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Objective: Schizotypy as a psychosis proneness marker has
facilitated the study of schizophrenia spectrum models,
linking phenotypic psychosis risk to brain structural and
functional variation. However, association studies to struc-
tural connectome markers are limited and often do not con-
sider relations to genetic risk. We tested the hypothesis that
dimensions of schizotypy (rather than overall phenotype
risk burden) are related to fiber tract integrity and that
this is moderated by polygenic schizophrenia risk (or resil-
ience). Design: In a cohort of 346 psychiatrically healthy
subjects, we obtained diffusion tensor imaging, schizotypy
using O-LIFE (Oxford-Liverpool Inventory of Feelings
and Experiences), and polygenic risk scores (PRS) for
schizophrenia risk and resilience to schizophrenia. Using
FSL and TBSS (tract-based spatial statistics), we first
analyzed the association between O-LIFE and fractional
anisotropy (FA) for the anterior thalamic radiation, unci-
nate fascicle, and cingulum bundle, as well as moderation
analyses with PRS scores. Results: O-LIFE dimensions
were differentially associated with structural connectivity,
in particular, negative schizotypy positively to right unci-
nate FA, positive schizotypy negatively to right cingulum
and disorganized schizotypy negatively to left cingulum.
In disorganized schizotypy the association was moderated
by schizophrenia PRS. Conclusions: Our results support
a neurobiological continuum model of structural connec-
tivity across psychosis proneness, emphasizing differen-
tial association with different schizotypy facets. Genetic

schizophrenia risk, however, appears to impact only some
of these associations, highlighting the need for further
studies to understand the contribution of other genetic and/
or environmental factors.

Key words: diffusion tensor imaging (DTI)/Oxford-
Liverpool inventory of feelings and expressions
(O-LIFE)/schizotypy/tract-based spatial statistics (TBSS)

Introduction

Previous studies investigating the biological basis of the
psychosis spectrum indicate an overlap between schizo-
typy and schizophrenia across multiple environmental,
neurocognitive, neurobiological, and behavioral do-
mains' suggesting gradual changes along the spectrum.?
Thus, examining the neurobiology of schizotypy might
help gain further understanding of the etiology and de-
velopment of schizophrenia spectrum disorders.?
Schizotypy can be defined as a set of personality traits
divided into 3 distinct dimensions, which can be meas-
ured psychometrically across the general population
using self-report questionnaires.* This multidimensional
structure includes positive schizotypy (characterized by
delusions, suspiciousness, magical thinking, as well as
hallucinations®), negative schizotypy (containing aspects
like social anhedonia and diminished emotional experi-
ence and expression’), as well as disorganized schizotypy
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dimension (referring to disorganized thinking and be-
havior®). Some inventories also include additional
dimensions, such as measures of impulsive/antisocial be-
havior.®” This dimensional structure closely resembles the
distinction of positive, negative, and disorganized symp-
toms in psychosis or schizophrenia.®

While schizotypal traits do not necessarily lead to
schizophrenia, they are seen as an indicator of psychosis
proneness, especially in dimensional models of psycho-
pathology>®!° and thus a marker of psychosis risk in the
general population.*

Linking schizotypy as a dimensional marker of psycho-
pathology to the neurobiology of the psychosis spectrum
has resulted in several recent association studies with brain
structure and function. A large ENIGMA study of brain
volumes in healthy subjects has indicated correlations of
schizotypy with regional volumes and overlaps with schiz-
ophrenia case—control studies.!" Similarly, several smaller
functional imaging studies have indicated similarities be-
tween schizotypy across healthy cohorts and changes seen
in clinical schizophrenia.'” In contrast, studies of the struc-
tural connectome and schizotypy are sparse.

Since schizophrenia has been conceptualized as a dis-
order of brain dysconnectivity® there is an increasing
need to understand the relation of structural connectivity
markers across the spectrum. This can be assessed with
diffusion tensor imaging (DTI), which provides indicators
of fiber integrity and orientation, in particular fractional
anisotropy (FA) as well as axial diffusivity (AD) and ra-
dial diffusivity (RD).!"* Several studies, including larger
multicenter designs, have mapped group-level differences
between schizophrenia and healthy controls. A large
ENIGMA study showed lower FA in the whole brain of
schizophrenia patients with the largest effect in fronto-
thalamic bundles,’® while Vitolo et al.'® also found nu-
merous alterations, particularly in frontal, temporal and
limbic regions. Recent findings implicate that especially
the prefrontal cortex is less connected to other cortical
regions.'” Lener et al.'"® compared white-matter abnor-
malities in schizophrenia and SPD and found attenuated
dysconnectivity in frontotemporal networks compared
to healthy controls. Further studies from Hazlett et al.,"”
Sun et al.,”® and Nakamura et al.?! support these findings
in schizotypal personality disorder (SPD).

