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Abstract: Neurofibromatosis type 1 (NF1) is a common genetic condition associated with cognitive and
social dysfunction as well as abnormal brain structure. The pathophysiology underlying social dys-
function in NF1 is poorly understood. Here, we investigate for the first time whether there is a broad
deficit of social cognition in NF1 and explore the neural correlates for these deficits. Twenty-nine
adults with NF1 and 30 controls were administered an ecologically based test of social cognition, The
Awareness of Social Inference Test (TASIT), to identify deficits in emotion recognition and sarcasm
detection. We employed voxel-based morphometry in a subset of NF1 patients (n = 16) and 16 addi-
tional controls to examine the neural correlates of these deficits. Results indicated that adults with NF1
were impaired in their ability to understand paradoxical sarcasm and their capacity to recognize emo-
tion, particularly anger. TASIT performance was not associated with measures of attention, visuospa-
tial skills or executive function. Relative to controls, gray matter (GM) volume within the right
superior temporal gyrus (STG) was decreased, after controlling for total brain volume. Decreased vol-
ume in this region was significantly associated with social cognitive deficits in adults with NF1. We
conclude that patients with NF1 are at high risk for a social cognitive deficit and provide evidence for
a neuroanatomical basis for this deficit; GM volumetric reductions in the right STG. These findings
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improve our understanding of the nature of social interaction impairments in NF1 and add to the
growing body of literature indicating the STG as a critical brain region for social cognition. Hum Brain

Mapp 35:2372-2382, 2014.

© 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Neurofibromatosis type 1 (NF1) is a common, single
gene disorder with a birth incidence of approximately 1 in
2,700 births (Evans et al., 2010). Common physical features
include neurocutaneous stigmata, such as café-au-lait
spots, neurofibromas, skinfold freckling, and Lisch nodules
(National Institutes of Health, 1988). Although individuals
with NF1 typically have full scale IQ scores in the normal
range, specific neurocognitive impairments are common,
including visuospatial, language, executive function, and
attention deficits (Ozonoff, 1999, Hyman et al., 2005).
Structural and functional brain abnormalities are a feature
of NF1 and have been shown to contribute to cognitive
dysfunction (Payne et al., 2010). The NF1 gene is expressed
throughout the brain, both in neurons and glia (Daston
and Ratner, 1992, Zhu et al., 2005). Neurofibromin, the
protein product of NFI, plays a role in cell proliferation
and differentiation (Lee et al., 2010) and is thought to
impact on brain structure in patients with NF1. Indeed,
the most consistent finding has been an increase in total
brain volume, with increases in both gray (GM) and white
matter (WM) reported (Moore et al, 2000, Greenwood
et al., 2005, Payne et al., 2010). Anomalies in GM proper-
ties have been found to be particularly relevant to cogni-
tive dysfunction in NF1 (Said et al., 1996, Moore et al.,
2000, Steen et al., 2001).

In addition to cognitive impairment, social dysfunction
is a prominent feature of NF1. Increased social problems
(such as complaining of loneliness, does not get along
with others, not liked by others) as well as poorer social
skills and reduced social outcomes are reported in pediat-
ric NF1 cohorts (Johnson et al.,, 1999, Barton and North,
2004, Noll et al., 2007). Although there is limited research
on the social functioning of adults with NF1, qualitative
studies suggest that social dysfunction persists into adult-
hood, with social isolation a common feature (Benjamin
et al,, 1993, Ablon, 1996). NF1 is also associated with a
higher frequency of autism spectrum disorder (ASD)
symptomatology, with two recent articles reporting 14—
29% of children with NF1 are rated within the severe
range on a screening tool of ASD; a range said to be asso-
ciated with a clinical diagnosis of ASD (Garg et al., 2012,
Walsh et al., 2012). Given ASD is a disorder characterized
by impaired social interaction and deficits in social cogni-
tion (Baron-Cohen, 2000) these findings support the grow-
ing evidence for an association between NF1 and features

of ASD and highlight the importance of investigating the
cognitive/psychological mechanism underlying the social
difficulties in NF1.

The common occurrence of social dysfunction in a single
gene disorder such as NF1 provides a valuable opportu-
nity to explore its mechanistic and neuroanatomical basis.
Recently, Huijbregts and colleagues examined the emotion
and facial recognition skills of 32 children with NF1 and
32 controls using still photographs. They found that chil-
dren with NF1 displayed a weakness with facial recogni-
tion and the identification of emotions, specifically fear
and anger (Huijbregts et al., 2010). We propose that these
deficits are part of a wider impairment of social cognition
contributing to the social interaction difficulties experi-
enced by individuals with NF1. Social cognition is a broad
concept that includes a number of functions that allow an
individual to recognize, understand, and behave with
respect to socially relevant stimuli (Adolphs, 2001). The
term encompasses not only basic emotion recognition, but
also the ability to interpret higher order social inferences
such as sarcasm and deception (Macdonald et al., 2003).
These abilities require accurate processing and interpreta-
tion of paralinguistic cues (such as voice tone, facial
expression, body language) (Macdonald et al., 2003) as
well as “theory of mind”; the ability to attribute mental
states to self and others in terms of beliefs, attitudes,
thoughts and emotions (Premack and Woodruff, 1978,
Leslie, 1987).

