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Background and Hypothesis: Schizotypy is a risk pheno-
type for the psychosis spectrum and pilot studies suggest
a biological continuum underlying this phenotype across
health and disease. It is unclear whether this biological con-
tinuum might include brain structural associations in net-
works altered in schizophrenia spectrum disorders, such as
the fronto-thalamo-striatal system or nodes of the default
mode network, such as the precuneus. Study Design: In this
study, we analyze a large multi-center cohort of 673 non-
clinical subjects phenotyped for schizotypal traits (using
the Schizotypal Personality Questionnaire-Brief version)
using tract-based spatial statistics of diffusion tensor im-
aging data, as well as voxel-based morphometry (VBM)
analysis of regional brain volumes and gyrification analysis
of early neurodevelopmental markers of cortical folding
on T1-weighted MRI. Study Results: We identify signif-
icant (P < .05 family-wise error corrected) associations
of schizotypy with major fiber tract fractional anisotropy:
positive (cognitive-perceptual) schizotypy correlated nega-
tively with the left anterior thalamic radiation (a principal
thalamo-frontal projection), left uncinate fasciculus and
cingulum, while negative (interpersonal) schizotypy correl-
ated positively with left anterior thalamic radiation, cin-
gulum, and the anterior corpus callosum, and disorganized
schizotypy correlated negatively with right cingulum, and
superior and inferior longitudinal fasciculi. VBM analyses

showed a negative correlation of gray matter with nega-
tive schizotypy in the left cerebellum, while gyrification in
the inferior parietal cortex correlated positively with neg-
ative (interpersonal) schizotypy. Conclusions: These find-
ings pave the way for a neural network conceptualization of
schizotypy as a psychosis proneness trait across the general
population, showing associations with fronto-subcortical
and frontotemporal systems as structural substrates of this
risk phenotype.

Key  words:  cortical  folding/gyrification/magnetic
resonance imaging (MRI)/psychosis proneness

Introduction

Schizotypy is a human risk phenotype for the schiz-
ophrenia spectrum.? Tt characterizes cognitive, emo-
tional, and behavioral traits that are reminiscent of
schizophrenia and associated with psychosis proneness,
yet are prevalent across the general population including
nonclinical subjects.® Including positive, negative, and
disorganized facets, schizotypy closely mirrors symptoms
identified in psychotic disorders. Within the clinical schiz-
ophrenia spectrum, schizotypy has played a prominent
role in defining spectrum disorders such as schizotypal
personality disorder, which has shown neurobiological
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similarities with schizophrenia* including cognitive func-
tion’ and brain structural changes.®’” Beyond the clinical
spectrum, emerging from the identification of links be-
tween schizotypy in nonclinical populations and clinical
cases (or those at risk) are recent neurobiological spec-
trum hypotheses that link neural systems across health,
risk, and disease (review in ref. 2). These are consistent
with “fully dimensional” models of schizotypy that might
be extended to include nonclinical and clinical cohorts
(for review see ref. ?).

Reliable identification of a neural signature or “bio-
type” underlying schizotypy (or its single facets) would
have considerable impact on both conceptualizing schiz-
ophrenia (and psychoses in general) as well as early iden-
tification of people at risk, since conventional clinical
tools for early detection and intervention are either un-
specific or capture phenomena immediately preceding the
onset of psychosis.® 1

Despite several initial studies, however, it has remained
unclear which neural networks are associated with schiz-
otypal traits. There are now several, mostly smaller
studies that have used different self-assessment measures
of schizotypal traits in nonclinical general population
samples and related them to structural brain imaging cor-
relates. The results are not unequivocal, identifying single
regions associated with schizotypy, but these studies are
mostly limited to regional volume analysis of gray matter.
Some of this research has compared preselected extreme
groups with high vs low schizotypy,'"'? while most others
have used dimensional designs across a certain range
of schizotypy, normally in the low to medium range of
psychometric schizotypy, and thus below clinical thresh-
olds for spectrum disorders.’*!* Not only have previous
studies relied on smaller sample sizes (generally <100
participants). They have also typically focused on a single
parameter characterizing brain structure, eg, regional
brain volumes or whiter matter integrity. While there are
now studies with larger cohorts analyzing regional vol-
umes, ' there are hardly any studies analyzing the relation
of schizotypy(-like) markers or psychotic-like experi-
ences and gyrification or other cortical folding markers
of early brain development.'®!"” Hence, there is a signif-
icant need for adequately powered imaging studies of
both white and gray matter in large nonclinical cohorts.
Such analyses could close the gap in our understanding
of the biological spectrum hypothesis, adding a brain net-
work perspective. In particular, the paucity of structural
connectivity studies'>'%* has limited a network under-
standing of the biological bases of schizotypy.