In contrast, only a few studies examined DTI in
schizotypy. Nelson et al.?> found structural impairment
in frontotemporal tracts using FA for the cognitive-
perceptual (ie, positive) domain of SPQ. Further studies
used a categorial approach, comparing individuals
scoring high vs. low in total schizotypy. DeRosse et al.?}
found reduced FA in the frontal and temporal lobe, while
Wang et al.** found higher connectivity probability be-
tween the right insula and the right frontal gyrus as well as
the left precuneus and angular gyrus. Pfarr and Nenadi¢®
also reported altered structural connectivity in thalamo-
striatal tracts with a fully dimensional approach using
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the recently developed Multidimensional Schizotypy
Scale.® A most recent study?” used graph-theory-based
metrics on DTI and also implicated prefrontal nodes in
schizotypy-related connectivity. These mentioned studies
have been conducted in smaller samples and thus might
lack statistical power to detect more minute associations
in correlational designs. In addition, the nature of simple
association designs limits the interpretation of findings.
For example, it is unclear whether the effects of schiz-
otypy on particular schizophrenia-associated fiber tracts
might be related to genetic susceptibility to psychosis.

In the present study, we analyzed a larger sample
(the sample size of previous studies ranged between
104, 138, 209, and 255%-2%%7) to test for associations be-
tween the proposed schizotypy dimensions, using the
4-dimensional O-LIFE inventory, as well as for moder-
ating effects of the polygenic risk for schizophrenia. To
limit the number of statistical tests and thereby minimize
multiple comparisons, we preselected 3 white-matter
tracts. Those were identified in previous schizophrenia or
schizophrenia spectrum case—control studies?; in partic-
ular, this included structural connectivity of prefrontal
cortex and thalamo-frontal-striatal systems, esp. the an-
terior thalamic radiation (ATR) (connecting mediodorsal
and anterior thalamus with prefrontal cortices), uncinate
fascicle (UF) (connecting prefrontal and anterior/medial
temporal lobes), and cingulum bundle (connecting pre-
frontal to posterior areas, including hippocampus). While
our main hypothesis applied FA as a structural connec-
tivity marker, we additionally examined the DTI param-
eters AD and RD. We expected differential effects across
the 4 O-LIFE subscales (Unusual Experiences/positive
schizotypy, Introvertive Anhedonia/negative schizotypy),
(Cognitive Disorganization/disorganized schizotypy, and
Impulsive Nonconformity/impulsive behavior), given
that the previous DTI studies in schizophrenia also found
different associations of symptom profiles with FA. To
our knowledge, the current DTI studies on SZT do not
provide a link to potential shared genetical underpin-
nings of the psychosis spectrum, for example, it is unclear
whether associations between psychometric schizotypy
and DTI parameters might be related to individual var-
iation in genetic burden to schizophrenia. Given the
availability of GWAS-based polygenic risk scores (PRS),
individual SNP-based genetic liability can be assessed
and included in statistical modeling of brain-schizotypy
associations. For moderation analyses, we considered
both PRS derived from the most recent schizophrenia
GWAS,? as well as a novel polygenic score for resilience
to schizophrenia.*

Methods

Study Participants

The study sample consisted of 346 psychiatrically healthy
participants which had been recruited by email and public
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Table 1. Descriptive Statistics of Age and O-LIFE, Including Cronbach’s Alpha (n = 346)

