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Background: Among individuals with schizophrenia, deficits in theory of mind (ToM) skills predict poor social functioning. Therefore,
identifying the neural basis of ToM may assist the development of treatments that improve social outcomes. Despite growing evidence that
the ventromedial prefrontal cortex (VMPFC) facilitates ToM skills among healthy individuals, methodological challenges, such as the
influence of general cognitive deficits, have made it difficult to identify the relationship between ToM processing and VMPFC function in
schizophrenia.

Methods: We used voxel-based morphometry and a multi-method behavioral assessment of ToM processing, including performance-
based (Recognition of Faux Pas Test), self-report (Interpersonal Reactivity Index, Perspective-Taking), and interview-rated (Quality of Life
Scale-Empathy score) ToM assessments, to investigate whether ToM skills were related to VMPFC gray matter volume (GMV). Standardized
neuropsychological measures were used to assess global cognition. Twenty-one schizophrenia and 17 healthy control subjects participated.

Results: Between-group behavioral analyses showed that, as compared with healthy participants, schizophrenia participants had worse
ToM performance and lower self-reported ToM processing in daily life. The between-group analysis of GMV showed that schizophrenia
participants had less VMPFC GMV than healthy participants. Moreover, among schizophrenia participants, all three measures of ToM
processing were associated with VMPFC GMV, such that worse ToM skills were related to less VMPFC GMV. This association remained strong
for self-reported and interview-rated ToM skills, even when controlling for the influence of global cognition.

Conclusions: The findings suggest that among individuals with schizophrenia, reduced VMPFC GMV is associated with deficits using ToM

skills to enhance social relationships.
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nia that often persists despite treatment (1,2). Although tre-

mendous resources are devoted to improving this aspect of
iliness, such efforts are hampered by limited knowledge regarding
the underlying neural mechanisms that support social relation-
ships. Identifying these mechanisms is necessary to develop tar-
geted, effective treatments that improve social functioning among
individuals with schizophrenia.

Successful social functioning depends on the capacity to under-
stand how another person’s perspective influences their thoughts,
feelings, and behavior. This capacity is operationalized as “mental-
izing” or “theory of mind” (ToM) skills. Developing meaningful inter-
personal relationships requires the use of ToM skills, such as perspec-
tive taking, to empathize with others (i.e., “cognitive empathy”). These
advanced ToM skills require the integration of cognitive and affec-
tive mentalizing and can be assessed with behavioral tasks, self-
report questionnaires, or interview-based instruments.

Individuals with schizophrenia have severe ToM deficits as dem-
onstrated by poor behavioral performance on advanced ToM tasks,
such as recognizing a social faux pas (3-11), as well as self-reports
and close-other reports of deficient use of ToM skills, such as per-

S ocial dysfunction is a disabling clinical feature of schizophre-
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spective taking, to empathize with others (12,13). These impair-
ments are observable in premorbid, active, and remitted stages of
illness (3,14-16); they prospectively predict a schizophrenia diag-
nosis (17), and uniquely predict social functioning in schizophrenia
patients (6,18 -20). These observations suggest that identifying the
biological basis of ToM deficits may provide important information
about neurocognitive processes for which remediation and treat-
ment could have functional benefits.

Research in healthy individuals demonstrates that ToM skills are
supported by a network of brain regions, including dorsomedial
prefrontal cortex, ventromedial prefrontal cortex (VMPFC), superior
temporal cortex, posterior cingulate cortex, and temporal poles
(21-24). Among these, VMPFC may provide the most crucial func-
tions. Neuroimaging studies consistently demonstrate VMPFC ac-
tivity during ToM tasks (23,25,26), and VMPFC lesions result in ToM
deficits, including the recognition of faux pas (27), as well as self-
reports and close-other reports of diminished empathy and per-
spective taking in social relationships (27-31).

Schizophrenia is associated with structural and functional ab-
normalities in the VMPFC (32-34), suggesting that VMPFC dysfunc-
tion could contribute to ToM deficits and subsequent conse-
quences in social relationships. However, thus far, evidence for this
brain-behavior association is inconclusive. Methodological short-
comings of both neural and behavioral assessments might obscure
the underlying relationship between VMPFC and ToM skills.

Most neuroscience-based investigations of ToM processing in
schizophrenia collect functional neuroimaging data during perfor-
mance of a ToM task. Although several studies demonstrate the
predicted pattern of less VMPFC activity in schizophrenia versus
healthy participants (35), other studies using similar tasks show a
different or opposite pattern (36,37). These findings highlight a
methodological challenge of using functional magnetic resonance
imaging to understand cognitive deficits in schizophrenia. Neural
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activity during task performance is influenced by attention and
effort— hypoactivity can reflect lack of attention and hyperactivity
can reflect additional effort (38,39). These epiphenomena can ob-
scure true brain-behavior relationships.