From a network perspective, the previous findings
on gray and white matter associations with schizotypy
might be understood by focusing on networks rather
than single brain regions. Given that schizophrenia it-
self is understood as a brain network disorder,?! anal-
ysis of brain structure in schizotypy might benefit from
formulating hypothesis on the effects of schizotypy
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(and its facets) on particular neural networks rather
than single regions.”? Based on the existing body of ev-
idence, 3 neural network hypotheses can be tentatively
derived from the previous studies in psychiatrically
healthy subjects. First, early studies have identified a
potential link between schizotypy and default mode
network (DMN) function, which is functionally altered
in schizophrenia (for meta-analysis, see ref. 2*); this hy-
pothesis is mostly based on structural studies linking
the precuneus (a major DMN hub) to schizotypy, and
is one of the few replicated findings in the field (mostly
showing larger volumes in higher schizotypy).!!:!>%
Second, several studies have identified correlations of
psychometric schizotypal traits in healthy subjects with
nodes of the fronto-thalamo-striatal system, including
different lateral and medial prefrontal areas,'>'* parts
of the striatum,” and thalamus*—again mostly with
positive schizotypy. This resonates with functional MR
imaging studies showing prefrontal correlates of schizo-
typy,'>¥% as well as pharmacological challenge studies
of schizotypy and striatal dopamine release,” and sur-
rogate markers of striatal dopamine function,*® and
striatal dopamine binding and prefrontal activation.’!
Also, this hypothesis is of particular interest given the
association of white matter tracts connecting prefrontal
cortices with the thalamus (esp. the anterior limb of the
internal capsule/anterior thalamic radiation) as well as
interhemispheric corpus callosum fibers in the clinical
spectrum of schizotypal personality disorder and schiz-
ophrenia.®* Finally, a third line of evidence, although
from only a few studies, has suggested that aspects of
frontotemporal connectivity, eg, integrity of the un-
cinate fasciculus and cingulum are linked to schizo-
typy'>*; however, like individual studies implicating
the hippocampus* or the interaction of fronto-striatal
and cerebellar networks,* these findings have not widely
been replicated so far.

Aiming to overcome some of the limitations of previous
studies, we analyzed a large data set of almost 700 non-
clinical subjects from the multi-center FOR2107 study.*
Within these same subjects, we applied 3 different MRI
method approaches to identify brain structural markers
of schizotypy: (1) diffusion tensor imaging (DTI) as an
indicator of white matter fiber tract integrity, (2) voxel-
based morphometry (VBM), and (3) gyrification, which
is a cortical folding biomarker that is temporally more
stable than volume and an indicator or early (intrauterine
and childhood) brain development. We specifically tested
the competing hypotheses that schizotypy is linked to
prefronto-thalamo-striatal brain structure (ie, gray matter
of these regions as well as the integrity of interconnecting
fiber tracts) vs the precuneus (as part of the DMN). The
approach allows assessing several measures of brain
structure and their association with different schizotypy
facets on the phenotype level (ie, positive vs negative vs
disorganized).