Descriptives Min Max Mean Std. Deviation
O-LIFE UnEx 0 14 1.82 2.36

O-LIFE CogDis 0 21 5.25 4.30

O-LIFE IntAn 0 19 4.10 3.52

O-LIFE ImpNon 0 15 6.13 2.85

O-LIFE sum 3 54 17.30 8.59

Age 18 39 23.89 3.74

Sex Frequency Percent
Female 228 65.9
Male 118 34.1

advertisements as part of an ongoing study. All partici-
pants gave written informed consent to the procedure and
were financially compensated afterwards. The local ethics
committee (Ethics Committee of the School of Medicine,
Philipps-University Marburg; protocol numbers 61/18
and 79/18) approved the study protocol according to
the latest version of the Declaration of Helsinki (World
Medical Association, 2013). We included native German-
speaking Central European participants aged 18-40 years.
Exclusion criteria were current or history of psychi-
atric disorders or psychotherapeutic treatment, central
nervous system neurological disorders, general intellec-
tual impairment, learning disability (defined as I1Q lower
80), substance abuse or dependence, traumatic brain
injury or a BMI < 18 or > 35 and contraindications to
MRI scanning, eg, uncontrolled physical disorders pos-
sibly interfering with scanning. The absence of a psychi-
atric history was ascertained using the SCID I screening
questionnaire (Structured Clinical Interview for DSM-1V
Axis I Disorders; SKID-I3"*) by trained raters, while 1Q
was estimated using the German MWT-B test, a vocab-
ulary test similar to the British National Adult Reading
Test (Multiple-Choice Vocabulary Intelligence Test B%).

Schizotypy Assessment/Phenotyping

For the assessment of schizotypal traits, we used
the Oxford-Liverpool Inventory of Feelings and
Experiences.* Each subject received a personalized link
and completed the inventory online within 1 week of
their MRI examination.?

The O-LIFE is based on a fully dimensional model
of schizotypy. It assesses personality features of schiz-
otypy and other traits like impulsiveness. Mason and
Claridge used an explorational factor analysis based
on multiple previous questionnaires like the Claridge-
Schizotypy questionnaire and the Eysenck personality
questionnaire.*

The O-LIFE contains 104 Items, which are divided
into 4 domains: Unusual Experiences (UnEx), Cognitive
Disorganization (CogDis), Introvertive Anhedonia (IntAn),

and Impulsive Nonconformity (ImpNon). The Unusual
Experiences subscale is related to positive facets of schiz-
otypy, like magical thinking, assessed by items like “Do
you believe in telepathy.”3* The Cognitive Disorganization
subscale assesses cognitive impairment by using items
like “Are you easily distracted when you read or talk to
someone?.”** While the Introvertive Anhedonia subscale re-
flects aspects of negative schizotypy referring to social with-
drawal (“Do you feel that making new friends isn’t worth
the energy it takes?”**), Impulsive Nonconformity refers to
impulsive antisocial aspects of negative schizotypy (“Do
people who drive carefully annoy you?”).*

Descriptives can be found in table 1. Cronbach’s alpha
was estimated for all subscales (UnEx: 0.73, CogDis:
0.83, IntAn: 0.77, ImpNon: 0.59); previous validation in-
dicated Cronbach’s alpha of 0.89 (UnEx), 0.87 (CogDis),
0.82 (IntAn) and 0.77 (ImpNon).®

DNA Analysis, Genotyping and Imputation

Blood samples were collected from all participants, and
DNA was successfully extracted for 343 participants. The
Infinium Global Screening Array-24 BeadChip (GSA, cus-
tomized to include additional markers relevant to psychi-
atric disorders; Illumina, San Diego, CA, USA) was used
for genome-wide genotyping. We applied the PLINK?
software package to implement standard quality con-
trol procedures (e.g., sample call rate > 0.98; variant call
rate > 0.98; Minor Allele Frequency > 0.01; removal of
variants deviating from Hardy—Weinberg equilibrium with
P < 1e-06; checking for sex mismatches and heterozygosity
outlier). With the Haplotype Reference Consortium panel
(rvl.1;  www.haplotype-reference-consortium.org), the
data was then imputed via Positional Burrows—Wheeler
Transform. Variants with low prediction accuracy (info
score < 0.6) were excluded from PRS calculation.

Polygenic Risk Score Calculation and Outlier Detection

We used summary statistics from the respective genome-
wide association studies as provided by the Psychiatric
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Genomics Consortium® and Hess* et al., and as detailed
elsewhere® calculated PRS as the sum of the risk alleles
(common variants with Minor Allele Frequency > 1%)
weighed by their effect estimates. Based on the GWAS
findings, we used the genome-wide significant threshold
for the schizophrenia PRS (P = 5¢7%). As there were no
genome-wide significant variants identified for schizo-
phrenia resilience PRS, we chose the threshold reflecting
the most significant association with resilience status in a
case vs. control design (P = .3) in the original study.

Two pairs of cryptic relatives with pi-hat > 0.125 were
identified in the initial sample of 343 participants. One
person was randomly excluded of each pair. We used
PLINK v1.90b6.24 to control for genetic heterogeneity
due to population structure and computed the first 8 mul-
tidimensional scaling (MDS) components based on pair-
wise identity-by-state distance matrix. They were included
as covariates in all analyses. Additionally, 2 subjects were
excluded because they were identified as genetic outliers
with a distance from the mean of > 6 SD in the ancestry
components. A final sample of 339 participants for mod-
eration analyses remained.

