IlpJ ‘ Schizophrenia

BRIEF COMMUNICATION OPEN

www.nature.com/npjschz

‘ '.) Check for updates

Structural and functional brain abnormalities in children
with schizotypal disorder: a pilot study
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Schizotypal disorder lies in the schizophrenia spectrum and is widely studied in adult populations. Schizotypal disorder in children
(SDc) is less well described. This study examined brain morphological and functional connectivity abnormalities in SDc (12 SDc and
9 typically developing children), focusing on the default mode and executive control brain networks. Results indicated that SDc is
associated with reduced grey matter volume (GMV) in superior and medial frontal gyri, and increased resting-state functional
connectivity between the superior frontal gyrus and inferior parietal lobule, compared to typically developing children (cluster-level
FWE-corrected p < 0.05). The brain structure abnormality (GMV in left superior frontal gyrus) was correlated with clinical symptoms
in SDc (r= —0.66, p = 0.026) and functional connectivity abnormality was correlated with extra-dimensional shifting impairments in
all participants (r=0.62, p=0.011), suggesting their contribution to the underlying mechanisms of clinical presentation. These
preliminary results motivate further work to characterize the neural basis of SDc and its significance as a risk factor for later

psychosis.
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INTRODUCTION

Schizotypal disorder (SD) lies within the schizophrenia spectrum
and represents one of the high-risk groups for schizophrenia.'™
There is a growing interest in childhood manifestations of
schizotypal disorder (SDc),*° which are characterized by bizarre
magical and paranoid fantasies and perceptual disturbances
preoccupying the internal world of the child.*™ These preoccupy-
ing thoughts interfere with normal social interaction and activities,
and cause anxiety and distress.” SD has been identified in children
as early as 5-6 years old.*® The prevalence of SDc is not well
established. Population studies suggest a prevalence of 5.9% with
“at least one definite” psychotic symptom in a UK cohort of 2127
twin children aged 12 years” and 10.2% with “strong symptoms”
of psychosis in a population of 27,000 Australian children (mean
age 11.91 years)® Two small longitudinal studies indicated a
17-25% risk for youth with SD developing a psychosis within 3
years.®® Detailed study of SDc is likely to contribute to further
recognition and definition of this pathology, while contributing to
further understanding of the schizophrenia spectrum and the
prediction of frank onset of psychosis.

The preoccupation with internal fantasies in SDc is thought to
reflect a difficulty in switching attention from internal to external
foci.> This proposition motivates corresponding neurobiological
hypotheses of dysfunction in relevant brain networks. Studies in
healthy participants have consistently shown that when an
individual is engaged in internally-oriented processes, the default
mode network (DMN, including medial prefrontal cortex, posterior
cingulate cortex, medial temporal lobe, and angular gyrus) is
activated and the executive control network (ECN, including dorsal

lateral prefrontal cortex, and superior parietal lobules) is
deactivated;'®"" the opposite pattern is evident during
externally-oriented and goal-directed tasks.'> The DMN and ECN
are affected in schizophrenia patients and adults with SD, both
structurally and functionally.">'* Adults with SD are consistently
reported to have reduced grey matter volume (GMV) in the medial
temporal lobe, with more variable evidence of prefrontal cortical
involvement.'® Functionally, abnormalities within the DMN have
also been reported in individuals with SD, including both
increased and decreased resting-state functional connectivity
compared to controls.'® During cognitive tasks, individuals with
SD also showed different profiles of activation within the ECN
compared to controls.'””~"? No study has yet been conducted to
examine the neural basis of SDc. This study hypothesized that
brain structural (GMV) abnormalities would manifest in SDc,
relative to typically developing children, within the DMN and ECN,
and that these structural changes would be associated with large-
scale functional (resting-state connectivity) impairments.

RESULTS

SDc had higher Melbourne Assessment of Schizotypy in Kids
(MASK) scores, completed fewer intra-/extra-dimensional set-
shifting task (IDED) stages, and committed more IDED extra-
dimensional errors than typically-developing children (TDC) (see
Supplementary Table 1).

