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Abstract

Children with chromosome 22q11.2 deletion syndrome (22q11.2DS) exhibit impaired ability to process and understand
emotions in others. We measured structural connectivity in children and adolescents with 22q11.2DS (n=28) and healthy
controls (n=29). Compared to controls, those with 22q11.2DS had poorer social skills and more difficulty recognizing facial
emotions. Children with 22q11.2DS also had higher fractional anisotropic diffusion in right amygdala to fusiform gyrus
white matter pathways. Right amygdala to fusiform gyrus fractional anisotropy values partially mediated the relationship
between 22q11.2DS and social skills, as well as the relationship between 22q11.2DS and emotion recognition accuracy.
These findings provide insight into the neural origins of social skills deficits seen in 22q11.2DS and may serve as a biomarker

for risk of future psychiatric problems.
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Introduction
Background

Chromosome 22q11.2 deletion syndrome (22q11.2DS),
also known as velocardiofacial or DiGeorge syndrome, is
a neurodevelopmental disorder that arises from a 1.5 to 3
megabase microdeletion on the long arm (q) of chromosome
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22. Prevalence rates range from 1:2000 to 1:4000 live births
(Howley et al., 2012; Weinberger et al., 2016). 22q11.2DS is
associated with a high incidence of psychiatric and behav-
ioral disorders, including depression, anxiety disorders, and
attention deficit hyperactivity disorder (ADHD). Mortality
rates for individuals with 22q11.2DS are higher than seen
in typically developing (TD) populations. In a longitudinal
sample of 1421 individuals from infancy to adulthood diag-
nosed with 22q11.2DS, Campbell et al. (2018) reported an
overall mortality rate of 4%, with a median age of death of
5 months. Another study consisting entirely of adult par-
ticipants found that individuals diagnosed 22q11.2DS with
and without major congenital heart disease had a 72% and
95% probability of survival to age 45 years, respectively
(Van et al., 2019).

Impaired social competence, such as difficulty form-
ing and maintaining relationships, extremes of shyness or
disinhibition, and mood instability are commonly reported
in children and adolescents with 22q11.2DS (Fuerst et al.,
1995; Woodin et al., 2001). To better understand the origin
of social impairment, researchers have used theory of mind
(ToM) tasks. However, such research has not been conclu-
sive. While some authors point to a general ToM deficit
as a core aspect of the social dysfunction in 22q11.2DS,
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others posit a delay in ToM development (Campbell et al.,
2009, 2010; Niklasson et al., 2001). Nonetheless, difficulty
interpreting and understanding the intentions of others is
a common symptom of 22q11.2 deletion syndrome. This
negatively impacts developing and maintaining social rela-
tionships as a child ages as the social environment becomes
more complex (Angkustsiri et al., 2014; Loveland et al.,
2001).

Problems with facets of social cognition, such as emotion
processing, in children with 22q11.2DS are also reported in
patients with schizophrenia. This commonality is of particu-
lar interest, as a 22q11.2 deletion confers a 30-fold increased
risk for developing schizophrenia, compared to the general
population (Bassett et al., 2014; Karayiorgou et al., 2010).
Marked impairments in ToM and emotion processing are
consistently noted in both first episode and chronic schizo-
phrenia. Poorer or declining ability to process emotions of
others is a likely behavioral marker of psychosis vulnerabil-
ity (Jalbrzikowski et al., 2012; Penn et al., 2008). Moreover,
poor social functioning in 22q11.2DS is associated with the
presence of psychotic symptoms in these children (Baker &
Skuse, 2005). Similar to patients with schizophrenia (Gur
et al., 2002), children with 22q11.2DS do not recognize
neutral or negative facial emotions, such as disgust, anger,
and fear, as well as typically developing controls. There was
no difference in recognition accuracy of positive emotions
compared to the control group (Campbell et al., 2010).

Neural Correlates of Emotion Processing

Rapidly and accurately understanding emotions of others
requires coordinated effort of brain regions involved in per-
ceptual processing of facial features and interpreting the
emotional significance of a stimulus. One such region, the
fusiform face area (FFA) is located in the fusiform gyrus in
the inferior temporal cortex. Kanwisher et al. (1997) noted
that the FFA selectively responds more strongly to faces than
to other objects. The FFA plays a crucial role in recogniz-
ing and discriminating between faces and displays stronger
activation when faces convey emotion (Albohn & Adams,
2016; Tong et al., 2000; Vuilleumier & Pourtois, 2007). This
increased activation to emotional faces has been attributed
to the dense connections that the FFA has with the amygdala
(Phillips et al., 2003).

The amygdala has long been implicated in affective learn-
ing, particularly in the context of Pavlovian fear conditioning
(Critchley et al., 2002; LaBar et al., 1998). The amygdala
receives and projects information from cortical and subcor-
tical regions and is involved in the detection and evalua-
tion of salient stimuli (Fossati, 2012). Evidence of this role
includes amygdalar connections to the orbital lateral and
medial PFC, regions that contribute to the processing of
stimuli value and relevance (Miller & Cohen, 2001). The
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orbitofrontal cortex (OFC) is reciprocally connected to the
amygdala and aids in the distinction between rewarding and
punishing stimuli (Baxter et al., 2000). The ability to rapidly
shift attention and potentiate responses to changes in the
environment evolved as it is crucial for survival but also
for navigating social interactions and the development of
social skills. Stimulus—response associations are the basis
of learned behavioral and emotional responses, making the
OFC fundamental to social cognition (Buka et al., 2001).
Liang et al. (2009) found that connectivity patterns between
the OFC and amygdala differed as a function of varying
emotional expression in adults looking at images of emo-
tionally-charged faces. Particularly, metrics of functional
connectivity from the right lateral OFC to amygdala varied
as a function of facial emotion expressions that convey a
message of approach (i.e., happy, neutral) versus threat (i.e.,
angry, fearful) to the receiver.