MRI Data Acquisition

Weused a 3 Tesla MRI Scanner with astandard 12-channel
head matric Rx-coil (Siemens Magnetom, TrioTim
syngo, Erlangen, Germany) to acquire T1-weighted and
diffusion-weighted images as part of a larger scanning
protocol. First T1-weighted images were acquired (TR
1900 ms; TE 2.26 ms; time of inversion 90 ms bandwidth
200 Hz/Px. 176 slices; slice thickness 1 mm; voxel reso-
lution 1 mm X 1 mm X 1 mm; FOV 256 mm). Applying
an EPI 2SD sequence and diffusion-mode MDDW (TR
7300 ms, TE 90 ms, 56 slices with 3 mm slice thickness, iso-
tropic voxel resolution of 2.5 mm? X 2.5 mm? X 2.5 mm?,
FOV 256 mm), we obtained 2 X 30 diffusion-weighted
and 4 nondiffusion-weighted images (b = 1000a/ mm?)
for each subject.

All images were visually inspected for structural path-
ologies before inclusion into the sample. As all subjects
passed the quality assurance, the sample size remained
at n = 346.

DTI Preprocessing

We used FSL software (version 6.0%°) with the imple-
mented Tract-Based Spatial Statistics.* The preprocessing
pipeline included motion correction and Eddy-current-
artifact-correction,* nonbrain tissue removal by visually
selecting the fractional intensity threshold to generate
a brain mask. Based on our anatomical hypothesis, we
selected 3 tracts: ATR, cingulum bundle (“cingulum-
cingulate gyrus” representing the anterior and “cingulum-
hippocampus” representing the posterior part) and UF.
For each of these tracts, we primarily computed FA
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for each subject. Additionally, AD and RD were com-
puted for additional exploratory analyses. These images
were nonlinear registered into the standard Montreal
Neurological Institute space (MNI-152).#> By calculating
the average of these images, we generated a mean image
for FA, AD and RD.

Thereupdn a mean skeleton for FA, AD, and RD was
created on which the mean image was projected with a
threshold < 0.2 to exclude voxels lying in the gray matter
or CSF.

We primarily examined FA, a commonly used marker
for “integrity” of fiber tracts, which might be related to
larger axon diameter or lower packing density facilitating
diffusion in a tract.* In a second step we also tested the
effects on “AD,” indicating diffusion along the direction
of the tract and “RD,” indicating diffusion in orthogonal
direction to the tract. These parameters are also influ-
enced by both myelination and axon density.*

Statistical Analyses

We performed multiple regression analysis using the GLM
module in FSL* (version 6.0), creating and estimating a
separate model for each scale of the O-LIFE as well as
the sum score considering age, sex, and total intracra-
nial volume as covariates. For our main analysis of FA,
we ran separate GLMs for the 4 schizotypy dimensions
reflected in the O-LIFE. These 4 separate GLMs were
repeated for RD and AD, respectively. To allow compara-
bility with previous studies, we also ran additional GLM
for O-LIFE total score, again, separately for FA, RD,
and AD. All GLMs were performed within each of the
selected tracts to limit search space and reduce potential
false positives. The FSL-randomize tool was used to run
nonparametric permutation analyses with 5000 permuta-
tions based on the Threshold-Free-Cluster-Enhancement
option.*

Due to our hypotheses, analyses were restricted to bilat-
eral masks of the FSL-defined ATR, Cingulum-Cingular
Gyrus (anterior cingulum) Cingulum-Hippocampus
(posterior cingulum bundle) and UF. Additionally,
we controlled all p-values for multiple comparisons on
the cluster-level using family-wise error rates (FWE), a
standard procedure implemented in FSL.3*#

We labeled the significant clusters anatomically ac-
cording to the JHU white-matter-tractography atlas®
and considered all clusters larger than 10 voxels with
FWE corrected p-values < 0.05 as significant.