Table 1. Descriptive Statistics of Sample Demographics

Fronto-Thalamic Structural Connectivity Associated With Schizotypy

Frequencies
Sex 251 male (37.3%)/422 female (62.7%)
Mean SD (Standard Deviation) Minimum Maximum Curtosis Skewness

Age 32.53 12.34 18 65 -0.294 1.001
IQ! 113.97 13.48 85 145 —-0.689 0.480
SPQ-B total 3.33 3.01 0 16 1.279 1.156
SPQ-B Cognitive Perceptual 0.90 1.16 0 6 1.770 1.403
SPQ-B Interpersonal 1.67 1.70 0 8 0.720 1.091
SPQ-B Disorganized 0.76 1.25 0 6 2.994 1.875

“Estimated with MWT-B (Mehrfachwahl-Wortschatztest-B™).

Materials and Methods

Study Cohort

We included a cohort of n = 673 psychiatrically healthy
subjects (422 women, 251 men; mean age 32.53 years,
SD 12.34) from the general population, recruited as part
of the FOR2107 study* in the cities of Marburg and
Miinster, Germany. Educational attainment, obtained
based on the German secondary school and higher ed-
ucation (qualification) system, showed a high percentage
of well-educated participants (9 years: 1.8%, 10 years:
9.5%, 12 years: 5.9%, 13 years: 49.5%, 15 years: 2.1%, 16
years [Bachelor’s degree]: 13.7%, 18 years [Master’s de-
gree]: 17.4%).

The study protocol was approved by the local Ethics
Committees of the Medical Schools of Philipps-
Universitdit Marburg and  Westfilische-Wilhelms-
Universitdt Miinster, respectively.

Subjects were recruited from the general population
by advertisements and were compensated for participa-
tion (for details of the FOR2107 study, see ref. 3¢). All
subjects underwent a full clinical assessment using the
German version of the Structured Clinical Interview for
DSM-1V axis I diagnoses®”*® confirming (in addition to
their self-report) the absence of a current or previous
axis I psychiatric diagnosis. Further exclusion criteria in-
cluded current or previous substance dependence, history
of traumatic brain injury (with loss of consciousness),
CNS pathologies, or uncontrolled general medical condi-
tions. See table 1 for further sample characteristics.

Phenotyping

We used the Schizotypal Personality Questionnaire-
Brief version (SPQ-B) to assess subjects for schizotypy.
The SPQ-B derives from the initial SPQ developed by
Raine on the basis of DSM-IIIR criteria for schizotypal
personality disorder® and allows a dimensional assess-
ment of the 3 major dimensions or facets of schizotypy:
cognitive-perceptual (a positive symptom dimension),
interpersonal (a negative symptom dimension), and

disorganized. Among its advantages for characterizing
subjects’ schizotypy levels is the widespread use and psy-
chometric properties, similar to the extended version of
the questionnaire.*

The SPQ-B is based on a total of 22 items, which are
assigned to the 3 dimensions SPQ-B-cognitive-perceptual
(8 items), SPQ-B-interpersonal (8 items), and SPQ-B-
disorganized (6 items). The established 3-factor structure
of the SPQ-B and its origins from clinical criteria make
it a compelling choice for a dimensional assessment of
schizotypy aimed at targeting subphenotypes mirroring
the common factor structure of clinical assessment tools.
This factor structure is found in adolescents,*** un-
dergraduate students,®® as well as general healthy adult
samples.®” The SPQ-B thus allows robust assessment of
schizotypy with its 3 main dimensions and comparability
across a larger number of studies. Similar to previous
studies, SPQ-B reliability (SPQ-B-total) was acceptable in
both the total sample (n = 673; Cronbach’s alpha 0.745)
as well as in the DTI subsample (n = 573; Cronbach’s
alpha 0.724). See table 1 for means and distribution of
dimensional scores within the sample.