White matter microstructure anomalies of social and
emotion processing regions have been reported in individu-
als with 22q11.2DS. Diffusion tensor imaging (DTI) metrics
of white matter integrity include fractional anisotropy (FA),
radial diffusivity (RD), axial diffusivity (AD), and mean dif-
fusivity (MD). Studies of individuals with 22q11.2DS report
overall decreased AD in the inferior fronto-occipital fascicu-
lus (IFOF) and furthermore, note that this reduced diffusivity
is linked to the presence of positive schizophrenia symptoms
in this population (Jalbrzikowski et al., 2013; Kikinis et al.,
2012; Radoeva et al., 2012). The IFO is the longest asso-
ciation tract in the brain, connecting multiple regions that
are implicated in social cognition. Damage to the IFOF has
been linked to poor emotion recognition in images of faces
(Philippi et al., 2009). Additionally, significantly reduced
AD in the superior longitudinal fasciculus, an association
tract that plays a role in the understanding of emotion and
overall emotional intelligence, has been reported in people
with 22q11.2DS (Radoeva et al., 2012). A more recent study
by Olszewski et al. (2017) examining the social brain of indi-
viduals with 22q11.2DS found evidence of white matter dis-
ruption in many tracts, such as increased FA within the left
IFOF and right cingulum bundle and decreased RD within
the left IFOF, right cingulum bundle, right thalamo-frontal
tract, and right inferior longitudinal fasciculus compared to
TD controls. Taken together, deficient white matter connec-
tivity may play a role in reduced emotional awareness.

The Current Study

The aim of the current study was to examine structural con-
nectivity patterns between brain regions involved in emo-
tion processing, as well as to investigate how these patterns
are associated with social and emotion processing skills in
children with 22q11.2DS compared to typically developing
controls. Andersson et al. (2008) found that when repeatedly
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presented with fearful faces, TD children exhibited reduced
activation of the right amygdala over time. However, chil-
dren with 22q11.2DS did not display this pattern of amygda-
lar suppression, suggesting that they do not adapt to fearful
faces as well as their TD counterparts. Additionally, Camp-
bell et al. (2010) reported that children with 22q11.2DS
did not identify negative facial emotions (e.g., anger, fear)
as well as TD controls. Thus, we first hypothesized that
children with 22q11.2DS would demonstrate poorer per-
formance on an emotion recognition task compared to TD
controls when the distractor face portrayed fear and when the
target face portrayed anger or fear. Second, we hypothesized
that parents of children with 22q11.2DS would report lower
social skills in their children compared to parents of TD
children. Third, we predicted that there would be significant
differences in DTI measures (i.e., FA, RD, AD, and MD)
between the two groups in temporo-amygdala-orbitofrontal
pathways associated with emotion processing. These path-
ways include the amygdala to fusiform (Amy-FG), amygdala
to lateral orbitofrontal cortex (Amy-lOFC), and lateral orbit-
ofrontal cortex to fusiform (IOFC-FG). Fourth, we hypoth-
esized that FA in these pathways would be associated with
emotion recognition accuracy and parent-reported social
skills. Finally, we predicted that variations in FA would
mediate the expected association of 22q11.2DS and meas-
ures of emotion recognition and social skills.

Materials and Methods
Participants

Participants were 57 children aged 7-14 years with
22q11.2DS (n = 28; 12 females) and typically developing
controls (n = 29; 12 females) and their parents. Participants
were excluded if they had a head injury, central nervous
system infection, or other focal neurologic abnormality.
Exclusion criteria limited to typically developing partici-
pants included parent reports of a known genetic disorder,
a head injury, a learning disorder and behavioral or other
known psychiatric disorders.

Procedure

As part of a larger ongoing study, families were recruited
via national and state 22q11.2DS support groups, social
media, fliers posted around the greater New Orleans area,
and word-of-mouth. Upon arrival, families were briefed on
all tasks and procedures to be conducted and gave informed
consent, while children gave informed assent. The visit
consisted of parents and children filling out questionnaires,

Table 1 Demographic Characteristics and IQ Scores of the Sample

Typically developing 22ql1.2
Deletion
syndrome
(n=29) (n=28)
Mean age in years (SD) 10.7 (2.3) 11.7 (1.9)
Sex
% Female 41.4 429
Ethnicity %
Caucasian 80.0 82.6
African American 5.0 4.3
Hispanic 10.0 8.7
Other 5.0 4.3
Handedness
% Right-handed 93.3 78.9
Mean FSIQ (SD) 107.3 (12.4) 70.4 (14.6)

completing computer-based tasks, and undergoing a series
of MRI scans. All children completed the Wechsler Intel-
ligence Scale for Children IV (WISC-1V). See Table 1 for
more demographic information.