Moderation and Mediation Analyses

We extracted mean FA values from the significant clus-
ters from FSL. These cluster values were used as out-
come variables in general linear regression models, tested
with the GAMLj module* in jamovi*’ (version 2.4.11).
We included the previously calculated MDS components,
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Table 2. Statistical Results of the General Linear Model: O-LIFE Dimension as Predictors and Age and Sex as Covariates (P < .05
FWE Peak Level) Anatomical Labeling With JHU White-Matter Tractography Atlas®

Coordinates of

O-LIFE Scores and Maximum-Peak Voxel in Anatomical Labeling. JHU White-

Direction of Effect Tract/Localization k P MNI Space (X/Y/Z) Matter Tractography Atlas
Fractional anisotropy (FA)
Sum Left cingulum-cingulate 583 .009 101/153/88 Genu of corpus callosum
Positive correlation gyrus 45% Forceps minor
8% Cingulum (cingulate gyrus) L
UnEx Right cingulum- 26 .033 67/89/64 Cingulum (hippocampus) R
Positive correlation hippocampus 28% Cingulum (hippocampus) R
IntAn Right uncinate fasciculus 14 .047 67/151/89 Anterior corona radiata R
Negative correlation 26% Inferior fronto-occipital fascic-
ulus R
14% Uncinate fasciculus R
CogDis Left cingulum-cingulate 174 .026 101/151/89 Genu of corpus callosum
positive correlation gyrus 34% Forceps minor
3% Cingulum (cingulate gyrus) L
Radial diffusivity (RD)
Sum Left cingulum-cingulate 468 .012 102/157/85 Genu of corpus callosum
Negative correlation gyrus 58% Forceps minor
8% Cingulum (cingulate gyrus) L
UnEx Left cingulum- 124 .007 113/107/46 Cingulum (hippocampus) L
Negative correlation hippocampus 29% Cingulum (hippocampus) L
Right cingulum- 12 .042 68/90/64 Cingulum (hippocampus) R
hippocampus 38% Cingulum (hippocampus) R
IntAn Right anterior thalamic 48 .026 85/105/70 37% Anterior thalamic radiation R
Positive correlation radiation
ImpNon Left anterior thalamic 108 .024 97/107/87 37% Anterior thalamic radiation L
Negative correlation radiation
Right anterior thalamic 91 .032 79/101/86 13% Anterior thalamic radiation R
radiation
Axial diffusivity (AD)
Sum Left anterior thalamic 93 .033 114/155/77 Anterior corona radiata L
Negative correlation radiation 29% Inferior fronto-occipital fascic-
ulus L
17% Uncinate fasciculus L
11% Anterior thalamic radiation L
Right anterior thalamic 99 .028 68/164/94 8% Inferior fronto-occipital fascic-
radiation ulus R
8% Forceps minor
8% Anterior thalamic radiation R
Left cingulum- 12 .033 117/102/48 23% Cingulum (hippocampus) L
hippocampus
Left uncinate fasciculus 130 .034 114/155/78 Anterior corona radiata L
34% Inferior fronto-occipital fascic-
ulus L
22% Uncinate fasciculus L
21% Anterior thalamic radiation L
Right uncinate fasciculus 52 .043 64/156/73 Anterior corona radiata R
18% Inferior fronto-occipital fascic-
ulus R
3% Uncinate fasciculus R
Right uncinate fasciculus 37 .045 58/137/66 External capsule R
32% Inferior fronto-occipital fascic-
ulus R
17% Uncinate fasciculus R
UnEx Left cingulum- 73 .012 114/103/48 Cingulum (hippocampus) L
Negative correlation hippocampus 40% Cingulum (hippocampus) L
IntAn Right anterior thalamic 51 .015 85/111/70 45% Anterior thalamic radiation R

Negative correlation

radiation
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Table 2. Continued

O-LIFE Scores and

Direction of Effect Tract/Localization k P

Coordinates of
Maximum-Peak Voxel in
MNI Space (X/Y/Z)

Anatomical Labeling. JHU White-
Matter Tractography Atlas

Left anterior thalamic 92 .024
radiation
Right anterior thalami 197 .009
radiation

ImpNon
Negative correlation

CogDis
Negative correlation

Left anterior thalamic 379 .01
radiation

Left anterior thalamic 35 .033
radiation

Left anterior thalamic 13 .046
radiation

Left anterior thalamic 10 .046

radiation

Left uncinate fasciculus 489 .007

Left uncinate fasciculus 106 .022

Right uncinate fasciculus 166 .012

101/157/87 37% Anterior thalamic radiation L

97/157187 8% Inferior fronto-occipital fascic-
ulus R

8% Anterior thalamic radiation R
Anterior corona radiata L

34% Inferior fronto-occipital fascic-
ulus L.

22% Uncinate fasciculus L.