SDc showed significantly reduced GMV within the DMN,
including the superior frontal gyrus (BA8: peak MNI coordinates:
[—12,45,42], t=7.06, Pcorrected = 0.042) and [27,32,42], t=5.40,
Dcorrected = 0.043) and the medial frontal gyrus (BA10: [—8,62,9],
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Brain imaging and correlation results. a Structural difference between SDc and TDC. b Resting-state functional connectivity difference

between SDc and TDC. Seed region: superior frontal gyrus (centered at [—12 45 42]). ¢ The relationship between MASK total score and left
superior frontal gyrus (centered at [—12 45 42]) volume in SDc individuals. d The relationship between extra-dimensional errors and functional
connectivity between superior frontal gyrus (centered at [—12 45 42]) and inferior parietal lobule in all participants.

t=532, Pcorrected = 0.050) compared to TDC (Fig. 1la and
Supplementary Table 2). Uncorrected effect-size maps (Cohen’s
d> 0.8, representing “large” effects) are additionally presented in
Supplementary Fig. 1, pointing to potentially more extensive DMN
and ECN involvement beyond the power of this pilot work to infer
definitively.

SDc also exhibited statistically significantly increased functional
connectivity between the superior frontal gyrus (seed [—12,45,42])
and the inferior parietal lobule (BA39: [45, —66, 45]) (a region
within ECN) relative to TDC, t =6.01, Pcorrected < 0.001 (see Fig. 1b
and Supplementary Table 2). Effect-size maps (Cohen’s d >0.8)
provided preliminary indications of widespread abnormalities in
DMN-ECN interactions (Supplementary Fig. 2).

The GMV of the left superior frontal gyrus, centered at
[—12,45,42], was inversely correlated with the MASK total score
(r=—0.66, p =0.026) in SDc (see Fig. 1c). Functional connectivity
between the superior frontal gyrus and the inferior parietal lobule
was significantly correlated with IDED stages completed (Spear-
man correlation, r;=—0.56, p=0.023) and extra-dimensional
errors (r=0.62, p=0.011) (See Fig. 1d).

DISCUSSION

In this study, we examined the neural impairments in SDc. We
identified brain structural and functional abnormalities of SDc and
suggest these abnormalities may be related to the cognitive and
clinical symptoms of SDc.

SDc exhibited reduced GMV in the superior and medial frontal
gyrus, and the GMV in the superior frontal gyrus was correlated
with clinical symptoms in SDc. These results suggested the
importance of frontal dysfunction in SDc, particularly in regions of
the DMN. The decreased GMV in frontal regions are consistent
with those findings reported in patients'**° and high-risk
individuals for schizophrenia.?’*? However, these results diverge
from previous reports of SD in adults, where prefrontal cortex
volumes were relatively preserved or even increased.! This
distinction may reflect the developmental status of our younger
cohort, particularly given the known non-linear trajectories of
brain maturation and decline in neurodevelopmental diseases.***
Alternatively, or consequentially, SD may manifest differently in
childhood and adulthood. Critically, the observed correlation
between GMV and MASK total score is consistent with similar
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relationships between clinical symptoms and GMV in prefrontal
regions in high-risk individuals for psychosis.>®

Increased functional connectivity between the superior frontal
gyrus and inferior parietal lobule was also observed in SDc, and
increased functional connectivity was correlated with poorer
attentional set-shifting performance in all participants. These
results suggest that the increased functional connectivity in SDc is
maladaptive and related to their reduced cognitive control. This
abnormal functional connectivity is also consistent with previous
studies examining the relationship between DMN and ECN in
schizophrenia and at-risk individuals.?*?® The DMN s related to
processing internal and self-related information,'® while the ECN is
implicated in external information processing and goal-directed
requlation.'?> While further study is required, the abnormal
functional interactions observed between these systems provides
a potential mechanism underpinning preoccupation with internal
fantasies in SDc. One possibility is that the inability to effectively
de-couple the DMN and ECN would make it difficult for SDc to
differentiate the perception of external stimuli from representa-
tions of internal information,”® causing deficits in monitoring
reality, abnormal self-awareness, and altered self-experience.'**’
The correlation between DMN-ECN functional dysconnectivity and
attentional set-shifting abilities further supports the link between
this biological abnormality and impaired switching between
internally-focused and externally-focused attention.

