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Abstract: Altered striatocortical functional connectivity has been suggested to be a trait marker of
schizophrenia spectrum disorders, including schizotypal personality. In the present study, we exam-
ined the association between schizotypal personality traits and striatocortical functional connectivity
in a sample of healthy adults. The German version of the Schizotypal Personality Questionnaire was
obtained from N =111 participants recruited from the general public. Resting-state functional mag-
netic resonance imaging scans were acquired at 3T. Six striatal seed regions in each hemisphere were
defined and striatocortical resting-state functional connectivity (rsFC) as well as its lateralization
indices was calculated. Regression analysis showed that schizotypy scores, especially from the posi-
tive dimension, were positively correlated with rsFC between ventral striatum and frontal cortex and
negatively associated with rsFC between dorsal striatum and posterior cingulate. No significant asso-
ciations were found between negative dimension schizotypy and striatocortical rsFC. We also found
positive correlations between schizotypy total scores and lateralization index of right dorsal caudate
and right rostral putamen. In conclusion, the present study extends previous evidence of altered
striatocortical rsFC in the schizophrenia spectrum. The observed associations resemble in part the
alterations observed in psychotic patients and their relatives, providing support for dimensionality
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INTRODUCTION

This study investigates the association of schizotypal per-
sonality traits with striatocortical functional connectivity (FC)
and its hemispheric asymmetry in healthy adults. Schizotypy
refers to a constellation of traits that can be structured into
positive, disorganized and negative dimensions [Raine, 2006],
akin to the symptom structure of schizophrenia [e.g., Liddle,
1987]. At their most extreme expression, high schizotypy
scores result in a diagnosis of schizotypal personality disor-
der [Raine, 1991]. Interindividual variation across the entire
spectrum from low-to-high schizotypy questionnaire scores
is associated with alterations in brain structure, brain function
and cognition, with the pattern of alterations in relation to
higher schizotypy bearing some resemblance with those
observed in full-blown schizophrenia [Ettinger et al., 2014;
Nelson et al., 2013].

A particular focus in structural and functional neuroim-
aging as well as neuropathological studies in schizophre-
nia has been on the striatum [Shepherd, 2013; Simpson
et al., 2010]. The striatum is involved in a variety of motor,
affective and cognitive functions as part of several cortico-
striato-thalamo-cortical loops [Alexander et al., 1990] and
receives prominent innervations from midbrain dopami-
nergic neurons. Dysfunction in striatal dopamine turnover
is thought to be involved in the pathophysiology of schizo-
phrenia [Howes and Kapur, 2009; Simpson et al., 2010],
with a meta-analysis confirming increased presynaptic
dopamine synthesis in the striatum in schizophrenia
patients [Howes et al., 2012]. Dopaminergic dysfunction in
the striatum is also thought to occur in schizotypy [Mohr
and Ettinger, 2014].

Resting-state functional magnetic resonance imaging (rs-
fMRI) has been established as a powerful method to exam-
ine FC of distributed brain networks in healthy and dis-
eased populations [Fornito and Bullmore, 2010]. A recent
study provided detailed evidence of striatocortical func-
tional organization emerging from six seeds in caudate
and putamen in the healthy brain [Di Martino et al., 2008].
FC approaches to rs-fMRI data have also been applied to
schizophrenia spectrum populations [e.g., Giraldo-Chica
and Woodward, 2017]. Advantages of resting-state FC
(rsFC) studies include the absence of a task on which
index groups may differ, resulting in differential levels
of performance. Instead, rsFC data reflect brain function
“at rest,” that is, without specific task-induced cognitive
demands, thereby allowing the investigation of the neural
correlates of naturally occurring thought and its association
with external variables such as schizotypy.

A recent study found reduced FC between dorsal caudate
and prefrontal cortex as well as increased FC between ven-
tral caudate and orbitofrontal cortex, insula and dorsolateral
prefrontal cortex in first-episode psychosis, indicating a
dorsal-to-ventral gradient of striatocortical hypoconnectivity
to hyperconnectivity [Fornito et al., 2013]. A similar pattern
was found in relatives, suggesting sensitivity of this pattern
to genetic influences [Fornito et al., 2013].

Striatocortical FC has also been investigated in individuals
in the at-risk mental state (ARMS). ARMS patients displayed
reduced FC between dorsal caudate and prefrontal cortex
and thalamus and between dorsal putamen and thalamus
and lenticular nucleus [Dandash et al., 2014]. Increased
FC, however, was observed between ventral putamen and
frontotemporal cortex.