Measures

Behavioral Assessment System for Children Parent Rating
Scale, Second Edition (BASC-2 PRS)

The BASC-2 PRS (Reynolds & Kamphaus, 2015) is a mul-
tidimensional parent-report questionnaire used to assess
the adaptive and problem behaviors of children and young
adults aged 2-25 years. The PRS is between 134 and 160
items and has a four-choice response format (i.e., Never,
Sometimes, Often, and Almost Always). The test yields
four domain score (externalizing problems, internalizing
problems, behavioral symptoms index, and adaptive skills),
as well as 14 subscales (e.g., anxiety, depression, atypical-
ity, social skills, functional communication, etc.). T-scores
of the social skills index were used as a measure of social
cognition.

Wechsler Intelligence Scale for Children-Fourth Edition
(WISC-IV)

The WISC-IV (Wechsler, 2003) is a cognitive ability assess-
ment of verbal comprehension, perceptual reasoning, work-
ing memory, and processing speed. The WISC-IV Full Scale
Intelligence Quotient (FSIQ) was used to assess general
intellectual functioning in this study.
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Face in the Cloud Task

High-resolution images of children ages 10-17 years were
pulled from the NIMH Child Emotional Faces Picture Set
(NIMH-ChEFS) and presented on a 27-in touchscreen moni-
tor (Planar® Helium™) using E-prime Software (Psychol-
ogy Software Tools, Inc., Pittsburgh, PA; (Schneider et al.,
2002). Facial emotion stimuli included three emotional
states (afraid, angry, happy, and neutral), and images were
cropped to exclude hair and clothing. Facial stimuli were
randomly selected from each emotion category; 48 happy
faces, 39 angry faces, 38 afraid, and 32 neutral faces were
available for selection.

Facial emotion stimuli (6.2 cm X 8.0 cm) were presented
randomly, totaling in 32 images presented at once against
a black background. Trials incorporated one stimulus dis-
playing a target emotion against 31 stimuli exhibiting a dis-
tractor emotion. Emotion conditions included the follow-
ing: happy amongst angry, happy amongst afraid, happy
amongst neutral, angry amongst happy, angry amongst
afraid, angry amongst neutral, afraid amongst happy, afraid
amongst angry, and afraid amongst neutral. Participants
were instructed to search for the face with the different emo-
tion and tap on the screen where it resided. Twenty-four
trials proceeded in the following event order (Fig. 1): target
(2500 ms), fixation (1000 ms), and facial emotion stimuli
(open ended).

o feels

Target: 2500ms

Fig.1 Face in the Cloud task
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Imaging Procedures
MRI Image Acquisition and Data Analysis

Structural data was collected using a 3.0 T Siemens Verio
whole-body scanner (Siemens Medical Solutions, Erlan-
gen, Germany) and an eight channel head coil at the Touro
Imaging Center. Foam pads were added to reduce head
movement, and participants wore headphones to limit scan-
ner noise. Using the following parameters, a T1-weighted
flash gradient-echo whole-brain anatomical image was
acquired: 176 sagittal slices, 1.00 mm thick, field of view
(FOV) =100 mm, TR/TE=1900/2.48 ms, 9° flip angle,
within a 256 X 256 matrix.

Diffusion-weighted imaging acquisition was col-
lected using the following SE-echo-planar imaging (EPI)
sequence: 60 axial slices, 30 diffusion gradient directions,
3 mm thick, FOV =100 mm, TR/TE =5100/95 ms, 90° flip
angle, 128 X 128 mm in-plane resolution, 2 acquisitions
without diffusion weighting b, b=1200 s/mm?. Because
we are concerned with obtaining detailed information for
region-of-interest (ROI) analysis, we pursued high-resolu-
tion images 3D normalized to the brain atlas for anatomi-
cal reference (Talairach & Tournoux, 1988). Some partici-
pants were unable to complete their scanning session due
to excessive movement and/or anxiety. Additionally, other
were excluded due to motion-related artifacts that were too
extreme for correction procedures. In total, 5 individuals
with 22q11.2DS and 6 TD controls were removed from our
final DTI analyses.

Fixation: 1000ms

Facial Emotion Stimuli:
Open Ended
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Preprocessing and Processing

BrainVoyager T1-weighted structural images were preproc-
essed using BrainVoyager 20.4 / BVQX 3.4.0 (Goebel et al.,
2006) on a Lenovo computer with Ubuntu Linux (v14.04.1;
15.6 GB; 8-core Intel Xeon processor; 8 X 1.80 GHz; Gal-
lium 0.4 on NVC3) Operating System. Raw images from the
scanner were transformed to DICOM format and adjusted
for contrast and brightness. Once images were iso-voxeled
and corrected for inhomogeneity, we segregated the head
from the brain tissue and manually cleaned all remaining
meninges. Brains were aligned along a plane demarcated by
the anterior and posterior commissures. Data was converted
from DICOM to NIfTT (Neuroimaging Informatics Technol-
ogy Initiative) format and inspected to ensure images did not
change or flip orientation following conversion.