Alternatively, structural neural assessments, such as gray matter
volume (GMV), are collected independent from task performance,
so the neural measurement is not confounded by state effects.
Nevertheless, identification of a reliable relationship between
VMPFC structure and ToM depends on valid and specific behavioral
assessments of ToM skills. This is a challenging requirement. Accu-
racy on performance-based ToM tasks is partially dependent on
general cognitive skills, such as executive function (40), and can be
influenced by state effects, such as attention or effort. Furthermore,
while some research shows that poor performance on ToM tasks
predicts social functioning (6), other studies show no relationship
(41). This suggests that while performance-based measures may
assess cognitive capacity for ToM, they do not account for the
motivation or success in using these skills to enhance social rela-
tionships, which may be better evaluated via self-report and inter-
view-based functional assessments. However, standard functional
assessments of social relationships often encompass multiple sub-
components of social functioning into one overall functional out-
come score. Although certain outcome variables, like marital or
occupational status, may depend on ToM skills, they also depend
on many other factors that have different neural and environmental
influences. Therefore, identifying the neural basis of ToM in schizo-
phrenia requires converging evidence from complementary neuro-
imaging and behavioral methods.

We address these methodological challenges by investigating
the relationship between neural structure and three different be-
havioral assessments of ToM processing. First, we use optimized
voxel-based morphometry (VBM) to investigate the relationship
between VMPFC neural structure (i.e., gray matter volume) and ToM
processing among schizophrenia participants. Second, we use mul-
tiple measures of ToM processing, including behavioral perfor-
mance on an advanced ToM task (Recognition of Faux Pas Test),
self-reported tendency to engage in perspective taking (Interper-
sonal Reactivity Index [IRI] Perspective-Taking subscale), and an
interview-based assessment of the capacity and tendency to con-
sider the perspectives and emotions of others (Quality of Life Scale-
Abbreviated [QLS] empathy score). Each measure assesses the abil-
ity to integrate both cognitive and affective components of ToM
processing in the service of understanding others. Moreover, this
multimethod approach addresses not only the cognitive capacity
to understand the mental and emotional states of others but also
the effectiveness in using that capacity to enhance relationships in
daily life. Third, we investigate whether controlling for general cog-
nitive performance influences the relationship between ToM pro-
cessing and GMV in schizophrenia. Finally, we investigate between-
group differences to replicate previously established deficits in
schizophrenia and to identify whether the relationship between
ToM and GMV is significantly different in schizophrenia than
healthy participants. Given prior evidence that schizophrenia is
associated with both VMPFC gray matter (GM) loss and ToM deficits
on these specific measures, we expect that the relationship be-
tween ToM skills and VMPFC GMV will be stronger in schizophrenia.

Methods and Materials

Participants

Participants included 21 volunteers with schizophrenia (SZ) or schizo-
affective disorder and 17 healthy control (HC) subjects. Table S1in Supple-
ment 1 summarizes demographic data. Schizophrenia subjects were re-
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cruited from outpatient clinics and community mental health centers.
Standardized diagnostic and clinical evaluations were performed by clini-
cal psychology doctoral students and supervised by a clinical psychologist
(M.F.) and psychiatrist (S.V.). Diagnosis was assessed with the Struc-
tured Clinical Interview for DSM-IV Disorders (42) and information
from the subject’s caretaker, medical team, and medical record.
Symptom severity was assessed with the Positive and Negative
Syndrome Scale-Extended (43,44). Functioning was assessed with
the Quality of Life Scale-Abbreviated (45). IQ was assessed with the
Wechsler Abbreviated Scale of Intelligence (46). Positive and Nega-
tive Syndrome Scale-Extended and QLS interviews were conducted
by two assessment personnel; a consensus rating was reached for
each item (intraclass correlation coefficients > .85).

Inclusion criteria were schizophrenia or schizoaffective disorder,
age 18 to 60 years, and primary English speaker. Exclusion criteria
were neurological or major medical illness, substance dependence
within 6 months, and prior head injury.

Healthy participants were screened for psychiatric, neurologic,
and general medical problems with self-report questionnaires and
a structured clinical interview that assessed past and present psy-
chiatric symptoms, psychological/psychiatric service use, medica-
tion use, academic history, and general health. Schizotypy was as-
sessed with the Schizotypal Personality Questionnaire (47).
Exclusion criteria were psychotropic medication use, past or pres-
ent psychiatric or neurologic disorder, prior head injury, and Schizo-
typal Personality Questionnaire > 30. Screening was conducted by
trained research staff and supervised by a clinical psychologist
(C.ILH.). University of California, Berkeley and San Francisco ethical
review boards approved the study. Participants gave written in-
formed consent and received payment for participation.

