related neu-
ral activation in patients) did not reveal any
significant differences. To further explore poten-
tial differences of both timepoints, we also as-
sessed T1 and T2 separately for group-by-task
interactions. In these analyses, the same pattern
emerged, revealing significant interactions only
for the HC > AN comparison. For T1, significant
differences were observed in right superior tem-
poral gyrus (whole brain), middle temporal
gyrus and bilateral TP (ROI). For T2, differences
emerged in the left middle temporal gyrus
(whole brain) and right TP (ROI). In the mPFC,
hypoactivation in AN could not be observed at a
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FIGURE 1 Group differences in brain activation related to the theory of mind (ToM) task. Note: Statistical Parametric
Maps depict the interaction contrast (ToM > non-ToM),caiihy controls > (TOM > n0n-ToM)qiants with anorexia thresholded at

p < .001, uncorrected, for both time points, as well as across time points. Circled clusters were significant either at p < .05
(cluster-level corrected, whole brain)* or at p < .05 (familywise error voxel-level corrected for regions of interest [ROI])*. Al
peak activations were due to increased brain activation in healthy controls (in comparison to patients) for the contrast ToM
versus non-ToM tasks. Figure S4, available online, illustrates 8 values in peak activated voxels.

both time points

corrected threshold for the separate comparisons
of T1 and T2. However, at a more liberal thresh-
old (p < .005, uncorrected) hypoactivation in the
mPFC could be observed at both time points. The
results from the additional BPM analysis (dis-
cussed in Methods) confirmed that these group
differences were not due to morphometric differ-
ences in GM volumes (Supplement 1, Figure S2,
available online).

Clinical Outcome and Dysfunction in ToM
Networks

Brain activation was positively correlated with
Morgan-Russell scores in a cluster within the
right mPFC (peak activated voxel: 10 64 18, k =

74, p < .05, cluster level corrected, similar to the
peak of reduced activation in the group compar-
ison; Figure 2), suggesting that reduced ToM-
related brain activation at T1 is related to worse
outcome. The results from the additional BPM
regression analysis (discussed in Methods) con-
firmed that the observed correlation was not due to
individual differences in GM volume reduction at
T1 (Supplement 1, Results, available online).

DISCUSSION

The present study is one of the first reports on
neural networks contributing to social cognition
in patients with AN (see also McAdams and
Krawczyk™) and the first to show a relation
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FIGURE 2 Group differences and correlation with clinical outcome in the right medial prefrontal cortex. Note: (A)
Statistical parametric map (SPM) depicts the peak voxels in the right medial prefrontal cortex (mPFC) that emerged in
the interaction contrast (theory of mind [ToM] > non-ToM);.cqithy controls > (TOM > non-ToM),sicnts with anorexia,
thresholded at p < .001 (voxel level), p < .05 corrected for multiple comparisons of regions of interest (ROI). (B) SPM
displays the result of a regression analysis in anorexia nervosa (AN) patients demonstrating a correlation between
less ToM-related brain activation (contrast ToM > non-ToM) at admission to hospital (T1) and worse outcome at
follow-up 1 year later, thresholded ot p < .001 (voxel level). The cluster in the right mPFC was significant at p < .05,
corrected for multiple comparisons (ROI, refer to text for further details). (C) The scatterplot illustrates the correlation
for the peak correlated voxel within the mPFC [10 64 18]. The y-values represent contrast estimates for the contrast
ToM > non-ToM at T1; the x-values represent the individual average Morgan-Russell score of patients at follow-up.
Significance of the correlation was determined in an unbiased voxel-wise regression-analysis, using correction for

multiple comparisons.
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between dysfunctional networks related to social
cognition and treatment outcome.

Because the forced choice response of the
fMRI-adapted social attribution task (SAT)" was
not designed as a sensitive measure of individual
or group performance differences, it is not sur-
prising that we did not find behavioral differ-
ences between groups.”'' Similarly, reaction
times did not differ between groups suggesting
that differences in brain activation are unlikely to
be related to starvation induced nonspecific per-
formance deficits, but can be attributed to differ-
ences in the functional organization of brain
networks supporting ToM abilities.

Across all participants, the ToM videos elicited
activation in brain areas implicated in social cognition
and ToM'***® such as mPFC, along the posterior
and anterior STS, at the TPJ, TP, and in the precuneus,
fusiform gyrus, amygdala, and inferior frontal gyrus
(Figure S2, Table S3, available online). The medial
prefrontal cortex, temporal cortex (including STS and
TP) showed less activation in AN patients as com-
pared to controls (Figure 1, Table 2). The SIS is
involved in the decoding of dynamic, socially rele-
vant cues and has been implicated in diverse ToM
paradigms.”>*" Hypoactivation in patients with AN