MRI Data Acquisition

T1-weighted structural MRI data were acquired at 3
Tesla scanners at the 2 sites in Marburg and Miinster,
respectively, using a harmonized multisite imaging pro-
tocol with ongoing quality assurance protocol including
phantom scans.** At the Marburg site, MRI was obtained
on a 3 T Siemens Tim Trio scanner (Siemens, Erlangen,
Germany) with a 12-channel head matrix Rx-coil using a
3D MPRAGE sequence (TR=1.9s, TE =2.26 ms, TI =
900 ms, flip angle = 7°) with 176 sagittal slices, 1 mm slice
thickness, 256 mm field-of-view, and a resulting isotropic
voxel resolution of 1 X 1 X 1 mm? At the Miinster site,
the 3D MPRAGE was obtained on a 3T Siemens Prisma
system (Siemens, Erlangen, Germany) with a 20-channel
head matrix Rx-coil and 192 slices and identical spatial
resolution (TR = 2.13 s, TE = 2.28 ms, T1 = 900 ms, flip
angle = 8°).
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DTI scans were acquired, at both centers, using iso-
tropic diffusion-weighted images with an epi2d sequence
as used in previous studies* (TR = 7300 ms, TE = 90
ms, FOV = 320 mm, phase encoding anterior-posterior;
GRAPPA acceleration factor of 2, with 56 slices (2.5
mm slice thickness at the Miinster site, 3 mm at Marburg
site), 30 diffusion directions, and a final voxel resolution
of 2.5 x 2.5 x 2.5 mm?®). Five non-diffusion-weighted
images with b = 0 s/mm?, and 2 sets of 30 diffusion-
weighted images with b = 1000 s/mm? were acquired. For
analyses, the 2 diffusion-weighted sets were merged. DTI
images were visually inspected for artifacts and general
data quality.

Imaging data from both centers were pooled based on
extensive quality assurance protocols,* which included
the regular scanning of phantoms.

MRI Data Preprocessing

We preprocessed DTT scans using tract-based analysis of
diffusion parameters, and T1-weighted structural scans
for VBM, surface-based morphometry analysis (SBM) of
gyrification.

For analysis of DTI, we used FSL (version 5.02;
FMRIB Software Library, FMRIB/Wellcome Centre of
Integrative Neuroimaging, University of Oxford, United
Kingdom*#’) with an implemented pipeline for tract-
based spatial statistics (TBSS) for group-level DTI anal-
ysis.®* Due to quality assurance, we excluded part of the
initial sample for DTI analyses, leaving a total DTI sub-
sample of n = 573 subjects (366 women/207 men; mean age
33.05 years, SD = 12.57). Diffusion-weighted images were
corrected for motion and eddy current artifacts. Nonlinear
registration into standard 1 X 1 X 1 mm?® MNI-space
(MNI-152) was achieved as part of TBSS using the FSL
template. We calculated fractional anisotropy (FA) maps
for each subject, which were projected onto the TBSS tract
skeleton, as FA is the most commonly used DTI parameter
in both studies of schizotypy'? as well as the schizophrenia
spectrum,**°! thus allowing best comparability.

For preprocessing of TI1-weighted scans, we used
the VBMS toolbox and CATI2 toolbox (build 1184,
Christian Gaser, Structural Brain Mapping Group,
Jena University Hospital, Jena, Germany). Both VBMS
and CATI12 are toolboxes implemented in the SPM
software package (Statistical Parametric Mapping,
Wellcome Centre For Human Neuroimaging, Institute
of Neurology, London, United Kingdom), running on
MatLab (The MathWorks, United States). The CAT12
toolbox includes a preprocessing pipeline SBM analyzes,
which includes an analysis of gyrification based on the
absolute mean curvature approach.

Images were first visually inspected for gross artifacts
and malformations, and all images included in this anal-
ysis passed this initial quality check.

S140

For VBM preprocessing, we used VBMS default pa-
rameter sets, which included image segmentation into
gray matter, white matter, and cerebrospinal fluid, as well
as spatial normalization using the DARTEL algorithm.
For smoothing, we applied a Gaussian kernel with § mm
full-width at half maximum (FWHM). Preprocessing
also included the calculation of total intracranial volume
(TIV). VBM data were smoothed with an § mm FWHM
Gaussian kernel.

For SBM preprocessing, we used the CAT12 toolbox’s
pipeline for extracting the cortical surface, followed
by a calculation of the absolute mean curvature, from
which our measure of gyrification is derived.> Data were
smoothed with a 20 mm FWHM kernel, given the spatial
frequency of cortical folds, and in line with the CAT12
manual recommendations.