Theory of Mind Assessments

ToM Performance: The Recognition of Faux Pas Test. The
Recognition of Faux Pas Test (27,48) (henceforth called FP task) was
used to assess ToM performance. The FP task was chosen because
performance depends on VMPFC structural integrity (27,30,31).
Schizophrenia patients have performance deficits (9,11), and these
deficits are correlated with VMPFC-mediated cognitive processes
(9). The FP task assesses the ability to recognize and understand
when someone unintentionally says or does something that hurts
or offends another person. Successful performance requires the use
of perspective taking to understand the speaker’s knowledge and
listener's feelings. The original task was divided into two forms
containing 10 social scenarios (5 scenarios contained a faux pas).
(Two forms were created for later use in a treatment study; there
were no performance differences between the two forms). The
experimenter read each scenario aloud. Participants referred to a
printed copy, as necessary, to minimize memory demands.

Participants received a faux pas (FP) score for recognizing and
understanding faux pas and a content score for understanding
story facts. Recommended scoring procedures were followed (27).

Example FP scenario:

Helen'’s husband was throwing a surprise party for her birthday.
He invited Sarah, a friend of Helen'’s, and said, “Don’t tell anyone,
especially Helen.” The day before the party, Helen was over at
Sarah'’s and Sarah spilled some coffee on a new dress that was
hanging over her chair.”Oh!” said Sarah, "I was going to wear this
to your party!” "What party?” said Helen. “"Come on,” said Sarah,
"Let’s go see if we can get the stain out.”

FP Question: Did anyone say something they shouldn’t have
said or something awkward?
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If “yes”, ask follow-up questions. If “no” skip to content
questions:

Who said something they shouldn’t have said or something
awkward?

Why shouldn’t he/she have said it or why was it awkward?
Why do you think he/she said it?

Did Sarah remember that the party was a surprise party?
How do you think Helen felt?

Content questions:

In the story, who was the surprise party for?

What got spilled on the dress?

For FP scenarios, correct detection of faux pas and each
follow-up question was worth one point each. For non-FP scenar-
ios, correct rejection of faux pas was awarded two points and no
follow-up questions were asked. Misidentification of a faux pas
(when none had occurred) was awarded zero points and follow-up
questions were asked but not scored. The FP score included perfor-
mance on all scenarios (FP + non-FP), excluding content scores.
Content scores included performance on content questions (one
point each) for all scenarios.

ToM Self-Report: Interpersonal Reactivity Index, Perspec-
tive-Taking Subscale. The Interpersonal Reactivity Index (49,50)
is a 28-item self-report questionnaire with four subscales assessing
different components of empathy. The Perspective-Taking sub-
scale assesses the tendency to use ToM skills (perspective taking) in
interpersonal relationships. VMPFC lesion patients demonstrate
low perspective-taking scores (28,51) and perspective-taking
scores are correlated with FP task performance (30,31). Schizophre-
nia participants have lower than normal perspective-taking scores
(13,52) and their perspective-taking scores are correlated with per-
formance on VMPFC-mediated cognitive processes (52). Example
items (rated 0-4) include: “l try to look at everybody’s side of a
disagreement before | make a decision,” and “When I'm upset at
someone, | usually try to ‘put myself in his shoes’ for a while.”
Item ratings are summed for each subscale. All subscales are
described in Supplement 1.

ToM Interview-Rated: Quality of Life Scale-Empathy Score. The
empathy score of the Quality of Life Scale-Abbreviated (45,53) was
used to assess interviewer-rated ToM skills. The QLS is a 7-item
semistructured clinical interview to assess empathy, motivation,
anhedonia, interpersonal relations (number of acquaintances, so-
cial initiative), occupational functioning, and environmental en-
gagement. For each item, the participant is asked several questions
by an interviewer who then determines a rating on a 0 to 6 scale.
The empathy score assesses the “capacity to regard and appreciate
another person’s situation as different from his own—to appreciate
different perspectives, affective states, and points of view” (45). A0
rating indicates “no capacity to consider the views and feelings of
others”; a 6 rating indicates “spontaneously considers the other
person’s situation in most instances, can intuit the other person’s
affective responses, and uses this knowledge to adjust his own
response.” The QLS was designed specifically for schizophrenia re-
search, so this measure was not used with healthy participants.

Global Cognition
Global cognition was assessed with the Measurement and Treat-
ment Research to Improve Cognition in Schizophrenia (MATRICS) bat-
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tery (54). All MATRICS-recommended cognitive domains were as-
sessed except attention (due to software difficulties). Raw scores were
converted to age-adjusted Z scores, and a global cognition composite
score was computed as the average Z score across all measures.

Magnetic Resonance Imaging

High-resolution T1-weighted structural magnetic resonance im-
ages were acquired with a Varian INOVA 4T-scanner (Palo Alto, Califor-
nia) using an oblique-axial magnetization-prepared fast low-angle
shot high-resolution sequence: repetition time = 9 milliseconds, echo
time = 5 milliseconds, field of view = 224 cm X 224 cm X 19.8 cm,
matrix size = 256 X 256 X 128, resolution = .875 mm X .875 mm X
1.55 mm.