could be observed in the anterior aspect of the STS,
which may reflect a deficit in the perception and
identification of social cues as a precursor of ToM
processing. Previous behavioral studies of deficits in
ToM and emotional processing in AN™"" used para-
digms that rely heavily on the correct decoding of
subtle cues. Our results suggest that the observed
deficits might arise because of functional impairments
in brain areas that contribute to the extraction of
socioemotional information. Less activation could
also be observed in the anterior temporal cortex,
including the TPs. The TPs have been suggested to
provide a “semantic hub,” binding together diverse
aspects of semantic and autobiographical mem-
ory”>* and to integrate preprocessed perceptual in-
puts with emotional responses.* Such functions pro-
vide a frame of reference for mentalizing based on
episodic and semantic recollections™ and associ-
ated socioemotional responses. Patients with AN
may tend to rely less on the representation of their
aggregated social experiences when they infer so-
cial meaning from such abstract scenarios, suggest-
ing impoverished memories or deficiencies in the
contextual representations of socio-emotional sit-
uations. An alternative explanation could be an
atypical perceptual processing style in AN, such
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as preoccupation with details.® Patients with
AN may tend to focus on specific aspects of the
videos rather than perceiving the clips as co-
herent social scenes. Interestingly, a detailed-
focused cognitive style and weak central coher-
ence have also been described in ASD.

AN was also associated with hypoactivation in
rostral mPFC, which correlated with clinical out-
comes after 1 year. This hypoactivation could be
related to a mentalizing deficit associated with
the disease (as suggested for ASD) or could be a
consequence of aberrancies in the processing
stream that provides input to an otherwise
intact mentalizing module. It has been sug-
gested that mPFC area constitutes the “core”
region for representing mental states and an-
ticipating the behavior of others.”” In particu-
lar, anterior rostral mPFC is involved in men-
talizing about oneself and individuals who are
similar to oneself.”® Reduced brain activation
in this area has also been reported for condi-
tions characterized by a deficit in emotional
self-awareness (such as alexithymia),”® which
may also be associated with AN.> Increased
alexithymia scores in AN were replicated in
our sample. It might be speculated that patients
with AN experience difficulties in relating ab-
stract social scenarios to themselves. This con-
clusion is in accordance with the observed
deficits in emotional ToM tasks in acute AN
patients”’ and the persisting emotional process-
ing deficits in recovered patients.''

Interestingly, prior work showed that GM loss
in the closely adjacent anterior cingulate cortex
(extending into anterior rostral mPFC) is corre-
lated to an index of lifetime symptom severity in
recovered women with AN.” For the present
sample (which consisted of adolescents and pri-
marily first-onset patients) GM alterations in
mPFC did not contribute to the functional group
effect. Whether early subtle functional aberran-
cies in mPFC, such as those observed in the
present study, may become structural deficits
after a longer period of illness needs to be inves-
tigated in future studies.

A recent study used a similar paradigm inves-
tigating adult participants in the process of re-
covery from AN,” including patients at different
stages of recovery. This study reports similar
hypoactivations in temporal brain areas (middle
temporal gyrus, temporal pole), additional hypo-
activation in TPJ, inferior frontal gyrus, and
fusiform gyrus but no effects in medial prefrontal

cortex. Whether these differences in comparison
to our results are mainly due to age effects or
differences in homogeneity of the patient group
remains to be investigated in future studies.

Persisting Hypoactivation in Brain Networks
Underlying ToM

Starvation has a profound impact on cognition and
socio-emotional behavior, is associated with struc-
tural brain alterations'> and hormonal dysregula-
tion, and could therefore also result in changes of
brain function. However, structural brain changes
seem to be almost completely reversible after re-
covery and weight gain.” In our sample, we ob-
served significant weight gain and recovery from
AN symptoms, but no changes in brain activation
patterns between admission (T1) and discharge
(T2). Hypoactivation in brain areas related to ToM
were still evident after weight recovery, irrespec-
tive of variations in GM density. Our data thus
suggest that these persistent alterations in brain
networks related to ToM may reflect a social-
cognitive endophenotype associated with AN.® Re-
cently, AN has been conceptualized as a neurode-
velopmental disorder”” with a neurocognitive
profile similar to ASD’ (i.e., impairments in set
shifting, cognitive flexibility, central coherence, and
theory of mind). The etiology of AN may be influ-
enced by an interaction of genetic, hormonal, and
psychosocial factors during childhood and adoles-
cence that contribute to a maladaptive emotional,
cognitive, and social development, facilitating the
onset of disordered eating behavior.”” Consistent
with this notion, increased prevalence of depres-
sion and anxiety, including social phobia and sep-
aration anxiety,” as well as reduced social function-
ing can all be observed even before the overt onset
of the eating disorder.”'® The concept of a social-
cognitive endophenotype associated with AN is
appealing; however, additional studies are needed
to support this idea. Endocrine abnormalities were
still evident at T2 in our sample (n = 17 of 19
patients still experienced primary or secondary
amenorrhea) and might still have contributed to
aberrant functional brain activation patterns. For
example, estrogen levels (which are typically low in
severely underweight patients) have been associ-
ated with changes in brain activation patterns for
cognitive and emotional processing.*' Future stud-
ies should therefore investigate the integrity of
ToM networks after complete neuroendocrine
recovery.
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Hypoactivation in ToM networks and Prediction
of Outcome