Although the impact of social interaction impairments
can be profound, investigations into social cognition and
the neurobiological basis of social behavior disruptions in
NF1 have yet to occur. Advances in techniques for study-
ing brain-behavior relationships, such as functional MRI,
voxel-based morphometry and lesion-based studies have
led to increased focus on the link between specific brain
structures and impairments in emotion recognition and
theory of mind in several clinical disorders, particularly
schizophrenia and ASD (Baron-Cohen, 2000, Harrington
et al., 2005, Pinkham et al., 2008). Such structure/function
correlations, in addition to primate studies, have led to
neurobiological models of social cognition that provide the
foundation for understanding the neural network underly-
ing this function in the wider population (Brothers, 1990,
Adolphs, 2001). These models focus on regions within the
occipital and temporal cortices such as the fusiform gyrus
and superior temporal sulcus which underlie facial proc-
essing (Brothers, 1990, Haxby et al., 2000, Adolphs, 2001),
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and the amygdala, which is critical for recognizing emo-
tions from facial expressions, particularly those that signal
danger or threat (such as fear or anger) (Adolphs et al,,
1994, Young et al., 1995, Morris et al., 1996). Higher-order
aspects of social cognition, such as theory of mind, have
been found to be consistently associated with a network of
frontotemporal structures. A review of 40 theory of mind
studies reported that the medial prefrontal cortex and
orbitofrontal cortex were implicated in over 88% of stud-
ies, the cingulate cortices in 55%, and the superior tempo-
ral sulcus in 45% of studies (Carrington and Bailey, 2009).

A recent study utilizing whole brain imaging methods
in NF1 revealed structural anomalies in a number of key
brain regions that form part of the network associated
with social cognition. Duarte et al. (2012) compared GM
and WM brain volume in 20 adults with NF1 and 35 con-
trols and found increased WM in the anterior and poste-
rior cingulate gyrus and parahippocampal gyrus in the
NF1 group. Increases in GM were also documented in the
fusiform gyrus and parahippocampal gyrus. Reductions in
GM volume were reported in the posterior cingulate, and
superior temporal gyrus.

On the basis of the structural anomalies recently identi-
fied in the frontotemporal network (Duarte et al., 2012), as
well as the high frequency of social impairment docu-
mented in NF1, the current study aimed to determine
whether deficits in social cognition are present in adults
with NF1 and to understand the neuroanatomical corre-
lates of these deficits. The following hypotheses were
proposed: (i) NF1 is associated with impairments in
higher-order social cognition and emotion recognition; (ii)
higher-order social cognitive impairments correlate with
structural abnormalities in the ventromedial prefrontal cor-
tex, orbitofrontal cortex, the superior temporal gyrus and
the cingulate cortices, regions typically found to be associ-
ated with social cognitive dysfunction; and (iii) greater
emotion recognition deficits correlate with structural abnor-
malities in regions associated with facial and emotion rec-
ognition, specifically the fusiform gyrus and the amygdala.

METHODS
Participants

Thirty-four adults with NF1 were recruited from a spe-
cialist Neurogenetic Clinic for patients with neurofibroma-
tosis and related disorders. NF1 participants fulfilled
diagnostic criteria specified by the National Institutes of
Health (1988) statement. Patients were excluded if any of
the following criteria were met (1) under 18 or over 60
years of age; (2) diagnosed with intracranial pathology
such as brain tumors (including symptomatic optic glio-
mas) or epilepsy (n = 2); (3) insufficient knowledge of
English (4) abnormal vision or hearing that could not be
corrected to normal; (5) IQ < 70; (6) history of a diagnosed
psychiatric disorder (n = 1); or (7) presence of a genetic or

neurological condition (other than NF1) that could affect
test performance. This resulted in a final sample of 29 who
completed neuropsychological testing, 16 of which under-
went volumetric MRI scans. Thirty controls aged 18-60
years were recruited from various sources including
parents of unaffected children who were controls in a con-
current study examining the cognitive phenotype of tod-
dlers with NF1, unaffected parents of children with
sporadic NF1 (nonfamilial) who were seen at the hospital’s
Neurogenetic Clinic and individuals from the wider com-
munity that responded to advertisements. This group of
30 control participants completed neuropsychological test-
ing but did not take part in neuroimaging. An additional
16 gender- and age-matched (+3 years) normal control
participants were recruited as part of a concurrent study
examining brain structure in adults with multiple sclerosis.
These 16 participants formed the MRI control group and
completed the same MRI protocol as the NF1 patients. All
control participants spoke English as their first language,
had normal or corrected-to-normal vision and hearing,
and had no record of psychiatric, genetic, or neurological
disorders. Participants were tested at the Children’s Hos-
pital at Westmead. Written informed consent was obtained
from all participants according to the Declaration of Hel-
sinki and the study was approved by The Children’s Hos-
pital at Westmead Human Research Ethics Committee.