Magnetic resonance images were processed with VBM (55) in
Statistical Parametric Mapping (SPM8; http://www:.fil.ion.ucl.ac.uk/
spm/software/spm8) using the recommended processing se-
quence (56). Images were reoriented to the intercommissural
plane, segmented into GM and white matter tissues, normalized,
resliced (2 X 2 X 2 mm?voxels), modulated with Jacobian determi-
nants, and smoothed 8-mm full-width at half maximum. Modula-
tion was used to retain the same gray matter volume as the original
(nonnormalized) images (56,57). An 8-mm smoothing kernel was
used because larger kernels (10-12 mm) can miss group differ-
ences in small structures, whereas smaller kernels (4-6 mm) can
produce false-positive findings (32,58). Normalized, modulated,
smoothed images were submitted to group-level analyses.

Statistical Analyses

Between-Group Differences. Repeated measures analysis of
variance (ANOVA) and independent sample t tests were used to test for
differences between schizophrenia and healthy participants on be-
havioral ToM measures. Because these tests were conducted to repli-
cate prior findings, results are considered significant at p < .05
(one-tailed).

Regional differences in GMV between schizophrenia and
healthy participants were investigated across the whole brain using
atwo-sample t test with total intracranial volume and global signal
intensity as nuisance variables (59,60). Total intracranial volume (sum
of GM, white matter, and cerebral spinal fluid) was calculated on each
subject and included as a nuisance variable at the second level. Vari-
ance in global signal intensity across scans was controlled for with the
analysis of covariance option for global normalization in the second-
level model. The statistical threshold was p <.05, whole-brain family-
wise error correction, 20 voxel/160 mm extent.

Regression Analyses. Pearson bivariate correlations were
used to examine relationships between behavioral variables.

To identify regions where GMV loss in schizophrenia was
related to ToM skills, multiple regression analyses were con-
ducted within the schizophrenia group. Separate multiple re-
gressions were conducted for each ToM variable: FP score, IRI
perspective taking, and QLS empathy. In each regression, the
behavioral score was the covariate of interest predicting GMV
while controlling for total intracranial volume and global signal
intensity. The regression analysis for FP score also controlled for
content score. Regressions for FP score and IRI perspective tak-
ing were conducted among healthy participants. To verify that
the findings in schizophrenia were not explained by variation in
general cognition, each regression was conducted controlling
for MATRICS global cognition score. To identify whether the
findings were specific to schizophrenia, we investigated the in-
teraction between group (SZ/HC) and ToM GMV correlation by
conducting two ANOVA analyses: group * FP score and group *
IRl perspective taking.
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Figure 1. (A) The orange outline shows ventromedial pre-
; g frontal cortex (VMPFC) region of interest (ROI) mask. The
(VMPFC) Region of Interest VMPFC mask includes the anterior and ventral portions of the
anterior cingulate as it wraps around the genu of the corpus
callosum (Brodmann areas [BA] 24, 25), extending anteriorly
toinclude the cingulate sulcus and paracingulate gyri (BA 32),
as well as the inferior, medial portions of the superior frontal
gyrus (BA 9,10, 11). The most superior portion of the ROl mask
drawn here is also referred to as medial prefrontal cortex in
the literature. Boundaries for Brodmann areas are taken from
the MRIcron (http://www.cabiatl.com/mricro/mricron/index.
html) Brodmann template. (B) Between-group comparison of
schizophrenia and healthy control participants. Yellow clus-
ters are regions where schizophrenia participants show less
gray matter than healthy control participants within the
VMPFC ROI mask (outlined in orange).

J*W Ventromedial Prefrontal Cortex

B. Regions with less gray matter volume for
Schizophrenia as compared to Healthy Control

— -

zk o

t=5.95

The statistical threshold was p < .001, uncorrected for multiple taking = 17.05[4.68], healthy: perspective taking = 19.73[446], t = 1.71,
comparisons. A VMPFC region of interest mask was created in WFU p = 048 [one-tailed]). Quality of Life Scale-Abbreviated empathy score
PickAtlas (http://fmriwfubmc.edu/software/PickAtlas) (61,62) with  was 4.14(1.11) for schizophrenia participants. These results are similar to

boundaries defined according to recent literature (25,63-65) (Fig- previous findings on these measures (9,13,52).

ure 1A). Small volume correction (family-wise error, p < .05) was Bivariate correlations were used to investigate whether the ToM

conducted for right/left VMPFC. measures were related to one another and/or to global cognition
among schizophrenia participants. There were no significant corre-