All T1-weighted images passed the CAT12 homoge-
neity check, which acts as a further quality assurance step
in identifying outlier scans.

Statistical Analyses

We analyzed T1 morphometry data in SPM’s general
linear model framework using a multiple regression ap-
proach. In 4 separate models, we tested each of the 3
SPQ-B dimensions, as well as the SPQ-B total score, using
a single (sub)score as regressor, as well as age and gender
(in the case of VBM also TIV) as well as site (Marburg/
Munster) and body coil (accounting for a change in body
coil at the Marburg site during the course of the study) as
nuisance variables, whose variance was removed. For cor-
rection of whole brain voxel-wise multiple comparisons,
we applied family-wise error (FWE) cluster-level correc-
tion at P < .05 (following an initial peak-level threshold
of P < .001, uncorr.). To be able to extract effect size
measures, the resulting volume and surface T-maps were
converted into Cohen’s d maps using the CAT12 trans-
form function.

For statistical analysis of DTI data, we used a tract-
based region-of-interest approach, applying threshold-
free cluster enhancement (TFCE) approach®*>* with
5000 permutations, and a P < .05 FWE-corrected
threshold. To be able to extract effect size measures,
the resulting T-maps were converted into d maps using
fsimaths, Cohen’s d at the peak voxel was then read out
using fslmeants. Our DTI analysis included both testing
of white matter tracts for which a specific anatomical
hypothesis was formulated, ie, the anterior thalamic ra-
diation forming the connection between (mediodorsal)
thalamus and prefrontal cortex and thus the main core
of the prefronto-thalamo-striatal circuit, the uncinate
fasciculus, and inferior fronto-occipital fasciculus, both
implicated in one of the few previous DTI studies of
schizotypal traits,'> as well as other association tracts
covered in the TBSS approach.



Results
DTI Findings

DTT analysis showed a number of significant correlations
between SPQ-B scales and FA in white matter tracts.

While SPQ-B-cognitive-perceptual and SPQ-B-
disorganized (as well as SPQ-B total) scores showed con-
sistently negative correlations with FA across multiple
white matter tracts (with effects sizes ranging from Cohen’s
d=0.039to d=0.168 for SPQ-B-cognitive-perceptual, d =
0.110 to d = 0.176 for SPQ-B-disorganized, and d=0.117
to d = 0.215 for SPQ-B total), the SPQ-B-interpersonal
subscores showed positive correlations throughout (with
effects sizes ranging between Cohen’s d = 0.145 and d =
0.187).

A comprehensive overview of DTI findings is given in
table 2, with selected findings of interest in figure 1.

Of note, correlations were found for the anterior
thalamic radiation bilaterally (negative for the SPQ-B-
cognitive perceptual dimension, but positive for the SPQ-
B-interpersonal dimension), with a similar pattern for the
anterior corpus callosum (forceps minor). In contrast,
uncinate fasciculus FA was negatively correlated with
SPQ-B-cognitive-perceptual subscores. Cingulum FA
was associated with multiple dimensions, notably both
cognitive-perceptual (bilateral, negative correlation) as
well as interpersonal (left cingulum, positive correlation),
disorganized (right cingulum, negative correlation), and
total scores (right cingulum, negative correlation).

VBM Findings

VBM analysis showed a significant negative correlation
of SPQ-B-interpersonal dimension with gray matter in a
left superior cerebellar cluster (P = 0.039, FWE cluster-
level corrected; & = 808; maximum intensity voxel at —27;
—60; —26 with d = 0.331, Neuromorphometrics atlas), see
figure 2. A similar contralateral cluster was found in ex-
ploratory analysis (P < 0.001, uncorr.) in the right cere-
bellum (k = 571 voxels; maximum intensity voxel at 26;
—56; —30 with d = 0.302), as well as the right precuneus
(n = 41 voxels, maximum intensity voxel at 4; —44; 63 with
d = 0.262), but none of these or other clusters reached
either significance or trend-levels at FWE cluster-level
corrections.

None of the other SPQ-B dimensions (or the SPQ-B
total scores) showed significant correlations in VBM gray
matter analyses.