21% Anterior thalamic radiation L
58% Forceps minor

11% Anterior thalamic radiation L
3% Uncinate fasciculus L

3% Inferior fronto-occipital fascic-
ulus L

58% Forceps minor

11% Uncinate fasciculus L

8% Inferior fronto-occipital fascic-
ulus L

8% Anterior thalamic radiation L
50% Forceps minor

8% Uncinate fasciculus L

3% Inferior fronto-occipital fascic-
ulus L

3% Anterior thalamic radiation L
Anterior corona radiata L

34% Inferior fronto-occipital fascic-
ulus L

22% Uncinate fasciculus L

21% Anterior thalamic radiation L
Anterior corona radiata L

24% Inferior fronto-occipital fascic-
ulus L

8% Uncinate fasciculus L

5% Superior longitudinal fasciculus L
External capsule R

26% Inferior fronto-occipital fascic-
ulus R,

3% Uncinate fasciculus R

114/155/78

109/174/84

106/178/66

102/182/66

114/155/78

116/144/80

61/140/77

Average/peak voxel Cohen’s d for FA results were: Sum: 0.109/0.177, UnEx: 0.167/0.192, IntAn: 0.170/0.183, CogDis: 0.131/0.184.

k = number of voxels.

O-LIFE dimension, age, sex, TIV, and PRS as covariates,
and the interaction variable of the O-LIFE dimension
and PRS as predictor.

Results

Association of DTI Parameters With O-LIFE Sum
Score

The O-LIFE sum score showed (a) a positive correlation
with FA (P = .009; FWE cluster-level) in the left anterior
cingulum bundle, (b) a negative correlation with AD in the
left and right ATR (left: P =.033; right P =.028; FWE
cluster-level), left posterior cingulum bundle (P = .033;
FWE cluster-level) and left and right UF (left: P = .034;
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right: P =.028 and P = .045; FWE cluster-level, and (c)
a negative correlation with RD in the left anterior cin-
gulum (P = .012; FWE cluster-level). An overview of the
statistical results can be found in table 2, see Figure 1 for
a graphic depiction.

Association of DTI Parameters With O-LIFE
Subscores/Schizotypy Dimensions

The Cognitive Disorganization dimension was (a) pos-
itively correlated with FA in the left anterior cingulum
(p = .026; FWE cluster-level) and (b) negatively correl-
ated with AD in 4 clusters in the left ATR (p/ = 0.001,
p2 =0.033, p3 = 0.046, p4 = 0.046; FWE cluster-level), as
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Table 3. Moderation Analyses With General Linear Model: Considering MDS Components, O-LIFE Dimension, Age, Sex, TIV, and
PRS as Covariates, and the Interaction Variable of the O-LIFE Dimension and PRS as Predictor

Significant Cluster From Previous 95% CI (Lower P-Value of
Interaction Term Analysis Estimate Limit/Upper Limit) Estimate
Polygenic risk score for schizophrenia
Unusual experiences Right cingulum-hippocampus 0.0958 —0.109/0.301 .359
Introvertive anhedonia Right uncinate fasciculus 0.0366 —0.181/0.108 .619
Cognitive disorganization Left cingulum-cingulate gyrus 0.162 0.0102/0.315 .037
Sum score Left cingulum-cingulate gyrus 0.0138 —0.0505/0.0782 .673
Polygenic resilience score for schizophrenia
Unusual experiences Right cingulum-hippocampus 0.974 —-0.766/2.715 272
Introvertive anhedonia Right uncinate fasciculus 0.159 —1.88/1.56 .856
Cognitive disorganization Left cingulum-cingulate gyrus 0.216 -1.33/1.77 784
Sum score Left cingulum-cingulate gyrus -0.222 —-0.805/0.361 454

well as the left and right UF (left: P = .007 and P = .033;
right P = .012; FWE cluster-level).

The Unusual Experiences dimension showed (a) a pos-
itive association with FA the right posterior Cingulum
(P = .033; FWE cluster-level), a negative association with
(b) AD in the left posterior cingulum (P =.012; FWE
cluster-level and c¢) RD in the left and right posterior cin-
gulum (left: P = .007; right: P = .042; FWE cluster-level).

Significant results regarding the introvertive anhedonia
dimension were (a) a negative correlation with FA in the
right UF (p =.047; FWE cluster-level), (b) a negative
correlation with AD (P = .015; FWE cluster-level), and
(c) RD (P = .026; FWE cluster-level) in the right ATR.

No significant correlations were found for the impul-
sive nonconformity scale with (a) FA, but negative cor-
relations in the ATR on both sides with (b) AD (left.
P =.024; right: P =.009; FWE cluster-level, and (c) RD
(left P = .024; right: P = .032; FWE cluster-level).