Good social functioning (including good family rela-
tionships) have been shown to be an important pre-
dictor of favouable outcome in AN.'® Furthermore,
premorbid poor social relating,'” empathy deficits
and social interaction problems'” have been linked to
poor outcome in AN. It remains unclear whether
such findings reflect nonspecific psychosocial influ-
ences during the course of the disorder or whether
they are indicative of a specific social-cognitive deficit
involved in AN. The present study is the first to
report a direct relationship between reduced activa-
tion of brain networks underlying ToM processing
and poor clinical outcome, suggesting that dysfunc-
tion of the mPFC plays a key role for the course of the
disorder. In accordance with our interpretation, it has
been shown that impaired performance in abstract
mentalizing tasks is correlated with poor global out-
come in AN."” Furthermore, good “mentalization
abilities” (i.e., the reflection about mental states) in
social relationships may protect from the emergence
of disordered eating behaviors.** These findings are
in line with the idea of a social-cognitive endopheno-
type that represents a risk factor for the onset of AN
and may result in a less favourable prognosis during
the course of the disorder.

It should be noted that we have reported results
based on a group-level analysis. fMRI group-level
activation maps are highly reproducible in a
repeated—measurements setting; however, future
studies should assess whether social-cognitive
paradigms provide sufficient test-retest reliabil-
ity on the individual level* to allow the detection
of subtle treatment-related effects. On the behav-
ioral level, it might be helpful to use additionally
open-ended scoring formats of verbal descrip-
tions of the ToM videos to reveal behavioral
effects related to the SAT.'®

The identification of social-cognitive endopheno-
types associated with poor outcome or the risk of
developing AN may become a valuable strategy to
develop specifically tailored interventions. Treatment
of AN is often unsuccessful, and many patients re-
lapse after initial weight recovery. In the light of
emerging evidence for deficits in specific social-
cognitive abilities such as ToM and emotion recogni-
tion,”"" social skills training or similar strategies to
improve social cognition might prove an effective
add-on to standard therapeutic strategies or may
even allow for modulation of the disease at pre-
symptomatic stages. It is conceivable that good men-
talizing abilities play an important role during the

process of recovery or may protect from relapse.

Interestingly, a “mentalization-based psychother-

apy”** and emotion skills training®> have recently

been proposed for the treatment of AN. Furthermore,
it is of note that family-based therapy is among the
most effective treatment approaches in adolescent
patients with AN.*® Family-based therapy focuses
on parental influence to promote eating and
weight control; it fosters communication between
parents and child, and the enhancement of famil-
ial functioning as an essential element of success-
ful therapy. Such socially driven treatments con-
stitute an optimal framework for implicit social
skills training, and one might speculate that this
is one reason for their effectiveness in adolescents
with AN. &
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SUPPLEMENT 1

METHOD

Participants and Diagnostic Assessments
Nineteen patients who had been referred to
inpatient treatment for the first time with a
mean duration of illness (time between first
onset of symptoms as assessed with the struc-
tured Interview for Eating Disorders—expert
rater [SIAB-EX] and admission to hospital) of
11.6 months (SD = 8.1 months) were included
in the study and could be investigated at
admission to hospital (T1) and discharge from
in-patient treatment (T2). At follow-up, three
patients decided not to participate.

A structured clinical interview was performed
to assess co-morbid psychiatric diseases in pa-
tients and to exclude any psychiatric disease in
healthy controls (Diagnostisches Interview Bei
Psychischen Stérungen Im Kindesalter [Kinder-
DIPS]").

German versions of the Wechsler Intelligence
Scale for Children (WISC-III/WISC-IV)* and the
Culture Fair Intelligence Test (CFT-20R)” were
used to assess overall IQ. In patients, IQ mea-
surements were performed after an initial phase
of weight gain to minimize the effects related to
acute starvation.

In patients, symptoms associated with the
eating disorder were assessed with SIAB-EX, a
structured clinical interview for the assessment
of anorexia nervosa and bulimia nervosa,* the
eating disorder inventory (EDI’ a self-report
questionnaire), and the Morgan-Russell crite-
ria.” Depression symptoms were assessed us-
ing the Beck Depression Inventory (BDI).” Thir-
teen patients were characterized by the
restrictive subtype of anorexia nervosa (AN),
whereas 6 patients met the criteria for the binge/
purging subtype. Assessment of overall outcome at
follow-up was based on the Morgan-Russell
scales.® We used the averaged scale score for
regression analyses with brain activation. Pa-
tients completed the Toronto Alexithymia Scale
(TAS-26)° as a measure of alexithymia and the
Interpersonal Reactivity index (IRI)'"” as a mea-
sure of self-rated empathy at each time point,
whereas controls completed these measures at
either T1 or T2.