Cortical Folding ( Gyrification) Findings

Gyrification analyses showed a significant positive cor-
relation (P < 0.05, FWE cluster-level corrected) of the
SPQ-B-cognitive-perceptual dimension with a left infe-
rior parietal cluster (kK = 610 voxels, maximum intensity
at —41; —54; 19 with d = 0.330), see figure 3.

Fronto-Thalamic Structural Connectivity Associated With Schizotypy

There were no other significant correlations (positive
or negative) with other SPQ-B dimensions or the SPQ-B
total scale.

Discussion

This study provides the first large-scale comprehensive
gray and white matter morphometric analysis of schiz-
otypal traits in a multi-center cohort of nonclinical
subjects, testing their association to specific neural net-
work models. We identify positive correlations for pos-
itive schizotypy and negative correlations for negative
schizotypy within the anterior thalamic radiation, pro-
viding evidence for a differential association of nonclin-
ical schizotypy with prefronto-subcortical connectivity.
Gray matter showed negative correlations of nega-
tive schizotypy and cerebellar volumes, while the right
precuneus failed to reach corrected significance levels.
Gyrification only showed significant correlation between
positive schizotypy and the left inferior parietal cortex.
At the same time, findings also show associations with
additional regions and networks depending on the facet
of schizotypy. Hence, we shall discuss the main 3 aspects
which this study contributes to advancing our under-
standing of how brain structural correlates of schizotypy
and its facets relate to those of schizophrenia spectrum
disorders.*¢

Our findings provide some evidence for the prefronto-
thalamo-striatal hypothesis laid out above, but fails to
demonstrate consistent involvement of the precuneus or
other DMN structures.

Some of the strongest single findings of this study are
the white matter structural connectivity associations with
both positive and negative schizotypy (albeit in different
directions) with the anterior thalamic radiation, ie, the
major tract carrying thalamo-frontal projections from
the (mediodorsal) thalamus through the anterior limb of
the internal capsule toward the prefrontal cortex,” and
in addition the inferior fronto-occipital tract and the cin-
gulum. These findings suggest that the connectivity of
prefrontal areas both with the thalamus, but also tem-
poral and occipital brain areas are correlated with var-
iance in schizotypy scores. Connections between the
prefrontal cortex and thalamus are organized through
parallel circuits including the striatum,’® where complex
topologies seem to segregate the main functions of these
loops.”” Surprisingly, these findings are not matched by
respective gray matter variations in the areas connected
by these tracts, but only a singular cerebellar region.
We interpret these findings as giving support to fronto-
subcortical connectivity being at the core of both posi-
tive and negative schizotypy facets. Also, a recent review
of structural and functional findings, which did not re-
veal consistent patterns related to overall schizotypy, has
noted limitations related to methodological discrepancies
between single studies (mostly of smaller sample size),*
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Table 2. Significant Correlations (TFCE, P < .05 FWE corrected) of SPQ-B Subscores and Total Score in n = 573 Healthy Subjects and
Fractional Anisotropy (FA) Derived From TBSS Analysis of DTI Data