Measures

The Awareness of Social Inference Test-Form A (TASIT)
was used to examine social cognition. This measure
assesses both basic emotion recognition (EET: Emotion
Evaluation Test) and higher-order social cognition (SI-M:
Social Inference Minimal) (Macdonald et al.,, 2003). The
EET uses 28 professionally enacted video vignettes lasting
20-30 s in which an actor portrays one of seven basic emo-
tions (happiness, sadness, anger, disgust, fear, surprise,
and neutral). Participants were required to state the emo-
tion portrayed based on response cards which contained
each of the emotions in a random order. To exclude a rele-
vant language deficit, each participant’s understanding of
each emotion was clarified before testing. SI-M assesses
the ability to infer the mental state of others who are in
conversational exchange through cues such as facial
expression, tone of voice, and gesture (paralinguistic cues).
It comprises 15 video vignettes depicting sincere, sarcastic
or paradoxically sarcastic interactions between two actors
(Appendix 1). In the sincere exchanges, the speaker means
what he/she is saying and non-verbal cues are consistent
with this. In the simple sarcastic exchanges the actors use
exaggerated facial, vocal and body language indicating
sarcasm which diverges from what they are actually say-
ing. Paradoxical sarcastic exchanges consists of scenes in
which the dialogue does not make sense unless it is under-
stood that the speaker is being sarcastic. For example, in
one scene one actor asks another whether he has his ticket
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and passport. In response the actor rolls his eyes and sar-
castically states that he has “torn it up and thrown it
away” to which the first actor replies “Good, that's OK
then”. After viewing each video clip participants are asked
to either endorse or reject (by responding either “yes” or
“no”) four statements about the speaker’s emotional state,
what he/she is saying, what the speaker may be thinking
(theory of mind judgment) and intending their conversa-
tional partner to think (intent: second order theory of
mind). The TASIT was individually administered on a 15”
computer screen and had a total playing time of ~20 min.

The Wechsler Adult Intelligence Scale- Third Edition
(WAIS-III) was administered to all patients to assess gen-
eral cognitive abilities (Wechsler, 1997). Participants with
NF1 who underwent neuroimaging (n = 16) were also
administered a measure of visual spatial skills [the Judg-
ment of Line Orientation (JLO); (Benton et al.,, 1976)],
divided, selective, and switching attention [Test of Every-
day Attention (TEA) Telephone Search Dual Task, Tele-
phone Search and Visual Elevator; (Robertson et al., 1994)]
and a questionnaire assessing executive functions [The
Behavior Rating Inventory of Executive Function- Adult
Version (BRIEF-A)] (Roth et al., 2005). This self-report scale
provides nine clinical scales which combine to form one
composite (GEC, global executive composite).

Behavioral Data Analysis

Statistical analysis of behavioral data was conducted
using SPSS v19. Assumptions of normality and homosce-
dasticity were tested. Significantly skewed data were
transformed using arcsin transformations. Cognitive scores
were converted to standardized scores based on normative
data. Parametric data for patients and controls were com-
pared with independent f-tests and analysis of variance
(ANOVA), with post hoc t-tests as necessary. One-tailed -
tests were used in instances where a directional effect was
hypothesized (e.g., group TASIT performance). Categorical
data were investigated with y* tests. Holm-Bonferroni cor-
rection was used for multiple comparisons. Pearson’s cor-
relations were used to examine the relationship between
variables. Total intracranial volume was controlled for
when investigating the relationship between region of
interest volume values and performance on the TASIT.
Since multiple correlations were conducted, a threshold of
a < 0.01 was used.

Voxel-Based Morphometry
Image acquisition

Anatomical MRI data was acquired for 16 NF1 and 16
control subjects using a 1.5 Tesla GE Signa HDx scanner
(GE Healthcare, Milwaukee, Wisconsin) at Westmead Hos-
pital, Sydney. Acquisition was performed using an 8-
channel head coil. 3D Tl-weighted MR images were
acquired in the sagittal plane using a 3D SPGR sequence

(TR = 13.7 ms; TE = 6.3 ms; Flip Angle = 20°; NEX = 1).
A total of 165 contiguous 1 mm slices were acquired with
a 256 x 256 matrix with an in-plane resolution of 1 mm X
1 mm resulting in isotropic voxels.