Results lations between the three ToM measures among schizophrenia

participants; however, IRl perspective taking was related to FP score
attrend level (r = .40, p = .08) and nonsignificantly to QLS empathy

participants were significantly worse than healthy participants at under- (= -35,P =.1).These nonagmﬁcantﬁndmgs could be due to small
standing faux pas. Repeated measures ANOVA showed a significant ~ SamPple size; power analyses on these data indicated that n = 45 is
group (SZ/HC) by question type (faux pas/content) interaction, such that necessary to show a significant relationship between these vari-
schizophrenia participants were significantly worse than healthy partici-  ables at p <.05 (two-tailed). There was no relationship between FP
pants at understanding faux pas but not factual content (reported as  Score and QLS empathy (r = .004, p = .99). Global cognition was
9%correct mean[SD]: schizophrenia: FP = 70[20], content = 93[12]; healthy: significantly related to FP score (r = .57, p = .007) but not IRI
FP = 94[9], content: 96[6]; group * question interaction: F = 13.99, p = perspective taking (r = .31, p = .18) or QLS empathy (r = —.11,p =
.001). Schizophrenia participants also reported less perspective taking (IRl .62). None of the ToM variables were related to symptom severity
perspective taking) than healthy participants (schizophrenia: perspective (Positive and Negative Syndrome Scale-Extended positive, nega-

Behavioral Results
Table S1 in Supplement 1 shows all behavioral results. Schizophrenia

Table 1. Whole-Brain Analysis of Between-Group Differences Showing Regions Where Schizophrenia Participants Have Less Gray Matter Volume as
Compared with Healthy Control Participants

Brodmann Volume in
Anatomical Region R/L Area Voxels (mm) X y z° t Value
Superior Frontal Gyrus/Supraorbital Sulcus (VMPFC) L 11 70 (560) —4 54 —-12 7.85
Inferior Frontal Gyrus—Pars Orbitalis L 47 86 (688) —54 38 —4 7.79
Precentral Gyrus R 4 46 (368) 38 —28 66 7.72
Cerebellum L NA 46 (368) -8 —78 —-22 7.33
Middle Temporal Gyrus L 21 70 (560) —66 —24 —-12 7.26
Inferior Temporal Gyrus; Posterior Portion L 37 23 (184) —54 —58 -18 7.23
Superior Temporal Gyrus; Anterior Portion R 22 42 (336) 68 —4 6 7.08
Precentral Gyrus/Rolandic Operculum R 6 23 (184) 62 10 12 6.99
Superior Frontal Gyrus-Medial Portion R 32,9 24 (192) 4 50 32 6.95
Anterior cingulate cortex (VMPFC) L 10 20 (160) —4 52 8 6.73
Superior Frontal Gyrus-Medial Portion (VMPFC) L 32,10 22 (176) -2 56 22 6.66

Threshold: p < .05, family-wise error with 20-voxel (160 mm) cluster extent. Clusters within the ventromedial prefrontal cortex region of interest are
labeled as VMPFC.

L, left; NA, not applicable; R, right; VMPFC, ventromedial prefrontal cortex.

“Peak voxel x, y, z coordinates are in Montreal Neurological Institute template space.
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Table 2. Regions Across the Whole Brain Showing a Relationship Between ToM and GMV Among Schizophrenia Participants

Brodmann Volume in
Anatomical Region R/L Area Voxels (mm) X y z° t Value
ToM Performance: Recognition of Faux Pas Test and
GMV
Superior frontal gyrus (a portion is within VMPFC) R 32,9 43 (344) 18 46 22 5.31
Superior temporal gyrus® R 22 16 (128) 66 —34 14 5.20
Superior temporal sulcus L 22 19 (152) —52 -8 —-12 4.86
Middle cingulate/supplementary motor cortex R 4,23 15 (120) 12 —26 50 441
Superior frontal gyrus; anterior, dorsal portion R 9 15 (120) 16 44 48 436
Superior parietal gyrus R 7 6 (48) 30 —74 52 4.24
Anterior cingulate cortex (VMPFC)© L 32,10 3(24) -8 44 2 4.14
Middle occipital gyrus L 19 9(72) —28 —82 24 4.01
Anterior cingulate/cingulate sulcus (VMPFC)* L 32,10 7 (56) -8 52 16 3.96
Superior frontal gyrus/superior orbital gyrus L 1 4(32) —14 56 -6 3.96
Anterior cingulate cortex (VMPFC) R 32,10 7 (56) 12 50 0 3.87
ToM Self-Report: Interpersonal Reactivity Index
Perspective-Taking and GMV
Hippocampus R 20 87 (696) 40 -16 —18 5.99
Anterior cingulate cortex (VMPFC)*% L 10 100 (800) -10 44 -2 5.46
Supplementary motor area L 6 24 (192) —-16 —-12 62 5.05
Superior temporal gyrus/Heschl’s gyrus L 48 12 (96) -36 —28 8 4.98
Rolandic operculum/insula (SRC) L 48 50 (400) —40 —14 20 497
Middle occipital gyrus; posterior portion R 18 14 (112) 26 —98 2 4.65
Precuneus L 31 14 (112) —22 —48 40 4,52
Rolandic operculum/insula (SRC) R 48 11 (88) 40 —14 18 4.36
Middle frontal gyrus; anterior L 46 5 (40) -32 42 20 4.23
Middle occipital gyrus; posterior portion R 18 7 (56) 34 —84 4 4.2
Posterior cingulate cortex R 17 5 (40) 22 —60 10 3.84
ToM Interview-Rated: Quality of Life Scale-Empathy
and GMV
Superior frontal gyrus R 9 16 (128) 18 60 36 6.42
Middle frontal gyrus; anterior portion R 46 38 (304) 26 52 22 5.90
Anterior orbital gyrus R 1 18 (144) 32 58 —14 5.66
Middle cingulate gyrus R 32 45 (360) 12 14 42 5.59
Precentral gyrus L 6 10 (80) —-36 —-18 66 5.05
Middle cingulate gyrus (VMPFC) ¢ R 32 24 (192) 8 34 30 493
Superior frontal gyrus-medial portion (VMPFC)e L 10 29 (232) —14 56 6 490
Supplementary motor area L 6 6 (48) —-14 10 64 4.89
Inferior frontal gyrus-triangularis L 45 8 (64) —46 30 16 4.85
Posterior insula/rolandic operculum R 48 40 (320) 34 —28 26 4.69
Anterior cingulate/cingulate sulcus (VMPFC)?9 L 10 23 (184) -8 52 4 458
Anterior insula (SRC) R 48 42 (336) 26 28 0 4,54
Posterior insula/rolandic operculum L 48 26 (208) —-32 —30 24 4.44
Superior frontal gyrus; dorsal/anterior portion L 9 8 (64) —-22 44 32 443
Orbital frontal gyrus; anterior portion L 1 16 (128) -8 66 —14 431
Anterior cingulate/supraorbital sulcus R 10,11 9(72) 4 46 —10 4.29
Precentral gyrus L 6 11 (88) —-32 —-12 54 4.26
Middle frontal gyrus L 46 7 (56) —36 36 34 4.07
Anterior cingulate cortex (VMPFQ) R 32 4 (32) 8 44 8 3.82
Middle frontal gyrus L 46 6 (48) -32 44 24 3.78
Superior frontal gyrus/cingulate sulcus (VMPFC)?® R 10 2 (16) 10 58 4 3.70