Healthy control participants did not take part
in a follow-up investigation; however, they were
also investigated at two time points. The average
time from T1 to T2 for the healthy controls was

213.4 (SD = 138.35D) days. Note: this interval is
significantly different from the T1-T2 interval in
patients. However, additional regression analysis
in the control sample (correlating the individual
time difference between T1 and T2 against brain
activation at T2 (contrast theory of mind [ToM] >
non-ToM) did not reveal any significant influ-
ence of time interval.

Treatment Program

All patients were treated using the same general
treatment program, which included elements of
different treatment approaches. The elements of
the treatment program consisted of weight man-
agement and refeeding (regular weighing proce-
dures, reinforcement based weight gain sched-
ules, planned meals, control of physical exercise),
training of eating behavior and nutrition (nutrition
education, model based learning, educational cook-
ing, successive rebuilding of self-managed eating,
training of eating in social situations), psycho-
therapy (individual cognitive behavioral ther-
apy, group therapy), and family based therapy
(information about target weight and behaviors,
support of familial communication, education of
supporting behaviors, group based education on
aspects of eating disorder, training of family
eating).

Patient Comorbidities

One patient who fulfilled the diagnostic criteria
for obsessive-compulsive disorder (predomi-
nantly obsessive thoughts, F42.0) was not ex-
cluded, because obsessive thoughts and obses-
sive personality traits are characteristic of
AN.""'? Two patients were diagnosed with a
moderate depressive episode (F32.1), which was
considered to be related to the eating disorder.

Stimuli and Paradigm

To study the neural substrates of ToM process-
ing, we used a modified version of the social
attribution task'® optimized for functional mag-
netic resonance imaging (fMRI) block design.
Stimuli were identical to those used in a previous
study'* (supplementary videos SV1, SV2, and
SV3 provide sample videos of each condition).
The videos of the different conditions were de-
signed to be equivalent with respect to general
visual input, as well as movement speed, quan-
tity, and location. A box was located in the center
of the screen with one wall that could open and
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close like a door, allowing the shapes to enter.
ToM videos were designed to suggest a sense of
personal agency, reciprocal and contingent social
interactions that can be interpreted easily as
social. The participants were instructed to pay
close attention to the interactions of the shapes
and to decide at the end of the video whether all
shapes were or were not “friends.” In addition,
two types of non-ToM videos were used: The
first type of video depicted shapes that were
circling at various speeds around the box. These
were reminiscent of little “bumper cars,” i.e.,
small racing cars, which had some playful colli-
sions while circling. The other type of videos
depicted shapes that performed physical move-
ments. The shapes followed simple trajectories
and were reflected after collisions with each
other, the box and the border of the screen. The
task for the two non-ToM types of videos was to
pay close attention to the interactions and colli-
sions of the shapes and to decide whether all
shapes were equally “strong.”. This decision
should be based on the trajectories of the shapes
and speed after each collision. All scenes were
designed in such a way that the essential infor-
mation providing the clue to the correct answer
was given at the end of the film to ensure
continuous attention to the film and to prevent
early button presses during the clips. Further-
more, participants were carefully instructed to
respond only at the end of the video, thus ensur-
ing that participants were attending to the stim-
ulus material. Button presses were performed
with the index finger (“yes”) and the middle
finger (“no”) of the right hand using an magnetic
resonance (MR)-compatible response device. All
participants practiced the task outside the scan-
ner with videos of each condition (not shown in
the main experiment) until they were familiar
with the instruction cues and the experimental
tasks. During the fMRI experiment, a thin-film
transistor (TFT) display was used to project the
stimuli to a set of mirrors mounted on the head
coil, resulting in a visual field size of ~ 5.2° X
3.5°. For stimulus presentation and response col-
lection, the software Presentation 12 (Neurobehav-
ioral Systems, Albany, CA; http://www.neurobs.
com) was used.

With this paradigm it is impossible to distin-
guish the effects of the stimulus material from the
effects of the instruction, i.e., to tease apart the
perceptual and cognitive aspects of ToM process-
ing. One possibility would be to include a condi-

tion with ToM stimuli that should only be judged
on their physical aspects. However, pilot testing
of the stimulus material (see also Schultz et al.)™*
indicated that this distinction is difficult to
achieve. Participants reported that they still con-
sciously perceived the ToM films as social stories
if they were asked to judge physical aspects of
the social scenes only. This is in line with other
behavioral and neuroimaging studies reporting
that (even in the absence of any explicit instruc-
tion) such conditions are likely to trigger ToM
processing. Thus, we decided not to include such
a condition in the present paradigm to have
optimal power for the comparison of ToM re-
lated processing vs. non-ToM related processing.