Whole Brain Voxel-Based Morphometry Analysis

T1 image data were preprocessed and analyzed using
the VBMS8 toolbox (http://dbm.neuro.uni-jena.de/vbm.
html) and the SPM8 software package (http://www fil.ion.
ucl.ac.uk/spm). Images were corrected for bias-field inho-
mogeneities, tissue-classified into GM, WM, and CSF and
registered to standard space using high-dimensional DAR-
TEL normalization (Ashburner, 2007). The segmentation
approach is based on an adaptive maximum, a posterior
technique which does not need a priori information about
tissue probabilities (Rajapakse et al., 1997). The segmenta-
tion procedure is further refined by accounting for partial
volume effects (Tohka et al., 2004) and by applying a hid-
den Markov random field model which incorporates spa-
tial prior information of the adjacent voxels into the
segmentation estimation. The warped tissue type images
were modulated to preserve the volume of a particular tis-
sue within a voxel by multiplying voxel values in the seg-
mented images by the Jacobian determinants derived from
the spatial normalization step. The analysis of these modu-
lated images allows testing for regional differences in
absolute volume of tissue class. Finally, images were
smoothed with a full-width half-maximum kernel of 8mm.
Statistical analyses were performed on these images for
whole brain comparison of volume between the NF1 and
control group. Data were submitted for analysis of covari-
ance (ANCOVA) using group membership as a factor (two
levels) and total intracranial volume as a nuisance covari-
ate. Total intracranial volume was calculated by summing
the number of voxels in each segmented tissue class and
multiplying the total by the voxel volume. The statistical
threshold of significance was set at a false discovery rate
(FDR) <0.05 with a cluster threshold (K) > 10 voxels.

Regions of Interest Analysis

On the basis of prior studies of social cognition as well
as structural neuroanatomical studies of NF1 patients, we
hypothesized six regions of interest with abnormal GM
volume in NF1 and also their volume to be related to
behavioral performance. The regions were: fusiform gyrus,
the amygdala, the ventromedial prefrontal cortex (which
included the anterior cingulate), the posterior cingulate,
the orbitofrontal cortex, and the superior temporal gyrus.
We extracted the mean GM adjusted volumes for these
regions bilaterally using the Automated Anatomical Label-
ling atlas regional templates and marsbar software
(http:/ /marsbar.sourceforge.net) (Brett et al., 2002) and
entered each as a dependent variable into an ANCOVA.
Total intracranial volume was entered as a covariate to
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TABLE I. Demographic and cognitive data of partici-
pants who completed the TASIT

TABLE Il. Demographic data and volumes of brain tis-
sue for imaging groups

NF1 (n = 29) Control (n = 30) NF1 Control t(df=30)
Age (years) 34.38 (9.91) 34.48 (8.06) Age (years) 29.8 (3.5) 33.1 (7.2) —-1.67
Sex (male:female) 12:17 12:18 Sex (male:female) 6:10 6:10 -
Years of education 12.82 (2.05) 13.37 (2.45) Grey matter 661.7 (69.4) 576.4 (41.0) 423°
FSIQ 100.72 (14.45) 106.90 (9.91) White matter 648.8 (86.5) 616.9 (68.1) 1.16
TASIT EET 1.19 (0.95)? 1.25 (0.12) CSF 204.4 (40.1) 203.8 (34.2) 0.05
TASIT SI-M Whole brain volume 1515.0 (181.5) 1397.0 (120.3) 2172
Sincere 1.06 (0.28)? 1.26 (0.18)
Simple Sarcasm 1.36 (0.22) 1.37 (0.18) Mean values are given for age, education, and brain tissue vol-
Paradoxical Sarcasm 1.30 (0.21)° 1.41 (0.18) umes with standard deviation in parentheses. CSF, cerebrospinal
JLO —0.63 (0.82)° — fluid.
GEC 56.50 (11.60)° — P < 0.05
TEA-Divided 8.58 (3.81)° — °P < 0.001.
TEA-Selective 10.21 (4.20)° —
TEA-Switching 9.38 (2.88)° —

Mean values are given for age, education, and cognitive variables
with standard deviation (SD) in parentheses.

P < 0.05.

= subset of NF1 participants completed this test (1 = 16).

M, male; F, females; FSIQ, Full Scale Intelligence (Mean = 100, SD
=15); TASIT, The Awareness of Social Inference Test; EET, Emotion
Evaluation Test; SI-M, Social Inference Minimal; JLO, Judgement of
Line Orientation (Mean = 0, SD =1); GEC, Global Executive Com-
posite (Mean = 50, SD = 10; Higher GEC score indicates more
severe ratings); TEA, Test of Everyday Attention (Mean = 10, SD =
3). Standardized scores are given for the JLO, GEC, FSIQ, and TEA.
Transformed scores are given for the TASIT.

adjust for total brain size. Statistical threshold was at P <
0.05 corrected for multiple comparisons using the Holm-
Bonferroni method.