Interaction Between Schizotypy and Schizophrenia
Polygenic Risk Score

We found a significant interaction between disorganized
schizotypy and PRS in the above-reported cluster in the
anterior cingulum bundle (P =.037). Negative, posi-
tive, or overall schizotypy did not show significant inter-
actions with PRS. We did not find significant interactions
between any of the O-LIFE scores and the PRS for resil-
ience to schizophrenia. Results can be found in Figure 2
and table 3.

Discussion

In this study, we hypothesized an association between
the structural connectivity and psychometric schizo-
typy in the ATR, the UF and the cingulum bundle—3
of the fiber tracts most commonly associated with schiz-
ophrenia spectrum pathology. While all these tracts pro-
vide connectivity of prefrontal areas to other brain areas,
the ATR is crucial for the fronto-thalamo-striatal system,
and the UF connects the PFC with the anterior temporal

lobe and the cingulum bundle proceeds toward the pari-
etal and temporal areas particularly including the hippo-
campus. In line with our hypothesis of differential effects,
our findings demonstrate that the 3 schizotypy dimen-
sions map differently onto these tract systems: Negative
schizotypy was negatively correlated with FA in the UF/
fronto-thalamo-striatal system, while positive and disor-
ganized schizotypy mapped onto anterior and posterior
cingular FA respectively. Interestingly, associations of the
schizotypy sum score appeared to be driven by the disor-
ganized dimension, as the findings in those 2 parameters
mostly overlap. This finding illustrates that even in the
nonclinical part of the wider psychosis spectrum, dif-
ferent aspects of the psychosis risk phenotype link to par-
ticular anatomical substrates. Studies focusing on overall
or sum scores of schizotypy are likely to be either actu-
ally driven by one particular aspect (such as disorganized
schizotypy as in our study) or fail to establish an associ-
ation based on the relatively smaller effects of each facet
as they contribute to the sum scores.

As our study overcomes several limitations of some of
the (few) previous studies, our findings also provide novel
insights when contrasted against previous findings based
on diverging approaches. First, we did not confirm pre-
vious findings in schizotypy sum sores. DeRosse et al.,”
Wang et al.>* and Messaritaki et al.”” compared high vs.
low schizotypy based on total scores, thus excluding the
possibility of analyzing the impact of different schizotypy
dimensions and restricting the comparison to dichotom-
ized extreme groups. Wang et al.>* and Messaritaki et
al.’” used network-based approaches. Thus, their find-
ings of higher structural connectivity using probabilistic
tractography® and graph theoretical measures®’ cannot
be directly compared to our TBSS analyses. Rather, their
findings indicate that network properties of FA variation
might link to schizotypy in addition to direct correlations
with singular ROIs. DeRosse et al.” found higher asym-
metry in the UF, which equally to our finding of lower FA
in negative schizotypy can be seen as further evidence for
lateralization effects in schizotypy. We cannot compare
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introvertive anhedonia

cognitive disorganisation

unusual experiences

total score

Fig. 1. Associations between O-LIFE and FA, FWE peak level corrected. (A) Negative association between O-LIFE introvertive
anhedonia and FA in right UF, (B) positive association between O-LIFE unusual experiences and FA posterior cingulum bundle, (C)
positive association between O-LIFE cognitive disorganization and FA in anterior cingulum bundle. illustrations were prepared using
MRIcron (Version 1.2.20220720, https://www.nitrc.org/projects/mricron). The peak voxel was used for cutting plane coordinates.
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Fig. 2. (A) visualization of the conceptual moderation model and (B) simple effects plot of moderation effect for O-LIFE cognitive

disorganization.

their finding of lower FA in the inferior fronto-occipital
fasciculus (IFOF) to our findings as the IFOF was not
included in our hypothesis.

Second, 2 previous studies using correlational ap-
proaches across the schizotypy dimensions®?® also
showed only limited overlap with our findings. The neg-
ative correlation between negative schizotypy and FA in
the right UF was not identified in these studies, while
their findings in positive and disorganized schizotypy
stand in contrast to ours.

Positive schizotypy showed a negative association of
FA in frontotemporal and fronto-occipital regions in
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contrast to our findings of a positive association of FA in
anterior cingular regions.?? Similarly, disorganized schiz-
otypy has previously been associated with lower FA in
fronto-thalamic and fronto-occipital tracts,” but with
higher FA in the posterior cingulum in our study.