There are several limitations in this study: First, given it is a
preliminary study, the sample size is small. Larger samples will be
necessary to corroborate and extend these findings. Second, this
is a cross-sectional study and only include children with SD.
Further longitudinal studies and studies recruiting both children
and adults with SD may illustrate the clinical and biological
trajectories of SD, particularly with respect to risk for psychosis.
Third, this study only examined brain structure and resting-state
functional connectivity. Task-based functional imaging studies
that explicitly manipulate internal and external attention pro-
cesses will also be important for further defining the neurofunc-
tional substrates of SDc expression.

Taken together, this study represents an initial step in
examining the neural basis of schizotypal disorder in childhood
and motivates further work towards its characterization within the
schizophrenia spectrum.
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METHODS

Participants

Twelve SDc (7 males) and 9 TDC (6 males) were recruited from two
neurodevelopmental disorders clinics in Melbourne and from the general
community. The mean age of SDc and TDC were 12.15 (SD = 2.67) and 13.49
(SD = 1.85) years respectively. SDc (DSM-IV-TR criteria) was diagnosed using
the MASK a validated scale based on interviews with both the children and
their parents.* A diagnostic cutoff of 132 was used, based on sensitivity/
specificity determined during psychometric development of the MASK.*
Demographic and clinical information are provided in Supplementary Table
1. This study was approved by Melbourne Health Research Ethics Committee
and Monash University Research Ethics Committee. Written informed
consent was provided by the guardians of the participants.

Measures

The MASK is a standardized clinical assessment for SDc* and includes a
screening checklist of 57 items comprising two factors: social/pragmatic
symptoms, and positive schizotypal symptoms.? It has been shown to be
valid in distinguishing SDc from both autism spectrum disorder and TDC.*

Set-shifting and reversal learning impairments are among the most
pervasive cognitive symptoms in patients with schizophrenia and adult
patients with SD,*>*° and are directly related to ECN function.>*'3? The
IDED from the Cambridge Neuropsychological Test Automated Battery
(CANTAB) was therefore used to measure set-shifting and reversal learning
ability.3* The number of stages completed, intra-dimensional errors, extra-
dimensional errors, and extra-dimensional reversal errors were recorded.

Imaging acquisition

Neuroimaging data were acquired on a 3T Siemens Trio Scanner (Siemens,
Erlangen, Germany) with a 32-channel RF head coil at the Royal Children’s
Hospital, Melbourne. High resolution anatomical data were acquired via a
T1-weighted MPRAGE sequence using the following parameters: 176 sagit-
tal brain slices; TR = 2530 ms; TE = 1.74 ms; FOV = 256 mm; matrix = 256 X
256; flip angle = 7°, voxel size =1 x 1 x 1 mm. Blood oxygen-level depen-
dent (BOLD) functional data were acquired using gradient recalled-echo
echo planar images (GRE-EPI) while the participant was at rest with eyes
open, using the following parameters: 60 axial brain slices, multi-band
acceleration factor 3, TR= 1500 ms, TE =33 ms, flip angle =85°, FOV =
255 mm, matrix = 255%255, voxel size = 2.5 x 2.5 x 2.5 mm. A total of 180
whole-brain volumes were collected. The scanning time (including T1 and
resting-state fMRI) was about 12 min.