MNI-
co-ordinates
Tract Cluster size k P max XYZ Cohen’s d at Peak Voxel
1A: Negative correlations of SPQ-B cognitive-perceptual subscore and FA
Left uncinate fasciculus 765 0.007 -2416 15 0.1611
25 0.044 -271313 0.1509
Left superior longitudinal fasciculus 130 0.037 =50 -9 21 0.1488
Left superior longitudinal fasciculus (pars temporalis) 232 0.022 -50-921 0.1488
Left inferior fronto-occipital fasciculus 550 0.015 -2416 15 0.1611
Left anterior thalamic radiation 909 0.004 -2416 15 0.1611
19 0.046 -1437 0.1207
17 0.046 -1161 0.1458
Left cingulum 977 0.006 -14 2520 0.1296
64 0.035 -15-2931 0.1680
Left corticospinal tract 649 0.019 -18 =21 57 0.1639
473 0.032 -23-1412 0.1101
Right superior longitudinal fasciculus 3228 0.005 35-2535 0.1373
Right superior longitudinal fasciculus (pars temporalis) 1226 0.006 38 -926 0.1299
121 0.028 39 —4125 0.1300
19 0.047 454021 0.1026
Right inferior longitudinal fasciculus 281 0.029 37 =22 -4 0.1337
189 0.031 41 -35-8 0.1198
67 0.045 480 —17 0.0398
43 0.047 46 —12 -8 0.0401
23 0.049 47 -19 -2 0.0401
20 0.049 50 =5-11 0.0388
Right inferior fronto-occipitalis fasciculus 38 0.047 26 3120 0.1562
Right anterior thalamic radiation 237 0.028 1745 -9 0.1261
218 0.008 273020 0.1583
111 0.028 20517 0.1383
Right cingulum 44 0.026 17 =54 32 0.1246
Right cingulum (hippocampal part) 187 0.01 19 —48 19 0.1305
Right corticospinal tract 936 0.008 24 -9 14 0.1572
Forceps minor (corpus callosum, splenium) 3323 0.002 32214 0.1400
1B: Positive correlations of SPQ-B interpersonal subscore and FA
Left anterior thalamic radiation 422 0.004 -221115 0.1746
Left cingulum 115 0.027 -1021 19 0.1591
Right anterior thalamic radiation 52 0.029 20149 0.1876
Right inferior fronto-occipitalis fasciculus 308 0.025 272612 0.1537
Forceps minor (anterior corpus callosum) 113 0.019 142122 0.1868
98 0.04 -102218 0.1448
1C: Negative correlations of SPQ-B disorganized subscore and FA
Left inferior longitudinal fasciculus 219 0.021 —34 -6023 0.1755
28 0.041 —44 -23 -6 0.1563
Left superior longitudinal fasciculus 603 0.006 —34 -60 23 0.1755
524 0.023 -29-19 34 0.1096
122 0.039 —51-1426 0.1364
Left superior longitudinal fasciculus (pars temporalis) 209 0.013 -39 -49 16 0.1422
42 0.04 =51 -1426 0.1364
36 0.046 —34-1533 0.1157
28 0.041 -52-619 0.1202
20 0.046 -38—1227 0.1141
1D: Negative correlations of SPQ-B total score and FA
Left superior longitudinal fasciculus (pars temporalis) 16 0.042 -51-1022 0.1712
Right superior longitudinal fasciculus 549 0.023 34 =27 36 0.1388
369 0.007 40 —42 21 0.2147
71 0.032 58-3719 0.1666
Right superior longitudinal fasciculus (pars temporalis) 195 0.005 40 —43 20 0.2053
40 0.038 34 =27 36 0.1388
Right inferior longitudinal fasciculus 544 0.023 42 =24 -1 0.1167
Right cingulum 106 0.003 17 =54 32 0.1472
Right cingulum (hippocampal part) 82 0.008 23 -5329 0.1484
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Fig. 1. Significant negative correlation (TFCE, P < .05 FWE corrected) of SPQ-B-cognitive-perceptual subscores with fractional
anisotropy (FA) in (A) the (bilateral) anterior thalamic radiation, (B) uncinate fasciculus, and (C) anterior corpus callosum, as well as
(D) SPQ-B-interpersonal subscores with FA in the anterior thalamic radiation.

which is mirrored in recent psychometric comparison
studies of instruments.*® Of note, recent findings from the
ENIGMA consortium on gray matter associations with
schizotypy did not identify significant correlations with
subcortical structures, yet some cortical thickness varia-
tions were related to patterns observed in schizophrenia.!’