Statistical threshold p <.001 (uncorrected); clusters not within VMPFC region of interest must exceed five voxels. Clusters designated as VMPFC are within
the VMPFC ROI. Small volume corrections for multiple comparisons were applied to all clusters in the VMPFC and superior temporal cortex. Footnotes b
through e designate results after correcting for multiple comparisons and after controlling for global cognition.

GMV, gray matter volume; L, left; R, right; ROI, region of interest; SRC, somatosensory related cortices; ToM, theory of mind; VMPFC, ventromedial prefrontal
cortex.

“Peak voxel x, y, z coordinates are in Montreal Neurological Institute template space.

bwithout controlling for global cognition, region is significant at p < .05, family-wise error with small volume correction using masks made from WFU
PickAtlas: VMPFC ROI (Figure 1) and the superior temporal gyrus (anatomically defined).

“‘When controlling for global cognition, region is significant at p < .005 (uncorrected); x, y, z coordinates: —8, 52, 16;t = 3.2, p = .003; —8, 44, 2; t = 3.04,
p = .004.

“When controlling for global cognition, region is significant at p < .001 (uncorrected).

“When controlling for global cognition, region is significant at p < .05, family-wise error with small volume correction.
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@ ToM Performance:
Recognition of Faux Pas

@ ToM Self-Report:

IRI Perspective-Taking

Figure 2. Overlay of three separate regression analyses showing where theory of mind (ToM) skills are significantly related to gray matter volume (GMV)
among schizophrenia participants. ToM is assessed by: 1) behavioral performance on the ToM task—The Recognition of Faux Pas Test (green); 2) self-reported
ToM skills in daily life as measured by the questionnaire—Interpersonal Reactivity Index (IRI) Perspective-Taking subscale (yellow); and 3) an interview-based
rating of the capacity to use ToM skills in the participant’s own interpersonal relationships, measured with the Quality of Life Scale (QLS)-Empathy score (red).
The data show that, among schizophrenia participants, worse ToM skills are related to less GMV. Data within the bilateral ventromedial prefrontal cortex are
displayed at threshold p < .001. Regressions are not controlling for global cognition.

tive, and disorganized subscales). Among healthy participants, FP
score was not related to IRI perspective taking (r = —.37, p = .19).
Table S2 in Supplement 1 shows correlations.

VBM Results

Gray Matter Volume Differences Between Groups. Table 1
lists regions where schizophrenia participants showed less GMV
than healthy participants. As expected, schizophrenia participants
had significantly less VMPFC GMV than healthy participants (Figure
1B). These findings replicate research showing VMPFC GMV reduc-
tions in schizophrenia (32-34). Schizophrenia participants also had
less GMV in the superior temporal gyrus (STG) and lateral prefrontal
cortex, which is consistent with prior findings (32-34).