Participant Sample and Data Analysis of
Repeated Measures for Behavioral and
Neuroimaging Data at T1/T2

The final sample, which entered into the behav-
ioral and neuroimaging analysis of T1/T2 data,
consisted of 21 healthy controls (HC) and 19 AN
patients. However, because of drop-out and is-
sues of fMRI data quality (e.g., artifacts or strong
movement of participants) data for some partic-
ipants was not available for one time point (T1:
nAN = 1, nyc = 1; T2: nAN = 1, nyc = 5). We
therefore used statistical methods for the statisti-
cal analysis of behavioral and neuroimaging data
that allowed for the inclusion of participants with
missing data at a certain time point (detailed
below).

Behavioral Data Analysis

The software package PASW Statistics 18 (SPSS
Inc., Chicago, IL) was used to analyse behavioral
data, demographic variables, and questionnaire
data of the T1/T2 dataset. Demographic vari-
ables and questionnaire data were analysed us-
ing one-sample and two-sample t tests. For be-
havioral data analyses (reaction times and
percentage of correct choices), the mixed linear
models module of PASW 18 was applied. This
module implements a flexible generalized linear
model (GLM) framework for mixed designs (ran-
dom effects and repeated measures) and, in con-
trast to the standard repeated measures analysis
of variance (ANOVA), allows for missing data in
repeated measurements.'”” The percentage of
“correct” choices and reaction times for correct
choices were analysed using the factor subject as
a random effect and the factors condition (ToM,
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non-ToM [bumper], non-ToM [physical]), time
(T1, T2), and group (AN, HC) as fixed effects. To
account for correlated repeated measures, cova-
riance estimation was performed. All main ef-
fects and interactions were included into the
models.

Standard fMRI Data Analysis

The first five volumes of each functional time-
series were discarded to allow the MR signal to
reach a steady state. The remaining 315 images
were realigned (reference scan: 50 image of each
time course). After realignment (rigid body trans-
formation), functional images were normalized
into the Montreal Neurological Institute (MNI)
coordinate space and re-sampled at 2 X 2 X 2
mm®. Normalization parameters were deter-
mined by applying the “unified segmentation”
routine (as implemented in SPMS5)'” to each in-
dividual subject’'s mean echo planar imaging
(EPI) image. Anatomical scans were normalized
into MNI space using the same method. A high-
pass cut-off filter of 240 seconds was used to
account for low-frequency drifts in the imaging
data. Box-car functions (corresponding to the
onset and offset of each video) were convolved
with a canonical model of the hemodynamic
response and its first-order temporal derivative
to compensate for timing differences in slice
acquisition. To handle within-subject autocorre-
lations an approximate AR(1) model was esti-
mated at omnibus F-significant voxels (p < .001,
used globally over the whole brain). For popula-
tion inference, the contrast estimates for the sim-
ple effect of each experimental condition were
taken to the second level using the first regressor
of the first-level hemodynamic response function
(HRF) model as an estimate of response height,
and a random effects analysis was performed
(mixed ANOVA, factors: condition X group X
subject). Such models in SPM5 allow for missing
data in repeated measure designs. Departures
from sphericity assumptions were accommo-
dated using the nonsphericity correction in SPM5
(modeling of variance components). For this pro-
cedure, unequal variance was assumed for all
factors, and nonindependence of data was as-
sumed for the factor condition (repeated mea-
sures). Specific effects at each voxel were tested
by applying the appropriate linear contrasts to
the parameter estimates. Experimental condi-
tions containing both non-ToM tasks were mod-
eled separately. However, because the initial

assessment of interactions between group and
both non-ToM tasks did not reveal significant
effects (neither at the whole brain level, nor for
the ROIs), both non-ToM tasks were collapsed for
subsequent data analysis focusing on group dif-
ferences. Anatomical regions of interest (ROIs) of
superior/middle temporal gyrus and temporal
pole (TP) were constructed using the Wake For-
est University (WFU) Pickatlas software.'” Func-
tional ROIs of the temporoparietal junction (TPJ)
and medial prefrontal cortex (mPFC) were con-
structed (10-mm sphere) using the coordinates of
TPJ given in a recent meta-analysis on empathy,
ToM and attention'® and the coordinates of the
mPFC given in a recent study that used a
similar paradigm to investigate individuals
with alexithymia.'