This provides an important link to models of schiz-
ophrenia and the clinical spectrum,” where these areas
show stronger structural reductions including white and
gray matter.*¢”3? Interestingly our schizotypy findings in
nonclinical subjects also mirror those of previous studies

in patients, where connectivity in some of these tracts
like the anterior thalamic radiation and uncinate fascic-
ulus are found to be correlated to symptom dimensions
and clinical status.® In contrast, our study did not find
gray matter correlates in positive, negative, and disor-
ganized schizotypy that would parallel either previous
findings in nonclinical schizotypy!"!*!>% or structural
correlates of an analogous 3-factor structure in schizo-
phrenia.® % Reasons for this include the distribution of
schizotypy traits in our sample, which was drawn from
the general population and not specifically enriched to
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Fig. 2. Voxel-based morphometry (VBM) analysis of correlation of SPQ-interpersonal scores in n = 673 psychiatrically healthy subjects
with gray matter, showing a significant (P = .039, FWE cluster-level corrected; k = 808 voxels) negative correlation in the left cerebellum
(maximum intensity voxel at —27; —60; —26); note that for the purposes of display the image is given at P < .001 uncorr. threshold and k

= 800 voxels extent threshold.

include “high-schizotypes” and thus had low to medium
schizotypy scores, as well as schizotypy assessment tools
and different effect sizes for white matter vs gray matter
parameters. Still, it is remarkable that our cohort, in
size similar to all previous nonclinical schizotypy mor-
phometry studies combined, fails to show any fronto-
subcortical gray matter associations. We suggest that
previous VBM findings should therefore be interpreted
cautiously and need further replication.

The lack of gyrification findings in the pre-
frontal cortex does not support the notion that subtle
neurodevelopmental effects are associated with schiz-
otypy—either overall or with single dimensions of the
phenotype. It remains therefore unclear, whether and
which aspects of schizotypy might be linked to hypothe-
sized early developmental processes, as opposed to more
fluctuating singular symptoms.** The association of neg-
ative schizotypy with gyrification of the inferior parietal
cortex, an area relevant to multimodal integration and
social cognition,® points to a potential relevance for
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schizotypy and the psychosis spectrum; it has recently
been linked to polygenic risk for schizophrenia,® but it is
unclear whether this could provide a link to schizotypy.®’

Relevant parallels of prefrontal connectivity findings
emerge with some recent resting-state fMRI studies.
Functional connectivity in striatal and prefrontal seed
regions was associated with positive (but not negative)
dimension of schizotypy.® A similar effect for positive
schizotypy was found when contrasting preselected high-
schizotypes vs low-schizotypes and analyzing resting-
state ventral prefrontal to ventral striatal connectivity.*®

In contrast, disorganized schizotypy shows associ-
ations with fiber tracts involved in speech and language,
including divergent creative thinking which shows an op-
posite correlation in inferior longitudinal fasciculi.®® This
is consistent with the conceptualization of this symptom
dimension in psychosis and the finding parallels asso-
ciations with some of these tracts found in relation to
disorganization symptoms in schizotypal personality dis-
order® and schizophrenia.”
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Fig. 3. Gyrification (absolute mean curvature method) analysis of correlation of SPQ-interpersonal scores in n = 673 psychiatrically
healthy subjects with gray matter, showing significant (P < 0.05, FWE cluster-level corrected; & = 610 voxels) positive correlation. Note

that for display purposes the image is given as P < .001 uncorr.

Hence, different connectivity patterns (including diamet-
rically opposed associations as in the case of the anterior
thalamic radiation) might in part be accounted for by dif-
ferent networks subserving different main aspects of schiz-
otypy. A recent study of an alternative psychosis proneness/
psychoticism phenotype’ has emphasized the interaction
of DMN with an executive network (including lateral pre-
frontal areas), which can provide a framework for taking
our network model to be tested in resting-state data.

While acknowledging the limitations of this study,
including the rather low schizotypy scores in this unsel-
ected cohort, as well as the limitations of the particular
schizotypy instrument used,* our findings provide strong
support for structural connectivity markers (over those
of regional volumes) to underlie nonclinical schizotypy.
The prefronto-striatal system,” which also provides close
links to DMN and other relevant networks, seems to be
at the core of both positive and negative schizotypy, while
disorganized traits are related to frontotemporal connec-
tivity. Our findings provide a dimensional (or spectrum)
neural network model testable in structural and func-
tional imaging studies and across the general population
spectrum, which sets it apart from categorical models of
psychiatric disorders.
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