Freesurfer Manually skull-stripped images from Brain-
Voyager were converted to NIfTI format and run through
FreeSurfer (v6.0). We utilized the ‘recon-all’ script in three
segments (autorecon 1, 2, and 3) to reduce the processing
time for brain reconstruction and segmentation. With the
exception of motion correction, intensity normalization, and
skull stripping, we utilized the following automated methods
included within the process: cortical and subcortical struc-
ture segmentation, tessellation of the white and gray matter
boundary, and topology correction. Segmentation and neuro-
anatomical labels were inspected for accuracy following pro-
cessing, and errors were manually corrected prior to re-run-
ning segments of the ‘recon-all’ script. For a more detailed
description, Fischl et al. (2002) provide an explanation of
the automated segmentation algorithm. Whole brain tissue
segmentation was completed by FreeSurfer, and the brain
was reconstructed to the Desikan-Killiany and Destrieux
anatomical atlases (Desikan et al., 2006).

FSL Diffusion tensor imaging data was processed using
FSL (v5.8.0) software (https://fsl.fmrib.ox.ac.uk/fsl/). Raw
DICOM images were converted to NIfTI format using MRI-
Cron (v2.1.48-0) image viewer. Images were corrected for
movement and eddy-current distortion using FSL’s Eddy
Correct tool prior to registering the diffusion model to
each voxel. Bayesian Estimation of Diffusion Parameters

Fig.2 Probabilistic tractogra-
phy for seed and termination
masks

Obtained using Sampling Techniques (BEDPOSTX) was
conducted to allow each voxel to determine any number of
crossing fibers. Anatomical T1 images were then aligned
with diffusion data, followed by probabilistic tractography
using tissue mask parcellations. Seed masks for left and
right hemisphere amygdala, fusiform, and lateral orbito-
frontal cortex were used to estimate tractography parameters
between regions (see Fig. 2).

Statistical Analysis

Prior to analysis, the variables: BASC2 social skills sub-
scale score, FSIQ, Face in the Cloud Task accuracy, face
in the cloud reaction time, and structural connectivity
values of associated emotion processing pathways were
screened for missing data, normality of distribution, uni-
variate outliers, and multivariate outliers. For variables
that did not meet the assumption of normality, we applied
a log transformation. Multicollinearity was evaluated by
the variance inflation factors (VIF) for each model. The
VIF of all variables in each model was <2, suggesting
that multicollinearity was not a point of concern. In the
current study, bivariate correlations and means for vari-
ables of interest were examined using R version 4.0.3
(R Development Core Team, 2020), and figures were
produced using the package ggplot2 (Wickham, 2009).
Independent samples t-tests were used to test for group
differences in FSIQ and parent-reported social skills. Emo-
tion recognition accuracy between groups, controlling for
age, sex, and reaction time, was examined using multi-
ple regression with a Bonferroni correction for multiple
comparisons (p < 0.007). Multivariate analyses of variance
(MANOVAs) and when appropriate, follow-up analyses of
variance (ANOVAs) were conducted to examine how DTI
metrics varied by group. Age and sex were entered into
each model as covariates. We decided not to use 1Q as a
covariate in the models due to the central role of cognitive
impairments in the 22q11.2DS clinical profile. Due to this,
the effect of lower FSIQ can be difficult to separate from
other clinical and neural factors of 22q11.2DS (Dennis
et al., 2009; Padula et al., 2015). Mediation analyses were
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conducted using the ‘psych’ package using the function
‘mediate’ (Revelle, 2019) in R version 4.0.3 (R Devel-
opment Core Team, 2020). To test for the specificity of
structural connectivity effects for social impairments and
emotion recognition accuracy, we used the ‘ROCR’ (Sing
et al., 2005) and ‘cutpointr’ (Thiele & Hirschfeld, 2020)
packages in R.

Results

To characterize general intellectual functioning and test
the hypothesis that as a group, children with 22q11.2DS
would have lower parent-reported social skills, a series of
independent samples #-tests were conducted. Parents of
children with 22q11.2DS reported significantly lower lev-
els of social skills in their children compared to what was
reported by parents of TD children. Additionally, children
with 22q11.2DS scored significantly lower in the WISC-
IV Full Scale Intelligence Quotient (FSIQ) than their TD
counterparts (see Table 1).

To test the hypothesis that children with 22q11.2DS
would demonstrate poorer performance on an emotion rec-
ognition task compared to TD controls when the distractor

face portrayed fear and when the target face portrayed fear
or anger, we conducted a series of multiple regression
analyses. Age, sex, and emotion recognition task reac-
tion time were included as covariates in each model. To
correct for multiple comparisons, a Bonferroni correction
was applied for the seven tests (p < 0.007). During trials
where the target emotion was angry or happy regardless of
the distractor emotions, children with 22q11.2DS scored
significantly lower than TD children. There was no differ-
ence in accuracy between groups when the target emotion
was afraid. During trials where the distractor emotion was
afraid, children with 22q11.2DS scored significantly lower
than TD children. There were no differences in accuracy
between groups when the distractor emotion was angry
or happy. Children with 22q11.2DS scored significantly
lower than TD children on overall emotion face target
identification accuracy. There were no differences in reac-
tion times between the groups (see Table 2).