Biological Parametric Mapping Toolbox

For the T1/T2 neuroimaging data additional
analyses were performed for the contrast (ToM >
non-ToM)yce > (ToM > non-ToM) .y using the
biological parametric mapping toolbox (BPM
Version 1.5; Casanova et al. 2007) to exclude the
possibility that morphometric differences be-
tween patients and controls might have influ-
enced the observed group effects in fMRI data.
Individual contrast images of the fMRI analysis
(ToM versus non-ToM) were entered into a
second-level model, that included the individual
segmented gray matter images as voxelwise co-
variates. To obtain the individual anatomical
covariates the toolbox VBMS5.1 (http://dbm.
neuro.uni-jena.de/vbm/download/), imple-
mented in SPM5, was used. Individual T1 anatom-
ical images were segmented into gray matter and
white matter and spatially normalized into MNI
space. The toolbox uses the unified segmentation
approach'® and standard processing parameters
for implementation of voxel-based morphometry.
The BPM-analyses were carried out for both time
points separately (T1 and T2) and for the combined
effect of both time points (T1 and T2). To optimize
statistical power for this supplementary analysis,
we focused only on those regions that were identi-
fied as showing stronger activations for controls (as
compared to patients with anorexia) in the compar-
ison between ToM and non-ToM tasks, which were
the only significant group differences in the present
study (Table 2 in main text). An ROI analysis was
used to test for the specific influence of the anatom-
ical covariate and the fMRI group difference within
these regions.
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For the regression analysis of neuroimaging
data at T1 with diagnostic data at follow-up, an
additional BPM regression analysis was per-
formed. In addition to the regressor that was
used in the standard analysis (average Morgan-
Russell scores), an anatomical voxelwise covari-
ate was added (see above).

RESULTS

Groups did not differ in empathic abilities as
assessed by the IRI; however, patients scored
higher on alexithymia scales (TAS-26) (Table S1).
No changes could be observed in alexithymia
scores or IRI scores, except for a significant
increase at T2 for the subscale “personal distress”
(Table S2).

Results of the additional analysis using the BPM
toolbox indicated that group differences in the
standard SPM analysis were due to true group
differences in brain activation and could not be
explained by the confounding influence of the
anatomical covariate (see Figure S3). Significant
differences only emerged with respect to the factor
group (p < .05 false discovery rate [FDR]-corrected
for ROI) in the same regions of temporal cortex as
in the standard SPM-analysis (for all three analyses:
T1, T2, and T1/T2 combined). There were no
significant influences of the anatomical covariate
on group differences in activation. Activation in the
mPFC did not reach statistical significance when
corrected for multiple comparisons (coordinate: [4
56 20] p < 112, FDR; p < .003 uncorrected; com-
bined T1/T2 model). Influences of the anatomical
covariate, however, were also not significant in the
mPFC.

The results of the regression analysis using the
BPM toolbox revealed virtually identical results
as in the standard analysis, a significant cluster in
the right mPFC (12 62 18, k = 62), for the positive
correlation of ToM-related brain activation and
average Morgan-Russell score.

The results of the comparison of both non-
ToM tasks are depicted in Table S4. We observed
significantly elevated brain activation in the infe-
rior occipital cortex, cerebellum, and precuneus.
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TABLE ST Questionnaire Data for the Anorexia Nervosa and Control Groups

HC Group AN Group
Variable Mean SD Mean SD t df p (2-tailed)
IRl subscales®
Empathic concern 16.8 4.1 17.9 3.4 0.929 36 359
Perspective taking 16.7 6.1 17.0 5.2 0.148 36 .883
Personal distress 9.7 53 11.4 3.2 1.186 36 244
Fantasy scale 15.3 6.0 13.2 57 -1.118 36 271
TAS-26b
Overall score 2.11 0.40 2.61 0.53 3.272 35 .002
Identifying feelings 1.74 0.47 2.42 0.80 3.143 35 .003
Describing feelings 2.16 0.78 2.89 0.82 2.781 35 .009
Externally oriented thinking 2.51 0.55 2.61 0.61 0.508 35 614
Note: Student's t tests for independent samples were applied fo test for statistical differences between groups. AN = Anorexia nervosa;, HC = healthy
conlrols; IRl = Interpersonal Reactivity Index; TAS-26 = Toronio Alexithymia Scale.
“Missing data [n = 2).
bMissing data (n = 3).

TABLE $2 Change in Questionnaire Data From Admission to Discharge in Anorexia Nervosa (AN) Patients

Tl T2
Variable Mean SD Mean SD T df p (2-tailed)
IRI'subscales®
Empathic concern 17.9 3.4 18.0 2.8 .000 16 1.000
Perspective taking 17.0 5.2 18.3 3.3 —.494 16 .628
Personal distress 1.4 3.2 12.6 3.1 —2.324 16 .034
Fantasy scale 13.2 57 13.6 4.8 -0.336 16 741
TAS-26¢
Overall score 2.61 0.53 2.54 0.65 0.802 16 435
Identifying feelings 2.42 0.80 2.20 0.89 1.365 16 191
Describing feelings 2.89 0.82 2.82 0.92 0.190 16 .851
Externally oriented thinking 2.61 0.61 2.69 0.65 -0.137 16 .892
Note: Student t tests for dependent data were applied fo fest for statistical differences between time points. IRl = Interpersonal Reactivity Index (20); TAS-26
= Toronto Alexithymia Scale (19).
“Missing data (n = 1) Means and SDs refer to all data available for that time point (ny; = 18, ny» = 18). Statistical inference refers to cases in which both
time points were available (n = 17).
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FIGURE S1