Relationship Between ToM Skills and GMV. Among schizo-
phrenia participants, three separate multiple regressions were con-
ducted to investigate the relationship between our three ToM mea-
sures (Faux Pas score; IRl perspective taking; QLS empathy) and
GMV. All three ToM measures were significantly associated with
VMPFC GMV, such that worse ToM skills were associated with less
GMV (Table 2, Figure 2). When controlling for global cognition,
self-reported IRl perspective taking and interview-rated QLS empa-
thy were still significantly related to VMPFC GMV, but the relation-
ship between FP task performance and VMPFC GMV was reduced
just below statistical threshold (from p <.001 to p < .005) (Table 2;
Table S4 in Supplement 1). The relationship between all three
ToM measures and VMPFC GMV remained significant when con-
trolling for age, medication, and illness duration (Tables S7-S9in
Supplement 1).

Healthy participants also showed a relationship between ToM
and VMPFC GMV (Table S10 in Supplement 1); however, it was
relatively weak. Faux pas score correlated with VMPFC GMV in two
voxels and the IRI perspective-taking correlation was subthreshold
(p = .002).

Between-Group Differences in the Relationship Between
ToM and GMV. Group * ToM measure interaction analyses
showed that the relationship between ToM and VMPFC GMV was
stronger for schizophrenia participants than healthy participants
(Figure 3; Table S11 in Supplement 1).

Discussion

Using a multimethod assessment of ToM skills and optimized
VBM analysis, we found that among schizophrenia participants,
three different measures of advanced ToM skills were significantly
related to VMPFC GMV: 1) behavioral performance in the ability to
recognize and understand social faux pas; 2) self-reported ten-
dency to engage in perspective taking in daily life; and 3) an inter-
view-based rating of the person’s capacity to understand different

www.sobp.org/journal

perspectives and affective states in their own social relationships.
For each measure, worse ToM skills were related to less VMPFC
GMV. In addition, the relationship between ToM and VMPFC GMV
was stronger for schizophrenia than healthy participants, suggest-
ing a close link between the VMPFC GM loss characteristic of schizo-
phrenia neuropathology and the behavioral ToM deficits associ-
ated with risk, manifestation, and severity of schizophrenia
disorder. When controlling for global cognition among schizophre-
nia participants, the relationship between FP task performance and
VMPFC GMV was reduced to just under standard significance levels,
but the relationship between self-reported IRl perspective taking
and interview-rated QLS empathy and VMPFC GMV remained
strong. These results demonstrate that, in schizophrenia, GM loss in
the VMPFCis particularly associated with deficits using ToM skills to
enhance social relationships in daily life.

Our finding that global cognition was positively correlated with
ToM task performance, but not with self-report or interview-based
ToM measures, suggests that the performance-based MATRICS
global cognition measure shares common test-taking features with
the FP task, including the ability to sustain attention and/or tolerate
explicit performance assessments. This is consistent with results
from the MATRICS committee, who found higher associations be-
tween MATRICS cognitive scores and other performance-based
measures as compared with interview-based measures (66). In the
current study, the self-report and interview-based ToM measures
showed no correlation with global cognition and instead demon-
strated a strong and significant relationship with VMPFC, even
when controlling for general cognitive abilities.

These findings suggest that the qualitative ToM assessments
used here (i.e,, self-reported perspective taking and interview-rated
capacity for empathy) assess a fundamental construct related to
VMPFC function. Importantly, both the self-report and interview-
based ratings of ToM consider how a person sees themselves in
relation to others and how successfully they use that information to
enhance their social relationships. These processes require self-
reflection and self-monitoring to understand how another person’s
situation may be different from one’s own and to respond accord-
ingly. Using the self as a reference for understanding others is a
common psychological strategy (67) that may be closely aligned to
VMPFC function.

A primary VMPFC function is to monitor internal, affective states
and mediate the influence of those states on behavior (68). This
facilitates the use of past emotional experience to guide behaviorin
multiple contexts. VMPFC may support ToM processing by facilitat-
ing the use of one’s own experience to understand the experience
of others and guide behavior that enhances the social relationship
(69). In support of this, VMPFC activity is associated with autobio-
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Figure 3. Regions showing a significant interaction between group (schizophrenia [SZ]/healthy control [HC]) and the relationship between theory of mind
(ToM) and gray matter volume (GMV). (A, B) Results for the performance-based ToM measure, The Recognition of Faux Pas Test; (C, D) results for the
self-reported ToM measure, Interpersonal Reactivity Index (IRl) Perspective-Taking. Results for the Faux Pas task: (A) Regions where the correlation between
Faux Pas score and GMV is stronger for SZ participants than HC participants. The results show that faux pas scores are more strongly related to ventromedial
prefrontal cortex (VMPFC) GMV (three separate clusters) among SZ participants than among HC participants. Montreal Neurological Institute x, y, z
coordinates for the three separate clusters are 8, 40, —6; —6, 36, 12; and —10, 56, —2. (B) Regions where the correlation between faux pas score and GMV is
stronger for HC participants than SZ participants. The correlation between faux pas scores and middle frontal sulcus GMV was stronger for HC than SZ
participants. Results for IRI Perspective-Taking: (C) Regions where the correlation between IRl Perspective-Taking score and GMV is stronger for SZ participants
than HC participants. The results show that IRl Perspective-Taking scores are more strongly related to VMPFC GMV among SZ participants than among HC
participants. (D) Regions where the correlation between IRl Perspective-Taking score and GMV is stronger for HC participants than SZ participants. The
correlation between IRI Perspective-Taking scores and postcentral gyrus GMV was stronger for HC than SZ participants. Data shown at p <.001. L, left; R, right.