A series of MANOVA tests were conducted to test the
hypothesis that children with 22q11.2DS will have reduced
white matter integrity, as measured by FA, AD, MD, RD,
and pathway volume, in regions associated with emotion
processing compared to typically TD children. Age and
sex were entered into this analysis as covariates to ensure

Table 2 Independent samples

. . Typically developing 22q11.2 Deletion syndrome
t-tests comparing variable
means between groups Mean SD Mean SD t df p
Social skills 53.65 12.98 41.25 8.17 3.56 45 0.002
FSIQ 107.38 13.99 69.63 14.05 8.70 44 0.000
Emotion recognition accuracy
Target
Angry 0.85 0.19 0.67 0.23 2.99 45 0.005
Afraid 0.79 0.24 0.77 0.23 0.38 45 0.704
Happy 0.95 0.09 0.76 0.24 3.78 45 0.001
Distractor
Angry 0.83 0.22 0.74 0.27 1.17 44 0.250
Afraid 0.81 0.22 0.61 0.24 2.88 44 0.007
Happy 0.92 0.17 0.85 0.20 1.37 44 0.180
Overall 0.88 0.15 0.72 0.21 3.18 45 0.003
Emotion recognition reaction time
Target
Angry 10,366.5 3712.9 12,127.7 6197.5 -1.22 45 0.230
Afraid 9505.2 2574.8 11,939.9 9465.2 -1.33 45 0.194
Happy 8610.5 3865.1 9108.7 2920.1 —0.46 45 0.648
Distractor
Angry 9241.7 2587.2 10,266.4 8363.8 —0.62 44 0.540
Afraid 9922.7 3100.9 10,983.8 4039.0 -0.99 44 0.328
Happy 8940.8 3327.2 12,123.3 5517.9 —2.44 44 0.019
Overall 9602.0 2409.8 11,117.5 5175.7 - 1.38 45 0.176

Reaction time is in milliseconds. Bonferroni corrected for multiple comparisons at p <.007

Bolded p values indicate statistical significance
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that any observed differences of group on DTI measures
were independent of these variables. Three pathways were
examined for left and right hemispheres separately and are
as follows: Amy-FG, Amy-10FC, and I0FC-FG. Diagnosis
was entered as a fixed factor, while the three emotion pro-

Table 4 Partial correlations comparing emotion recognition and
social skills to white matter control tracts

rER accuracy rSocial skills Mean SD

Left superior frontal-superior parietal

cessing pathways were entered simultaneously as dependent FA 0.04 ~ 036 4.36E-1  2.26E-2
variables. MD -0.19 0.07 5.76E—-4 3.25E-5
There was a significant effect of diagnosis on right RD -0.24 ~0.10 7.70B=4  3.28E-5
hemisphere emotion processing pathway FA values, F (3, AD - 025 n 0'%9 LIGE=3 — 4.38E=5
27)=3.02, p=0.04, partial n2=0.25. Thus, a series of fol- gt superior frontal-superior parictal
low-up ANOVASs were conducted for each dependent vari- FA 0.27 - 0.32 4.33E-1 2.48E-2
able. Box’s M was not significant (p =0.47), indicating that MD - 0.37 0.05 S-80E~4  4.28E-5
there were no significant differences between the covariance RD - 0.35 ~0.10 774E-4 - 4.33E=5
matrices. Therefore, Wilk’s Lambda was used. Results indi- AD -025 —033 LI6E-3 ~ 535E-5
cated that there was a significant effect of diagnosis on right
Amy-FG FA values, where children with 22q11.2DS had
higher right Amy-FG FA values than TD controls. There
Table 3 Mea'ns. scores and Typically developing 22q11.2 Deletion syndrome
standard deviations for
structural connectivity variables Mean SD Mean SD p npz
Left amygdala-fusiform
FA 3.34E-1 6.40E-2 3.42E-1 5.82E-2 0.706 0.005
MD 8.95E—4 5.62E-5 9.20E—-4 4.64E-5 0.175 0.058
AD 1.24E-3 7.11E-5 1.24E-3 7.64E-5 0.971 0.000
RD 7.48E—-4 4.83E-5 7.29E—-4 8.29E-5 0.430 0.020
Left amygdala-lateral
FA 2.86E—1 3.72E-2 2.99E-1 3.74E-2 0.328 0.031
MD 8.91E—-4 5.16E-5 9.02E—4 8.06E—5 0.633 0.007
AD 7.54E—-4 5.52E-5 7.68E—4 8.93E-5 0.590 0.009
RD 7.54E—-4 5.52E-5 7.68E—4 8.93E-5 0.590 0.009
Left lateral orbitofrontal-
FA 4.28E—1 3.58E-2 4.27E-1 2.63E-2 0.899 0.001
MD 8.01E-4 2.94E-5 8.11E—4 4.64E-5 0.488 0.016
AD 1.19E-3 2.87E-5 1.20E-3 2.89E-5 0.576 0.010
RD 6.02E—4 3.63E-5 6.12E-4 5.26E-5 0.570 0.010
Right amygdala-fusiform
FA 3.19E—-1 3.77E-2 3.67E-1 4.78E-2 0.003 0.250
MD 8.95E—4 5.61E-5 9.20E—-4 4.64E-5 0.175 0.058
AD 1.24E-3 1.08E—4 1.23E-3 6.78E-5 0.834 0.001
RD 7.59E—-4 6.01E-5 7.12E—-4 9.44E-5 0.094 0.088
Right amygdala-lateral
FA 2.74E—1 4.42E-2 2.94E—-1 4.02E-2 0.177 0.058
MD 9.52E—-4 7.22E-5 9.12E—4 7.50E-5 0.123 0.075
AD 8.16E—4 8.03E-5 7.73E—4 8.28E-5 0.137 0.070
RD 8.16E—4 8.03E-5 7.73E—4 8.28E-5 0.137 0.070
Right lateral orbitofrontal-
FA 4.10E—1 4.24E-2 4.12E-1 3.57E-2 0.804 0.002
MD 8.28E—4 3.69E-5 8.45E—4 6.17E-5 0.336 0.030
AD 1.21E-3 5.78E-5 1.24E-3 6.51E-5 0.223 0.048
RD 6.34E—4 4.21E-4 6.48E—4 6.43E-5 0.480 0.016