RESULTS
Demographic Data

Demographic data for the cognitive and imaging groups
are shown in Tables I and II. There was no difference
between NF1 participants and controls in gender (3> <
0.01, df =1, P = 0.91), age [t(57) = —0.04, P = 0.97], years
of education [#(57) = —0.9, P = 0.37], or full scale IQ [t(57)
= —1.9, P = 0.06]. There was also no difference in age and
gender between the two imaging groups (Table II).

Social Cognition

For emotion evaluation test (EET) transformed scores, a
one tailed t test revealed a significant difference between
groups. Overall, adults with NF1 were poorer at recogniz-
ing emotions than controls (#(57) = —1.97, P = 0.026).
Given previous findings of impairment in the recognition
of anger and fear in children with NF1, we performed
post hoc analyses to compare recognition of each type of
emotion. Post hoc contrasts showed a significant deficit in

recognizing anger when compared to controls [t(57) =
—3.1, P = 0.003; Fig. 1).

For SI-M transformed scores, participants with NF1 had
impaired higher-order social cognition [main effect for
group, F(1,57) = 11.1, P = 0.002]. Post hoc analyses
showed NF1 patients demonstrated an impaired ability to
correctly interpret sincere [t(57) = —3.2, P = 0.001] and
paradoxical sarcastic scenarios [t(57) = —2.3, P = 0.014]
but were no worse at understanding simple sarcasm [£(57)
= —0.2, P = 0.425; Fig. 2]. There was no significant rela-
tionship between EET performance and SI-M conditions
(sincere, simple sarcasm, paradoxical sarcasm) in either
group suggesting that poor performance by the NF1 group
on SI-M was not associated with impaired emotion evalua-
tion (all, P > 0.1). The relationship between SI-M condi-
tions, EET, JLO, TEA subsets, and BRIEF-A was also
examined to determine if specific cognitive deficits contrib-
ute to TASIT performance in NF1 subjects. No relationship
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Happy SurpriseNeutral Sad Anger Fear Disgust Total

Figure 1.
Emotion evaluation test, shown separately for each type of emo-
tion and total score. Significant difference indicated by asterisk.
*P < 0.05 *P < 0.0l. Significant difference using Holm-
Bonferroni correction. Error bars show standard error.
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Figure 2.
Social cognition group results. Sincere, sarcastic and paradoxical
sarcasm (ParaSarcasm) categories from TASIT test. Holm-
Bonferroni correction used. *P < 0.02; *P < 0.0l. Error bars
show standard error.

between cognitive variables and TASIT variables was
observed (all, P > 0.1).

Voxel-Based Morphometry

Whole brain comparison between NFI participants
and controls

Results are summarized in Tables II and III. Patients
with NF1 demonstrated significantly higher total intracra-
nial (P = 0.04) and global GM volumes (P < 0.001) than
controls. In contrast, global WM volume and CSF were not
significantly different from controls (both P > 0.05). We
observed significantly higher GM volume relative to total
intracranial volume in participants with NF1 in a number
of brain regions. Increases were predominately found
within the frontal and temporal lobes including the left
medial frontal gyrus (BA10), bilateral superior frontal
gyrus (BAS), left precentral gyrus (BA6), right middle fron-
tal gyrus (BA10), right inferior frontal gyrus (BA47), left
inferior temporal gyrus (BA20), left transverse temporal
gyrus (BA42), and left middle temporal gyrus (BA22).
Increases were also found in a number of other cortical
regions such as the right cingulate gyrus (BA23), bilateral
lingual gyrus (BA18), left postcentral gyrus (BA40), and
bilateral inferior and superior parietal lobule (BA40/7).
NF1 was also associated with GM decreases in the right
superior temporal gyrus (BA38), bilateral superior frontal
gyrus (BA11), and orbital gyrus (BA11) (Table III; Fig. 3).

Region of Interest Analysis and Correlations with
the TASIT

Region of interest (ROI) analysis revealed that the
NF1 group had increased GM volume in the

ventromedial prefrontal cortex [F(1,30) = 9.8, P = 0.004],
and the posterior cingulum [F(1,30) = 10.3, P = 0.003]
compared with controls. No group difference in volume
was evident in the amygdala, fusiform gyrus, orbitofron-
tal cortex, or superior temporal gyrus. To determine the
relationship between regional GM volumes and TASIT
variables, correlations were performed in the NF1 group.
While no significant relationship was evident between
amygdala GM volume and EET performance (r = —0.3,
P = 0.40), a trend was present between the latter vari-
able and fusiform gyrus GM volume whereby larger
left fusiform gyrus volume was associated with poorer
total emotion recognition (r = —0.55, P = 0.05). We
also examined the relationship between higher-order
social cognition (TASIT SI-M) and GM volume of the
posterior cingulate, ventromedial prefrontal cortex, orbi-
tofrontal cortex, and superior temporal gyrus. Decreased
GM volume in the right superior temporal gyrus was
strongly associated with poorer understanding of sce-
narios involving paradoxical sarcasm (r = 0.71, P =
0.007) in NF1. Understanding of this type of scenario
was not correlated with GM volume in the ventrome-
dial prefrontal cortex (r = 0.44, P = 0.13), posterior
cingulate (r = 0.33, P = 0.28) or orbitofrontal cortex (r
= 033, P = 0.27). There was also no association
between the ROIs and performance on the sincere sce-
narios (all P > 0.1).