graphical memory retrieval (70), enhanced memory for self-
relevant and self-generated words (25), and evaluation of similarity
between self and others (71,72). Compared with healthy partici-
pants, schizophrenia participants have less VMPFC activity and
worse memory for self-relevant and self-generated words (73-75).
Among schizophrenia participants, less VMPFC GM is related to
worse self-insight (76,77) and deficits understanding the emotions
of others (65,78). Taken together, the data indicate that, in schizo-
phrenia, VMPFC structural and functional abnormalities are related
to deficits monitoring and using information relevant to the self in
the service of understanding others.

Our results also showed a relationship between ToM skills and
GMYV in other brain regions involved in ToM processing. Superior
temporal cortex (STQ), specifically STG, GMV was related to perfor-

mance-based and self-reported ToM skills. STC, including STG, is
robustly related to ToM processing (21,24). Moreover, data in
healthy adults show that STC activity during affective mentalizing is
related to self-reported perspective taking (79). STG GMV loss is a
core feature of schizophrenia pathology (32,34); reductions pre-
cede psychosis and continue throughout the early course of illness
(80,81).fMRI research shows that STG GMV deficits in schizophrenia
contribute to poor performance and abnormal activity (hypoactiv-
ity and hyperactivity) during ToM tasks (36). Thus, STG abnormali-
ties may contribute to social dysfunction in schizophrenia and need
further investigation. Self-reported and interview-based ToM
showed a relationship with GMV in the insula and somatosensory-
related cortex. These regions are involved in the experience, ex-
pression, and recognition of emotion (82,83). The current findings

www.sobp.org/journal



1176 BIOL PSYCHIATRY 2011;70:1169-1178

are consistent with research showing that somatosensory-related
cortex activity during affective mentalizing is related to self-re-
ported empathy measured with the IRl (26). In addition, all three
ToM measures showed a relationship with GMV in the dorsolateral
prefrontal cortex (DLPFC) (Brodmann areas 8, 9, 46). Schizophrenia
is associated with DLPFC functional and structural abnormalities
and related cognitive deficits (84). Although DLPFC is not identified
as specific or necessary for ToM processing, DLPFC deficits in
schizophrenia may contribute to difficulties using DLPFC-mediated
cognitive skills, such as attention and memory, in the service of ToM
reasoning. Consistent with this, DLPFC and ventrolateral prefrontal
cortex GM loss among schizophrenia participants is related to def-
icits identifying mental states (Mind in the Eyes task [85]) and de-
tecting faux pas (86).

Overall, the current results show a robust relationship between
GMV, particularly VMPFC GMV, and ToM skills. However, the direc-
tion of causation is not determined. Although evidence clearly
shows that social deficits develop after VMPFC lesions (68), animal
models also demonstrate that prolonged social isolation is related
to progressive VMPFC GM loss (87). Therefore, VMPFC GM loss as-
sociated with schizophrenia neuropathology could cause poor ToM
skills, but conversely, the social isolation experienced during pro-
gressive psychosis and the loss of opportunities to employ perspec-
tive taking, empathy, and other ToM skills could cause VMPFC GM
loss over time.

Ultimately, these issues have important implications for treat-
ment development, since they suggest that the targeted practice of
ToM skills could restore VMPFC function and possibly mitigate the
progressive GM loss associated with illness. It is now abundantly
clear that, in addition to targeting general cognitive abilities in
schizophrenia, specific treatment interventions that focus on social
cognition are necessary. As our data indicate, a focus on ecologi-
cally valid interpersonal cognitions and skills, such as perspective
taking, may be a high-yield approach that benefits patients behav-
jorally and addresses underlying compromises in VMPFC structure
and function.

Although results for healthy participants are reported, the ability
to interpret these ToM-GMYV findings is limited. The ToM measures
used here are particularly relevant for understanding ToM process-
ing in schizophrenia but less informative for understanding ToM in
healthy adults (e.g., recognizing faux pas was too easy for them).
Unfortunately, there are few behavioral tasks that are difficult
enough to adequately measure high-end ToM skills in healthy indi-
viduals. This is a major challenge for the field and indicates the need
for additional task development. Another study limitation is the
small and heterogeneous schizophrenia sample; the group was
predominantly male and included both schizophrenia and schizo-
affective participants. Future research could investigate the influ-
ence of gender and mood on GMV-ToM relationships.
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