Behavioral data. Note: Percentage correct responses (A) and response times (B) for healthy control
participants (green) and patients with anorexia nervosa (blue). Error bars represent the standard error of mean (SE).
T1 = admission to hospital; T2 = discharge from in-patient treatment.
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TABLE S3  Brain Activation for the Comparison of Theory of Mind (ToM) versus Non-Theory-of-Mind Tasks

Anatomical Region

Middle temporal gyrus/STS

Middle temporal gyrus

Middle temporal gyrus

Middle temporal gyrus/TP)

Middle temporal gyrus

Middle temporal gyrus

Middle temporal gyrus

Superior temporal gyrus/TPJ

Superior temporal gyrus/TP)

Superior temporal gyrus

Supramarginal gyrus/TPJ

Angular gyrus/superior
temporalgyrus/TPJ

Angular gyrus

Angular gyrus/middle
temporal gyrus

Temporal pole

Temporal pole

Temporal pole

Inferior temporal gyrus

Fusiform gyrus

Fusiform gyrus/inferior
temporal gyrus

Fusiform gyrus/inferior
temporal cortex

Fusiform gyrus

Precuneus

Precuneus

Superior frontal gyrus pars
medialis

Superior frontal gyrus pars
medialis

Superior frontal gyrus pars
medialis

Orbitofrontal corfex

Superior frontal gyrus

Supplementary motor area

Middle frontal gyrus

Precentral gyrus

Precentral gyrus/middle
frontal gyrus

Middle frontal gyrus

Inferior frontal gyrus

Inferior frontal gyrus

Inferior frontal gyrus

Inferior frontal gyrus

Cerebellum

Cerebellum

Cerebellum

Cerebellum
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37
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20

o0 O 0 —

6/9

Nl

45
45
44
47

AN and HC HC AN

X y z t X y z t X y z t
52 16 —12 25,65 52 —-16 —-12 17.89 52 —-16 —12 18.57
—-58 —54 8 1495 -58 -52 -8 10.44 -58 -54 18 11.65
54 0 —26 2131 56 4 -24 1574 54 0 —-28 15.11
—48 —-50 22 14.87 —-48 -50 22 10.00 -50 -50 20 11.32
56 =34 -4 14.10 48 -36 2 14.96
—46 —-58 16 15.19 —-48 —-60 16 10.04 —-46 -58 18 11.93
-54 -6 —-18 1476 -54 -4 -18 1239 -58 -6 —-14 938
64 —42 12 1851 64 —-42 12 1268 60 —40 14 14.58
50 =56 22 1779 50 —-56 20 11.17 48 —-56 22 14.47
—62 —48 12 14.50 -58 -52 8 1044 -58 -54 10 11.20
54 —46 24 18.65 54 —-46 24 11.91 60 —-48 24 15.48
—46 —-66 24 1295 —-48 —-60 16 10.04 —-40 -62 24 11.00
50 =56 22 1779 50 =56 20 11.17 54 -58 24 14.09
—48 —-50 22 14.87 —40 -54 18 12.39 —-40 —-62 24 11.00
40 20 —-32 18.00 42 18 —-32 13.69 38 22 -32 12.28
—44 10 -32 9.64 —-42 12 -34 7.72 —-44 10 -30 6.43
-32 18 -34 1133 -36 18 -36 8.63 -32 18 -32 8.17
—42 -14 -36 -42 —18 -34 696 —-40 -16 -36 6.41
—-46 -52 -20 15.39 —44 -52 -20 10.92
—42 —42 -22 1534 —-46 —-46 —-20 11.87 —40 —-44 -22 10.57
46 —42 —24 14.63 48 —44 -22 10.07 44 —-42 -26 11.93
42 —14 -36 10.76 42 —14 -36 9.06 44 —-16 -34 595
4 -56 36 1556 4 -54 34 10.16 6 —56 36 1249
-10 -52 38 8.47
6 54 16 1575 6 54 18 1233 10 60 12 12.01
8 52 36 14.56 8 52 38 10.21 8 50 36 11.02
-8 52 36 8.20
0O 48 -26 11.60 0 50 -26 8.52 4 50 =22 871
10 40 50 1003 10 38 52 797 14 40 50 6.81
10 16 64 12.80 8 18 62 903 10 16 64 9.56
26 24 42 999 26 24 40 6.12 22 26 44 936
—38 2 46 8.52 —40 4 48 6.37
48 8 46 1235 46 6 46 837 44 12 46 9.69
26 24 42 491 26 24 40 6.12 22 26 44 936
52 32 -2 1857 52 32 -2 1265 52 32 0 14.12
56 30 12 1771 56 30 12 12,12 54 32 10 13.49
-46 16 22 1256 -50 18 20 837 —-44 16 24 10.60
-50 30 -4 1096 —-46 32 -6 752 -52 30 -4 886
16 =78 —44 1202 16 -78 —-44 922 18 —-76 —44 7.89
24 =76 -36 1231 24 -78 -36 951 24 -76 -34 8.07
—-18 —78 —44 1689 —-20 —-74 -34 1134 —-16 —-78 —44 11.66
-22 —-78 —40 16.52 —-24 —-80 —-38 13.49 -20 -74 -34 11.14