DISCUSSSION

The objective of this study was to define social cognitive
impairments in adults with NF1 and to understand their
neuroanatomical correlates. Compared to demographically
analogous controls, we have demonstrated that adults
with NF1 display social cognitive deficits—specifically
with their ability to infer the thoughts and feelings of
another person during social interactions involving para-
doxical sarcasm or sincere exchanges. Impairment in emo-
tion recognition was also identified, manifesting as a
reduced ability to identify anger from facial expressions
and voice tone.

Analysis of MRI data confirmed previously
described effects of NF1 on brain structure, including
increases in gray matter (GM) volume in the frontal,
temporal, parietal and limbic lobes. NF1 was also
associated with a decrease in GM in the right supe-
rior temporal gyrus, superior frontal gyrus and orbital
gyrus. We extended the voxel-based morphometry
approach to look specifically for structural regional
abnormalities that were associated with deficits in
social cognition—both emotion recognition and sarcasm
detection. We found that poor understanding of sar-
casm was significantly associated with decreased GM
volume in the right superior temporal gyrus. A trend
was also present between impaired emotion recogni-
tion and larger GM volume in the left fusiform

gyrus.
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TABLE Ill. Brain regions in which voxels showed significant GM changes in participants with NFI compared with

controls
Cluster
Region Side size FDR- corr Z b y z
NF1 > Controls
Inferior temporal gyrus L 91777 <0.001 6.78 —63 —37 —21
Lingual gyrus R <0.001 5.68 8 —69 -5
L <0.001 543 —-18 -91 —-18
Medial frontal gyrus L 7227° <0.001 4.82 -2 64 7
L 3797 0.025 4.82 -2 64 7
Superior frontal gyrus R 7227% 0.001 4.72 2 26 60
L 82 0.034 2.88 —20 53 27
Transverse temporal gyrus L 6116 0.001 4.5 —63 -10 13
Postcentral gyrus L 0.002 412 —66 —25 21
Precentral gyrus L 0.001 4.33 —63 -1 19
L 278 0.009 3.49 -33 -19 39
Cerebellar tonsil R 941 0.002 427 21 —52 -59
L 540 0.002 411 =51 =52 —45
Caudate R 704 0.004 3.93 2 18 16
L 0.015 3.27 -6 9 19
R 573% 0.006 3.71 14 -12 27
L 76 0.019 3.15 —-18 —30 24
Cingulate gyrus R 5737 0.017 3.54 4 =25 24
Inferior parietal lobule L 361° 0.010 3.45 —52 —55 49
R 209 0.016 3.24 51 —64 43
Superior parietal lobule L 3617 0.041 2.78 -39 —60 55
R 22 0.030 2.93 32 —61 62
Middle frontal gyrus R 233 0.016 3.24 48 56 -3
Pyramis R 320 0.016 3.22 52 —67 —42
Middle temporal gyrus L 100 0.028 2.96 —56 —40 3
L 12 0.040 2.8 —66 —16 -8
Inferior semi-lunar lobule L 101 0.031 293 42 —64 —56
Culmen R 15 0.031 2.92 0 —51 -30
Inferior frontal gyrus R 52 0.032 291 20 28 -3
L 10 0.042 2.77 =52 23 25
Uvula R 43 0.034 2.88 8 —66 —41
Insula R 10 0.039 2.81 42 3 -3
NF1 < Controls
Superior temporal gyrus R 112 0.037 491 36 18 —47
Superior frontal gyrus L 251 0.037 4.82 -22 44 -23
R 85 0.037 4.68 26 44 -23
Orbital gyrus R 17 0.040 431 4 44 -32

The table reports cluster size and peak voxel location and Z score. Only voxels surviving FDR corrected P < 0.05 threshold are reported.
Coordinates (x, y, z) are in standard Montreal Neurological Institute (MNI) anatomical space.

“= same cluster L, left; R, right.

Higher-Order Social Cognition in NFI and its
Neural Correlates

This study demonstrated that adults with NF1 have
impaired social cognitive abilities. Specifically, when infer-
ring the mental state of others, adults with NF1 are able to
integrate and understand paralinguistic information when
the discrepancy between statement and intention is
straightforward (simple sarcasm), but show deficiency
when attempting to understand such information when
the discrepancy is especially convoluted and contradictory
(paradoxical sarcasm) or when the social cues are subtle

(paradoxical sarcasm and sincere). We found no associa-
tion between these impairments and visuospatial abilities,
attention, executive function or basic emotion recognition.
Based on the current study design, it is not possible to
determine the level at which the failure in social cognition
occurs—NF1 patients may have simple perceptual deficits
in decoding or detecting paralinguistic cues displayed by
others (social processing) or more general deficits in theory
of mind.