Image processing

The structural images were analyzed using voxel-based morphology (VBM)
with diffeomorphic anatomical registration through exponentiated lie
algebra (DARTEL) normalization as embedded in SPM12 (http://www fil.ion.
uclac.uk/spm/). The T1 images were segmented, normalized, modulated to
preserve volume encoding, and smoothed with a full width at half
maximum (FWHM) kernel of 5 mm. The group comparison of GMV was
conducted in SPM with t-test while controlling for confounding due to sex,
age, and whole brain volume variables.

Resting-state fMRI data were preprocessed using the DPABI toolbox** for
SPM12. Preprocessing included slice timing correction, rigid-body realign-
ment, coregistration of functional to structural data, normalization to
standard (MNI) space, spatial smoothing using a FWHM 4 mm kernel, and
temporal filtering between 0.01 and 0.1 Hz. Regression was used to
estimate and account for variance attributable to head motion (Friston's 24
parameters), white matter and CSF signal. Seed-based functional
connectivity was undertaken on the residuals. The seeds were defined
by spherical ROIs (4 mm radius) centered on brain regions showing a
between-group GMV difference.

Inference of between-group differences in GMV and functional
connectivity were restricted to a mask of the DMN and ECN, defined
based on a published network parcellation, for both structure and
resting-state data analyses. Multiple comparison correction within this
mask was performed using a cluster-level FWE correction at p <0.05
threshold in both cases.

The GMV and functional connectivity estimates in brain areas which
showed group differences were extracted (with 4 mm radius sphere ROI)
and correlated with (Pearson correlation if data was normally distributed
and Spearman correlation if data were not normally distributed) MASK
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total score in SDc and IDED measures (stages completed, ID error, ED error,
extra-dimensional reversal error) in all participants. A standard significance
threshold of p <0.05 was adopted. For more details of image processing,
see Supplementary Method.

Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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Supplementary method

Detailed description of image processing
The structural images were analyzed using voxel-based morphology (VBM) with diffeomorphic anatomical registration through

exponentiated lie algebra (DARTEL) normalization as embedded in SPM12 (http://www.fil.ion.ucl.ac.uk/spm/) running on MATLAB2017b

(Mathworks Inc., Sherborn, MA). The T1 image of each participant was first segmented into grey matter, white matter and cerebrospinal fluid,
then all participants’ images were used to create and warp to a study-specific template before normalization to MNI space. The normalized
grey matter partial volume images were modulated by the Jacobian of the combined warp from native to study to MNI space, such that the
intensity of each voxel in the final images encoded grey matter volume. The images were then smoothed with full width at half maximum

(FWHM) kernel of 5 mm. The group comparison (t-test) of grey matter volume was conducted in SPM while controlling for sex, age and total



brain volume. Inference was restricted to a mask of the DMN and ECN, defined based on Shirer et al’s ! network parcellation. Multiple
comparison correction within this mask was performed using a cluster-level FWE correction at p<0.05 threshold.

Resting state fMRI data were preprocessed using the DPABI toolbox 2 for SPM12. The first 5 volumes were removed for signal equilibrium.
Preprocessing included slice timing correction, rigid-body motion realignment, coregistration of the functional EPIs to the structural T1 data,
segmentation and normalization of the T1 and normalization of the EPI images to MNI space; spatial smoothing using a FWHM 4 mm kernel;
and temporal filtering between 0.01 and 0.1 Hz. In this study, all but two individuals showed head motion of no greater than 2 mm or 2
degrees. The remaining two moved, respectively, 3.3 mm/3.0 degrees and 3.1 mm/3.9 degrees. To robustly account for and mitigate the
influence of variance in the data introduced by head motion, we employed a conservative data cleaning approach: 24 parameters were
regressed from the data in each individual, corresponding to the 6 head motion parameters (translation in 3 planes, rotation in 3 axes) at each
time point, the 6 parameters of the previous timepoint, plus each of these values squared (i.e., the “Friston 24-parameter model”)3. The
timeseries extracted from each of the white matter and cerebrospinal fluid were also regressed from the data. Seed-based functional
connectivity was then undertaken. The seeds were selected based on brain regions showing a between-group structural difference?, and
created based on the peak coordinates and 4mm radius spherical ROI. The seed-to-voxel correlation maps, constrained to the DMN/ECN mask
described above, were transformed to Fisher z-maps for group comparison. Between-group inference was undertaken using a cluster-level FWE
correction at p<0.05 threshold.