841.e7 www.jaacap.org

JOURNAL OF THE AMERICAN ACADEMY OF CHILD & ADOLESCENT PSYCHIATRY

VOLUME 51

NUMBER 8 AUGUST 2012




THE SOCIAL BRAIN IN ANOREXIA NERVOSA

TABLE S3 Continued

AN and HC HC AN
Anatomical Region H BA x y z t x y z t x y z t
Amygdala L —-24 -4 =26 947 -24 -4 -28 636 -24 -6 -26 7.26
Amygdala L -20 -6 -22 938 -18 -6 -22 691 —-18 -8 —-18 6.60
Amygdala R 20 -6 —-18 1237 20 -6 —-18 900 20 -6 —18 8.52
Thalamus L -6 —12 4 935 -6 —-10 0 609 -6 —-12 -4 9.3
Thalamus R 6 -10 4 12.60 8 —10 4 9.08 6 —-12 4 7.38

Note: Statistical Parametric Maps were thresholded at p < 0.001 corrected for multiple comparisons (familywise error corrected voxel level), extent
threshold k >30; x, v, z refer to Montreal Neurological Institute ([MNI] coordinates of local peaks of activation for the contrast ToM versus non-ToM,
irrespective of time point. AN = anorexia nervosa; BA = Brodmann area; H = hemisphere; HC = healthy controls; L = left; R = right; STS = superior

temporal sulcus; TP = temporoparietal junction.

FIGURE S2 Brain activation for the theory of mind (ToM) versus non-ToM tasks. Note: Statistical Parametric Maps
(SPMs) depicting the contrast ToM > non-ToM for each group separately and for the combined contrast across
participant group. Results are thresholded at p < .05 (familywise error [FWE] corrected, voxel level).

all subjects
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FIGURE S3 Effects of morphometric variations and group difference on the blood oxygen level dependent (BOLD)
signal. Note: Statistical parametric maps (SPMs) depicting the results of an analysis of covariance (ANCOVA)
performed using the biological parametric mapping toolbox'® for both time points (Supplement 1, available online,
provides details of the analysis). For illustrative purposes, SPMs are thresholded at p < .05 (uncorrected, voxel-level).
Only the clusters for the group effect (irrespective of morphometric variations) were significant at p < 0.05 (voxel-

level, corrected for multiple comparisons, region of interest [ROI]). T1 = admission to hospital; T2 = discharge from
in-patient treatment.
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FIGURE $4 Contrast estimates of significant between group differences. Note: Mean contrast estimates for anorexia

nervosa (AN) patients (in blue) and the control group (in green). Contrast estimates were calculated for peak activated
voxels emerging in the interaction contrast (theory of mind [ToM] > non-ToM)heuhh), controls = (TOM > non-ToM)

patients

with anorexia, across both time points (Figure 1, Table 3). Coordinates of are given in Montreal Neurological Institute
(MNI) space. Error bars indicate 90% confidence infervals. Contrast estimates (contrast: ToM — non-ToM) were
calculated separately for AN patients and healthy controls and both time points (admission to hospital [T1], discharge
from in-patient treatment [T2]), respectively. Contrast estimates are in arbitrary units. They do not reflect an estimate
of the effect size and are depicted here for visualization purposes. For statistical inference, a statistical parametric
map (SPM) analysis was performed.
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TABLE S4  Significant Activation for the Comparison of Bumper > Physical Task

AN and HC HC AN

Anatomical Region H BA x y z t x y z t x y z t

Bumper > physical
Inferior occipital gyrus 18 —28 -98 —-12 1529 -28 -98 -12 11.07 -26 -100 -12 10.71
Inferior occipital gyrus 18 40 -92 -6 14.18 40 -92 -6 10.60
Inferior occipital gyrus 17 26 -100 -8 1410 26 -100 -8 981 26 —-100 -8 10.14
Inferior temporal gyrus 37 52 -70 -12 781 56 —66 —-12 616 48 =70 —-12 6.78
Right postcentral gyrus 2 38 -30 46 675 38 -92 -6 985
Right postcentral gyrus 1 62 -10 38 6.58 62 —-10 34 527
Precuneus -20 -48 10 6.85

Cerebellum -28 -82 -38 577

Note: Statistical Parametric Maps (SPMs) were thresholded at p < 0.05 corrected for multiple comparisons at the voxel level (familywise error correction),
extent threshold k > 30, x, y, z refer to Montreal Neurological Institute (MNI) coordinates of local peaks of activation for the contrast non—theory of mind
(ToM) [bumper] versus non-ToM [physical], irrespective of time point. AN = anorexia nervosa; BA = Brodmann area; H = hemisphere; HC = healthy
controls; L = left; R = right.
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