We hypothesized that the cingulate cortices, orbitofron-
tal cortex superior temporal gyrus and ventromedial pre-
frontal cortex would be abnormal in NF1 and would relate
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Figure 3.

SPM(t) of gray matter increases and decreases in patients with
neurofibromatosis type | versus controls. Only voxels surviving
FDR corrected P < 0.05 threshold are shown overlaid on repre-
sentative T, brain in standard space using Montreal Neurological
Institute (MNI) template. The z-coordinate for each axial slice in
the standard MNI space is given. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

to higher-level social cognitive abilities. This was based on
previous neuroimaging studies that suggest these regions
play a key role in theory of mind abilities and sarcasm
interpretation (Carrington and Bailey, 2009). A structural
difference was not found for the orbitofrontal cortex.
While the cingulate cortices and ventromedial prefrontal
cortex were structurally larger in adults with NF1, there
was no association between these anomalies and TASIT
performance. Intriguingly, we found a strong link between
right superior temporal gyrus volume, and TASIT per-
formance in NF1, whereby smaller volume was associated
with deficits in understanding paradoxical sarcasm. There
is now an a extensive body of neuroimaging literature
demonstrating the superior temporal gyrus’ role in the
processing of visual and auditory social cues (social proc-
essing) (Pelphrey et al., 2004b,c, Ruby and Decety, 2004,
Schultz et al., 2004, Zilbovicius et al., 2006, Bigler et al.,

2007, Jou et al., 2010). Furthermore, GM volume anomalies
in this structure found in individuals with schizophrenia
and autism spectrum disorder (ASD) have been implicated
in the social processing deficits present in these popula-
tions (Zilbovicius et al., 2006, Williams, 2008, Jou et al.,
2010). Duarte et al. (2012) recently reported that the supe-
rior temporal gyrus is structurally abnormal (smaller) in
children and adults with NF1 (Duarte et al.,, 2012). Our
whole brain analysis confirmed this finding, showing
decreased GM in the right superior temporal gyrus in
adults with NF1 compared with demographically matched
controls. Our findings are consistent with a potential dis-
ruption in the superior temporal gyrus in NF1 and suggest
a neural basis for the deficits in social cognition found in
this study. The superior temporal gyrus is highly con-
nected with other regions of the social brain including the
medial prefrontal cortex, fusiform gyrus, and the cingulate
cortices; regions shown by us and others to be structurally
abnormal in NF1 (Duarte et al., 2012). It is feasible that
functional connectivity impairments between this structure
and other regions critical to social understanding underlie
social cognitive deficits in NF1.

Emotion Recognition in NFI and its Neural
Correlates

While NF1 participants were impaired in their recogni-
tion of anger, recognition of other types of emotions was
preserved, suggesting that the patients understood the
task and were able to respond appropriately. This finding
is consistent with a previous report on emotion recognition
in a sample of children with NF1 (Huijbregts et al., 2010).
In that study, participants viewed still photographs of
emotional facial expressions and demonstrated deficits in
facial recognition and identification of fear and anger, thus
providing convergent evidence for a deficit in the process-
ing of anger. It is unclear why individuals with NF1 expe-
rience difficulty with emotion recognition. Previously
identified impairments in facial recognition abilities (Huij-
bregts et al., 2010) suggest that poor anger perception in
NF1 may not be specific to the emotional component per
se, but rather a result of reduced facial processing abilities.
In agreement with this, the present study found a trend
between poor emotion recognition and increased GM vol-
ume in the left fusiform gyrus, a region previously found
to be structurally larger in NF1 adults (Duarte et al., 2012).
There is a wealth of research suggesting a key role for the
fusiform gyrus in face detection and recognition (Puce
et al.,, 1996, Kanwisher et al., 1997) with structural and
functional abnormalities in this region consistently linked
to face processing deficits in a number of disorders charac-
terized by poor emotion recognition such as ASD (Kwon
et al., 2004, Pelphrey et al, 2004a, Williams, 2008).
Although speculative, these findings collectively suggest
that abnormal facial processing contributes to the emotion
recognition impairments in NF1. An alternative possibility
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is that individuals with NF1 do not visually process faces
in the same way as neurologically normal individuals. For
example, they may spend less time visually scanning core
features of the face, such as the eyes and mouth which
provide information on emotion. Eye tracking and func-
tional MRI studies examining face and object processing in
NF1 may help to distinguish between these two
possibilities.