Bolded p values indicate statisticalsignificance
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were no other differences in right hemisphere FA values by
diagnosis. There were no other significant differences by
diagnosis for remaining FA, AD, MD, RD, or white matter
pathway volumes for either hemisphere (See Table 3). To
investigate if there was an association between DTI meas-
ures in control regions and emotion recognition accuracy
and social skills, partial correlations controlling for age and
sex were conducted. Control regions included the left and
right superior frontal and superior parietal lobes, as they
were not hypothesized to be associated with emotion pro-
cessing or social skills. There were no significant relation-
ships between left or right superior frontal-superior parietal
FA, AD, MD, or RD values and emotion recognition accu-
racy scores or social skills (Table 4).

To investigate if variations in white matter integrity
explain group differences in overall emotion recognition
accuracy and social skills, two mediation analyses were
conducted. Right Amy-FG FA values were included as the
mediating variable, as this was the only measure of path-
way integrity that differed between groups. The first model
examined the mediating role of right Amy-FG pathway FA
values in the relationship between diagnostic group and
overall emotion recognition accuracy. Overall accuracy of
the Face in the Cloud task was used as the observed variable
Emotion Recognition. Age and sex were entered as covari-
ates into the model.

The total effect of group on emotion recognition accu-
racy, controlling for age, sex, and task reaction time, was

Fig.3 Mediation model with
standardized coefficients.

significant (f=— 0.48, p<0.001). The direct effect of
group on emotion recognition accuracy was not significant
when controlling for right Amy-FG FA and age (=— 0.26,
p=0.051), indicating that there was mediation. The indi-
rect effect was tested using a percentile bootstrap estima-
tion approach with 1000 samples. Results indicated that
the indirect coefficient was significantly different from zero
(f=—-0.22, boot=—0.24, 95% CI - 0.70, — 0.02), suggest-
ing partial mediation (see Fig. 3).

The second model examined the mediating role of right
Amy-FG pathway FA values in the relationship between
diagnostic group and parent-reported social skills. The
BASC-2 PRS Social Skills T-score was used as the
observed variable of Social Skills. Age was not entered
as a covariate in the final model, as the BASC-2 PRS
accounts for the child’s age when calculating the final
T-scores. The total effect of group on social skills, con-
trolling for sex, was significant (f=— 0.59, p <0.001).
The direct effect of group on social skills remained signifi-
cant when controlling for right Amy-FG FA (f=- 0.37,
p=0.003), indicating that there was not complete media-
tion. The indirect effect was tested using a percentile
bootstrap estimation approach with 1000 samples. Results
indicated that the indirect coefficient was significantly dif-
ferent from zero (f=— 0.22, boot=— 0.24, 95% CI— 0.65,
— 0.02), suggesting partial mediation (see Fig. 4).

To test the specificity of structural connectivity effects
for social impairments and emotion recognition, we first

Note: *p<0.05; **p<0.01; R i vgdala-
#tp < (0.001 Fusiform FA
a=0.45*** b = -0.48***
¢ =026 Emotion
i i - Recognition
Diagnosis = 0.48%** (4
. Accuracy
Fig.4 Mediation model with
standardized coefficients. R Amygdala-
Note: *p<0.05; **p<0.01; .
#tp < 0.00 Fusiform FA
a=0.53%** b = -0.41%**
) ) ¢’ = -0.37** S
Diagnosis = -0.59%%* Social Skills
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Table 5 Diagnosis predicting Optimal cutoff TP FN FP N AUC
cutoff points for emotion
regulation accuracy and social Emotion regulation 0.75 15 1 8 6 0.88
skills accuracy
Social skills 48.63 13 3 3 11 0.89
TP true positives, FN false negatives, FP false positives, TN true negatives, AUC area under the curve.
Emotion regulation accuracy refers to the average correct classification of target emotion to facial emotion
stimuli in the face in the cloud task. The BASC2 social skills subscale score measured social skills
A children with 22q11.2DS because people with 22q11.2DS
g 7. o.ften have difficulty navigating social interactions. Con-
s 2 4 - e sistent with our first hypothesis, parents of children with
2 A - 22q11.2DS reported that their child had poorer social
'§ S = g skills than the TD children in the control group. These
g . 5 AUC =090 I[ 5 ﬁn'd.mgs replicate prior studles.desc'rlblng impaired social
& S - - : : — o ability and lower FSIQ scores in children and adolescents
0.0 0.2 0.4 0.6 0.8 1.0 with 22q11.2DS versus typically developing peers (Fuerst
False Positive Rate et al., 1995; Moss et al., 1999; Woodin et al., 2001). The
B neuropsychological profile of children and adolescents
° — with 22q11.2DS is markedly varied. While gross intel-
s L p:4 ligence scores range from moderately deficient to average,
2 ° . = verbal 1Q scores are significantly higher than performance
'% < | = 1Q scores (Simon et al., 2002; Sobin et al., 2005; Swillen
% e ° et al., 1997; Woodin et al., 2001). However, poor social
E o || AUC =081 [ & competence remains a consistent hallmark of the syndrome
= T T T T T 1 S (Campbell et al., 2009, 2010; Niklasson et al., 2001).