Even though we might consider discrepancies between
samples and used inventories as probable contributors to
these differences, this does not sufficiently explain the op-
posed direction of effects since subscales between inven-
tories are generally correlated.

More importantly, our study is the first to establish a
link between schizotypy, connectivity, and genetics, as we


https://www.nitrc.org/projects/mricron

identify only the correlation of FA to disorganized schiz-
otypy to be moderated by schizophrenia polygenic risk.

Schizotypy scores in our sample were in the lower to me-
dium range, as is to be expected for a healthy sample. This
limits our ability to infer relations in high schizotypy or clin-
ical samples. Additional studies, for example, using cohorts
enriched for higher schizotypy scores or clinical cases, would
be needed to draw robust inferences across the entire psy-
chosis spectrum. Yet our study allows limited comparison
to case—control studies of SPD, where we find some areas of
overlap. Similar to our findings in negative schizotypy, SPD
patients showed FA reductions in the right UF*' However,
in SPD, additional regions were involved with lower FA in
frontal, temporal and cingular white matter.''*?' Higher
FA, equivalent to our findings in positive, disorganized, and
overall schizotypy, was described in the anterior cingulum in
one study with SPD patients."

Correlating FA with schizotypal personality traits in
clinical SPD revealed significant associations with nega-
tive schizotypy (assessed with SPQ interpersonal factor)
in the right UF?' (equivalent to our finding) and addi-
tionally in the cingulum.' On the other hand, no correla-
tion of positive, disorganized, or overall schizotypy with
white-matter alterations was found in SPD. This could
indicate possible neurobiological progress from healthy
individuals to SPD in the negative schizotypy phenotype,
with cingular regions becoming additionally involved.

Overall, structural connectivity seems to decrease
across the psychosis spectrum from traits in healthy par-
ticipants to patients with schizophrenia, whereas the
number of affected areas seems to increase.*® Findings
of a large ENIGMA study show that the whole brain is
affected with a focus on frontotemporal areas.!>!” Our
study found lower FA only in the UF associated with
negative schizotypy. The UF seems to play a small role
in schizophrenia'” but is associated with negative symp-
toms.* While we found positive associations between FA
and positive, disorganized, and overall schizotypy in the
cingulum bundle, it is associated with lower FA and cog-
nitive dysfunction in schizophrenia.®® Previous analyses
by Yang et al. correlations of FA with symptom severity
revealed a pattern consistent with our findings: while pos-
itive symptom severity (positive schizotypy) was associ-
ated with higher FA, negative symptom severity (negative
schizotypy) was associated with lower FA.>!

If psychosis proneness progresses into clinical mani-
festations like SPD or schizophrenia, additional effects
could be caused by the onset of a pathological process
itself (eg, altered plasticity across neural networks), but
also with effects treatment. Increased connectivity in
healthy individuals with high schizotypal traits might
then be understood as compensation within intercon-
nected systems. Longitudinal studies would be needed to
better understand the evolution of connectivity param-
eters. A recent study of adolescent individuals has shown
that cortical thickness changes over a 5-year period are

Schizotypy Dimensions and Structural Connectivity

associated with schizotypy,” but to our knowledge, sim-
ilar DTI findings are lacking.

Raine® hypothesized 2 subgroups of schizotypy
(neurodevelopmental schizotypy vs “pseudoschizotypy”),
where the disorganized traits are more common in the
former group which also has a higher genetic risk for schiz-
ophrenia. While this model has not been widely adopted,
it highlights the differential role of genetic schizophrenia
risk on brain function and structure. In contrast, our lack
of associations with the new polygenic score for schizo-
phrenia resilience might be explained by this PRS targeting
mechanisms that are related mostly to biological processes
important to the transition from proneness to disease—
they hence might be less tightly linked to proneness itself.

Limitations of our study include the lack of direct
comparison with schizophrenia spectrum pathology (eg,
SPD) or clinical high-risk cases as well as effects of other
disease spectra. While our study was larger than previ-
ously published studies, replication in new samples as
well as multicenter initiative (eg, ENIGMA) might be
necessary to detect more minute effects as well as a whole
brain approach, including additional fiber tracts.

In conclusion, our studies demonstrate the association
of different facets of schizotypy to the ATR, UF, and
cingulum—3 major tracts involved in the schizophrenia
spectrum. More importantly, it is only for disorganized
schizotypy that we demonstrate a moderating effect of
polygenic schizophrenia risk to impact on these associ-
ations, showing that genetic factors (at least those relevant
to developing schizophrenia) show differential impact on
brain systems relevant to particular phenotype facets.
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