The grey matter volumes of brain areas which showed group differences were extracted (with 4mm radius sphere ROI) and correlated with

MASK scores in SDc individuals. Similarly, the connectivity coefficients were extracted for regions showing group-differences in functional



connectivity with the selected seeds, and correlation analyses were conducted between the connectivity strength and MASK scores in SDc and

IDED measures in all participants. Pearson correlation if data was normally distributed and Spearman correlation if data was not normally

distributed.
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Supplementary Tables

Supplementary Table 1. Demographic, clinical and cognitive measures of participants

SDc (N=12) TDC (N=9)
t/Chi- Cohen’s
Mean SD Mean SD 2
squared d

Age 12.15 2.67 13.49 1.85 1.29 0.211 -0.58
Gender (male: female) 7:5 6:3 0.15 0.697
MASK total 153.50 12.00 71.33 8.34 17.55 <0.001 7.95

MASK social/pragmatic symptoms 82.17 11.05 38.22 6.06 10.74 <0.001 4.93

MASK positive schizotypal symptoms 71.33 10.68 33.11 3.66 10.24 <0.001 4.79
IDED Stages completed 7.89 1.05 9.00 0.00 3.16 0.006 -1.50
IDED intra-dimensional errors 2.00 1.12 1.67 0.87 0.71 0.490 0.33
IDED extra-dimensional errors 18.22 12.44 6.22 6.36 2.58 0.020 1.21
IDED extra-dimensional reversal errors 3.00 5.55 4.89 7.01 0.63 0.535 -0.30

SDc, children with schizotypal disorder; TDC, typically-developing children; MASK, Melbourne Assessment of Schizotypy in Kids; IDED, intra-/extra-dimensional

set-shifting. For IDED task, there were 9 participants’ data in each group.



Supplementary Table 2. Group comparison on brain structure and resting-state functional connectivity

Brain areas Hemisphere

Peak Coordinates
(xyz)

T

Cluster size
(voxels)

Cohen’s d

Brain structure

SDc >TDC

None

TDC > SDc

Superior Frontal Gyrus (BAS) Left
Superior Frontal Gyrus (BAS) Right
Medial Frontal Gyrus (BA10) Left

Resting-state functional connectivity

SDc > TDC

Seed: Superior Frontal Gyrus [-12 45 42]
Inferior parietal lobe (BA39) Right
TDC > SDc

None

-1245 42
273242
-8629

45 -66 45

7.06
5.40
5.32

6.01

131
130
124

74

3.24
2.48
2.44

2.76

SDc, children with schizotypal disorder; TDC, typically-developing children.



Supplementary figures

Supplementary Fig. 1 Structural difference between SDc and TDC with large effect size. These maps shows brain strucuture difference between SDc and TDC with
large effect size (Cohen's d > 0.8), pointing to potentially more extensive DMN and ECN involvement beyond the power of this pilot work to infer definitively. SDc,
children with schizotypal disorder; TDC, typically developing children; DMN, default mode network; ECN, executive central network.
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Supplementary Fig. 2 Functional connectivity difference between SDc and TDC with large effect size. These maps shows resting state functional connectivity
difference between SDc and TDC with large effect size (Cohen's d > 0.8), the seed is the superior frontal gyrus (centered at [-12,45,42]), the functional connectivity is
within DMN and ECN. These maps provide preliminary indications of widespread abnormalities in DMN-ECN interactions in SDc. SDc, children with schizotypal
disorder; TDC, typically developing children; DMN, default mode network; ECN, executive central network.
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