0.0 0.2 04 0.6 0.8 1.0
False Positive Rate

Fig.5 ROC curves of structural connectivity effects for emotion rec-
ognition accuracy and social skills. Note: ROC Receiver operating
characteristic; AUC Area under the curve. A ROC of right Amy-FG
FA effects for emotion recognition accuracy. B ROC of right Amy-
FG FA effects for social skills

determined the optimal cut-point for both of these out-
come variables based on group using the Youden-Index
method (see Table 5). As shown in Fig. 5A, the Receiver
Operating Characteristic (ROC) curve suggests that right
Amy-FG FA effects for emotion recognition accuracy had
a true positive rate of > 80%, with an area under the curve
(AUC) value of 0.90. Figure 5B displays the ROC curve
for the right Amy-FG FA effects for social impairments.
Again, the true positive rate is > 80%, while the AUC was
0.81. Taken together, results suggest good specificity and
model predictive performance.

Discussion
Emotion Recognition, Social Skills, and 22q11.2DS

The aim of this study was to examine associations among
emotional face processing and structural connectivity in

In accordance with hypothesis one, overall emotion rec-
ognition accuracy was significantly impaired in children
with 22q11.2DS compared to TD children. Specific deficits
were noted in recognizing angry and happy faces, as well
as discrepancies in accuractly identifying other emotions
when the distractor faces displayed fear. The origin of such
perceptual impairments may be related to difficulties with
featural and configural face processing (Mondloch et al.,
2002). In typically developing individuals, neural systems
such as fronto-temporal and occipital networks interpret
facial cues in the context of social cognition. In 22q11.2DS,
studies have noted that these regions are notably affected.
Functional hyper- and hypoconnectivity has been observed
in fronto-occipital, fronto-temporal, and limbic connections
compared to control groups. These anomalies are thought to
contribute to imapired social-emotional perception and are
associated with positive symptoms of psychosis (Andersson
et al., 2008; Campbell et al., 2011; Mattiaccio et al., 2018;
Ottet et al., 2013).

The ability to recognize emotions emerges early in
development, though adult-like proficiency is typically not
achieved until age 10 years. While some emotions are identi-
fied by young children with accuracy comparable to adults,
the capacity to discriminate between other more complex
emotions does not emerge until late childhood. For example,
happiness and sadness are easily recognized by age 6 years,
while correctly labeling expressions of fear or digust proves

@ Springer



4030

Journal of Autism and Developmental Disorders (2023) 53:4021-4034

more difficult until the child reaches 8 to 10 years of age
(Boyatizis et al., 1993; Durand et al., 2007). Patterns for
anger, however, are more varied. Thomas et al. (2007) found
that young children performed significantly worse at cor-
rectly identifying angry facial expressions compared to older
children and adolescents. They attributed this to the matu-
ration of the PFC and amygdala, which continues through
adolescence. Overall, a child’s ability to correctly identify
specific emotions follows a general pattern, with increasing
aptitude as the child ages.

The developmental pattern of emotion recognition in chil-
dren with 22q11.2DS is less clear. Difficulties in making
specific age-related conclusions are likely due to a num-
ber of social, perceptual, and communication problems
commonly seen in this population. Campbell et al. (2010)
found that these children displayed atypical visual scan path
patterns, with more time spent focusing on the mouth and
less time fixating on the eyes. Others have suggested that
difficulties in recognizing facial expressions are related to
emotional withdrawal, limiting their ability to effectively
processes the emotional valence of faces (Schneider et al.,
2012). Regarding specific emotions, findings suggest that
children and adolescents with 22q11.2DS display poor rec-
ognition for faces displaying anger, disgust, and fear com-
pared to TD controls (Campbell et al., 2010; McCabe et al.,
2011, 2013). These perceptual differences have been attrib-
uted to poorer affective memory, attentional deficits, and
differential brain structure and/or function compared to TD
children (Andersson et al., 2008; Haxyby et al., 2002; Leleu
et al., 2016; Norkett et al., 2017; Van Amelsvoort et al.,
20006). In the present study, there were group performance
differences only for faces expressing anger and happiness.
Of note, children with 22q11.2DS had more difficulty rec-
ognizing and identifying target expressions in the task when
the surrounding faces exhibited fear. As previously noted,
children with 22q11.2DS have increased rates of anxiety
disorders compared to their TD peers. Given the impact that
anxiety has on attentional control, particularly in the context
of bias to threatening stimuli, it is possible that children with
22q11.2DS displayed more vigilance toward faces display-
ing fear (Popa et al., 2019; Roy et al., 2008; Shapiro et al.,
2014). This attentional bias would likely impede cognitive
control, resulting in a compromised ability to accurately
classify surounding emotions.