It has been hypothesized that structural brain changes
in patients with NF1 reflect pathological patterns in the
normal neurodevelopmental process of neuronal cell death
(apoptosis) (Moore et al., 2000). It is possible that aberrant
RAS-related GTPase, known to occur in NF1 (Cui et al.,
2008) impacts on this neuronal “pruning” process during
development resulting in the abnormal brain volumes
observed in this study. Alternatively, disruption to bio-
chemical pathways known to play a role in brain growth
which occur downstream of NFl-related Ras signaling
may be involved in the pathogenesis of these structural
abnormalities and associated social cognitive deficits. One
such pathway is the P13K signaling pathway which acti-
vates mTOR and is thought to be affected in NF1 (Rosner
et al., 2008). Mutations in the negative regulator of this
pathway, PTEN, have been found to cause macrocephaly
in humans and are present in a small proportion of ASD
patients (Hoeffer and Klann, 2010). Interestingly, mice
with PTEN loss in postmitotic neurons in the cortex and
hippocampus have been shown to develop macrocephaly
and behaviors reminiscent of ASD (Kwon et al., 2006). Col-
lectively, these findings not only suggest a possible path-
way underlying the social cognitive deficits in NF1, but
highlight the potential of single gene disorders, such as
NF1, in providing insights into the molecular and neurobi-
ology of social behaviors. Although anatomical and behav-
ioral parallels have been demonstrated between Nf1
mouse models and human NF1 phenotypes, including an
enlarged corpus callosum (Wang et al., 2012) and dysfunc-
tion in attention and visual spatial memory function
(Brown et al., 2010; Silva et al., 1997), there are currently
no studies of social behavior phenotypes in the NfI mouse
model. Although some higher order aspects of human
social cognition do not seem amendable to modeling in
the mouse, social memory and social recognition can be
assessed (Ferguson et al., 2000, McNaughton et al., 2008).
The current findings should stimulate increased interest in
studies of social behavioral phenotypes in the NF1 mouse
which will be important in elucidating the specific neural
and molecular pathways by which NF1 expression affects
clinically important aspects of social behavior.

As a limitation of this study, we acknowledge that,
VBM has potential confounds, including mis-registration
to templates of tissue classification. Besides pure volumet-
ric differences, our results could also reflect differences in
tissue content that may produce differences in signal T1
properties. To reduce these confounds and minimize mis-
registration we utilized DARTEL, a sophisticated registra-
tion model developed to counter these criticisms

(Ashburner, 2007). It is also worth noting that while this
study’s whole brain analysis found significant structural
differences in the superior temporal gyrus, our region of
interest analysis did not. It is likely that different statistical
approaches to control for type 1 error (i.e., FDR versus
Bonferroni-Holm) contributed to this discrepancy.

CONCLUSIONS

Our data provide novel insights into the basis of social
dysfunction in NF1, demonstrating a deficit in emotion
recognition and higher-order social cognition. This allows
better characterization of the nature of social dysfunction
in NF1 and may facilitate the development of new thera-
peutic approaches, with a focus on the innate processing
and perception of social signals and voice stimuli. Without
effective treatment, social skill deficits present a major bar-
rier to successful integration and impact on social partici-
pation, interpersonal relationships, self-worth, and
ultimately quality of life. In addition, this study identified
a structural correlate of social cognitive performance; right
superior temporal gyrus gray matter volume correlated
positively with the ability to understand paradoxical sar-
casm, suggesting that this is a critical brain region for
social cognition.
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APPENDIX |

Sample Scripts and Probe Questions Used in Social
Inference - Minimal Test

Sincere or Simple Sarcastic Items - (Enacted
either sarcastically or sincerely)

Ruth: Great movie, wasn’t it?

Michael: Oh, yeah, great.

Ruth: T thought it was terrific. I was on the edge of my
seat.

Michael: Oh, me too, on the edge of my seat.

Ruth: Well, weren’t you surprised by the ending?

Michael: Oh yeah, the ending was a huge surprise.

Ruth: T thought the actors were really good. I really like
that main girl.

Michael: She was unbelievable, and the guy opposite
her-what a performance!

Ruth: It’s a shame its closing. I'd like to see it.

Michael: Yeah, what a shame. I feel I could see it another
dozen times.

Probe questions

Act: Is Michael agreeing with Ruth about the movie?
Say: Does he mean the actors were good?

Think: Does he think the movie was bad?

Feel: Did he enjoy the movie?

Paradoxical Sarcasm - Script is nonsensical
except if one speaker is assumed to be insincere

Gary: Have you got your ticket?

Keith: Nope. I tore it up and threw it away.

Gary: Good. And your passport’s safe?

Keith: Sure, I threw that in the bin along with my ticket.
Gary: So, you've got everything.

Probe questions

Do: Is Keith seriously trying to make Gary think he’s
lost his ticket?

Say: Does Keith mean he has got his ticket and
passport?

Think: By the end of the scene, does Gary think Keith
has his ticket?

Feel: Is Keith grateful that Gary checked about his
ticket?
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