Altered Structural Connectivity and Social-
Emotional Impairments

Another potential source of impaired emotion recogni-
tion is neurological abnormality. We found children with
22q11.2DS had significantly higher FA in right hemi-
sphere Amy-FG white matter pathways. Additionally, our
results indicate that the relationship between a 22q11.2DS
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diagnosis and emotion recognition, as well as the deletion’s
relationship with impaired social skills, was partially medi-
ated by this increase in FA. To briefly review, anisotropy is
directly related to volume and orientation of neuronal fib-
ers both parallel and perpendicular to the tract of interest
(Stigler & McDougle, 2013; Thaler, 2018). Higher levels of
anisotropy are typically associated with greater organiza-
tion, yet methodological advancements suggest that this is
a simplification. Rather, many white matter pathways run
parallel to and overalap other tracts. Thus, increases in FA
in one tract might be the result of higher anisotropy in over-
lapping pathways (Beaulieu, 2002; Rice et al., 1993). Aside
from intravoxel fiber crossing, other parsimonious explana-
tions for higher FA in abnormal brains are decreased axon
diameter and reduced branching. Diffusion abnormalities
characterized by increased FA have been reported in patients
with schizophrenia. For example, Cheung et al. (2011) and
Szeszko et al. (2008) found that drug naive patients with
recent onset schizophrenia showed a positive association
between positive symptoms and FA in the ILF and fronto-
occipital fasciculus, two association pathways involved in
facial emotion processing. As Hoeft et al. (2007) stated,
“more is not always better.”

Our findings of higher FA in right amygdala to fusiform
gyrus pathways in children and adolecents with chromsome
22q11.2DS in relation to impaired social skills and emo-
tion recognition point to atypical strucutral connectivity as
a possible contributor to poorer socioemotional function.
There are strong reciprocal projects between the amyg-
dala and fusiform gyrus, and coupling between these two
regions increases when viewing emotional faces (Fairhall
& Ishai, 2007). While we are not able to determine the spe-
cific origins of increased FA in this pathway in children
with 22q11.2DS, it may be a result of reduced branching
or increased axonal packing. Others have similarly noted
increased FA in relation to poor cognitive functioning in
both healthy children and those with Williams syndrome
(Hoeft et al., 2007; Tuch et al., 2005). In children with
ADHD, Peterson and colleagues (2011) found increased FA
in pathways associated with visual processing as a function
of increasing ADHD symptom severity.

This study was not without limitations. First, this study
includes a cross-sectional sample of an ongoing longitudinal
study. This prevents us from analyzing within-subject differ-
ences in structural connectivity of regions associated with
emotion processing over time. Second, we did not examine
other brain regions that were not hypothesized to be affected
by a 22q11.2DS diagnosis. This would be a particular con-
cern if all pathways examined showed an effect on emotion
processing accuracy scores and reported social skills. How-
ever, we saw evidence for specificity, as only right hemi-
sphere Amy-FG FA was associated with 22q11.2DS and
negatively associated with emotion processing task accuracy
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and social skills. Therefore, we argue that the inclusion of
additional control regions was not vital to our conclusions,
but future work should incorporate additional pathways to
address this potential limitation. We do, however, contend
that these results should be interpreted with the knowledge
that other regions are associated with emotion processing
and social skills, beyond what is implicated in 22q11.2DS.
For example, the posterior superior temporal sulcus (face
perception and recognition), the inferior frontal gyrus (emo-
tion categorization), the anterior insula (recognition of moti-
vationally relavent emotional faces), and the inferior parietal
lobule (expression processing) are all implicated in effec-
tive emotion processing (Gobbini & Haxby, 2007; Jani &
Kasparek, 2018; Keuken et al., 2011; Marrazzo et al., 2021;
Pitcher, 2014). Given their global role in emotional face pro-
cessing, future work would benefit from incorporating these
regions as control variables when investigating diagnosis-
specific brain alterations.

Third, we used the BASC-2 PRS Social Skill scale to
evaluate parent-reported social skills of children with
22q11.2DS and TD controls. In a sample of children with
high-functioning autism spectrum disorder (HFASD) and
TD controls, Volker et al. (2010) found that those with
HFASD scored significantly lower than TD children on the
BASC-2 PRS Social Skills scale, suggesting that it cap-
tured social deficits of the group. However, they noted that
the Social Skills scale may not be as sensitive to certain
aspects of the skill deficits, such as a child’s asocial behav-
iors. Future work should, therefore, incorporate the Social
Responsiveness Scale (SRS) (Constantino & Gruber, 2012)
as a measure of social impairments in 22q11.2DS given its
high sensitivity and specificity identifying social deficits.
Fourth, we were unable to test for sensitivity based on psy-
chotropic medications, as not all of our study participants
documented current medication use. Future work should
consider medication use to determine its effects on neural
circuitry. Finally, to better characterize these white matter
anomalies and understand their microstructural origins,
more invasive ex vivo methods examining dendritic altera-
tions and axonal tracing are currently necessary.

Conclusions

The present study contributes to the existing literature char-
acterizing impaired social skills and emotion recognition
in children with 22q11.2DS. We found that socioemotional
impairment are partially influenced by atypical white mat-
ter connectivity between the right amygdala and fusiform
gyrus. This partial mediation suggests that while there was a
significant relationship between right Amy-FG connectivity
and social-emotional impairment, it did not fully account for
the observed relationship between diagnosis and measures

of social skills and emotion recognition ability. Given the
important role that these regions have in the interpretation
of others’ facial emotions, this association was not surpris-
ing. This is, to the best of our knowledge, the first study
characterizing the relationship between poorer emotion
recognition and differences in white matter structural con-
nectivity between these regions in children with 22q11.2DS.
An important next step would be to follow these children
longitudinally to measure changes in their developing brains
in relation to both socioemotional maturation but also as a
potential early biomarker of risk for developing a psychiatric
disorder.
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