In relation to schizotypy, we previously found that partici-
pants with high social anhedonia (i.e., negative schizotypy)
showed hyperconnectivity between ventral striatum and
anterior cingulate cortex (ACC) and insula, and between dor-
sal striatum and motor cortex, compared to controls [Wang
et al., 2016]. However, given that our previous study focused
on people with high levels of negative schizotypy, we could
not characterize FC in relation to overall schizotypy or the
positive schizotypy and disorganization dimensions. This is
important, since previous studies have found associations
between positive symptoms and striatocortical FC in both
patients and at-risk individuals [Dandash et al., 2014; Fornito
et al., 2013]. The first aim of the current study, therefore, was
to fill this gap by applying a comprehensive schizotypy
inventory, the Schizotypal Personality Questionnaire (SPQ)
[Raine, 1991], which allows an assessment of the three key
dimensions of schizotypy, viz., the cognitive-perceptual
(positive), interpersonal (negative), and disorganization
dimensions.

A further, important finding from neuroimaging studies
concerns the hemispheric asymmetry of striatal structure
and function. For example, volumes of caudate, nucleus
accumbens and putamen have been found to be larger in
the left hemisphere than the right [Ahsan et al., 2007;
Ettinger et al., 2012a]. There is also evidence from fMRI of
lateralized striatal rsFC, with Mueller et al. [2015] report-
ing that schizophrenia patients show weaker left hemi-
spheric but stronger right hemispheric specialization of the
caudate.

Evidence of altered asymmetry in schizotypy comes
from a diffusion tensor imaging (DTI) study showing
greater right >left asymmetry in the uncinate fasciculus
of people with high total schizotypy scores compared to
controls [DeRosse et al., 2015]. Additionally, in a functional
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near-infrared spectroscopy study of a verbal fluency task, a
high total schizotypy group showed a right hemispheric
preference of prefrontal activation compared to a low
schizotypy group [Hori et al., 2008]. However, hemispheric
asymmetry in FC has not yet been investigated in relation
to schizotypy using rs-fMRI.

The present study, therefore, aimed to examine the associa-
tion of schizotypal personality traits with (1) striatocortical
FC and (2) its lateralization. We adopted a recently described
striatocortical FC method [Di Martino et al., 2008] and investi-
gated associations of FC with both total schizotypy score and
schizotypal dimensions in order to provide a comprehensive
and fine-grained analysis of the different features of schizo-
typy. We tested a large sample of adults who were carefully
screened regarding current psychopathology, in order to
avoid influences on FC that may confound true effects of
schizotypy. Given the findings from patients with schizo-
phrenia, their first-degree relatives and at-risk individuals,
we hypothesized that we would find associations between
the total score of schizotypal traits and striatal-cortical FC
compatible with those previous studies. In particular, we
expected that these associations would be found in prefrontal
cortex. Moreover, we hypothesized that higher levels of
schizotypal trait would be associated with reduced left and
increased right lateralization of the FC.

METHOD
Participants

One hundred and seventeen participants were recruited
into the study. Recruitment and assessment of participants
was carried out at the University of Munich, Germany.
Participants were carefully screened on two occasions, first
on the telephone and then in the laboratory, to ensure
they did not fulfill any of the following exclusion criteria:

(a) Any current DSM-IV Axis I disorders (according to the
German version of the Mini-International Neuropsychiatric
Interview); (b) any past diagnoses of psychotic disorders; (c)
a past or current diagnosis of ADHD; (d) any diagnoses of
psychotic disorders or ADHD amongst first-degree rela-
tives; (e) a history or current evidence of neurological disor-
ders; (f) any current physical condition; (g) any current
consumption of over-the-counter or prescription medication
(except for contraceptives); (h) any visual impairments
(other than the use of corrective lenses or glasses); and (i)
not right handed.

Demographic and Psychometric Measures

Information was obtained on age, gender, handedness
(Edinburgh Handedness Inventory) [Oldfield, 1971],
and verbal IQ (Mehrfachwahl-Wortschatz-Intelligenztest,
MWT-B) [Lehrl et al., 1995]. The MWT-B is a widely used
German measure of verbal ability and requires the identifi-
cation of a word among 4 nonword distractors in each of

37 trials. Higher scores indicate better verbal ability. Internal
reliability (Cronbach’s alpha) of the MWT-B in this study
o=0.67.

Schizotypy was measured using the German translation
of the SPQ full version [Klein et al., 1997]. The SPQ is a 74-
item self-report scale based on DSM-III-R criteria for SPD
[Raine, 1991]. It is scored using a two-point response format
(yes =1, no = 0) and includes nine subscales: Ideas of Refer-
ence (IR, 9 items), Social Anxiety (SA, 8 items), Magical
Thinking (MT, 7 items), Unusual Perceptual Experiences
(UPE, 9 items), Eccentric Behavior (EB, 7 items), No Close
Friends (NCF, 9 items), Odd Speech (OS, 9 items), Con-
stricted Affect (CA, 8 items), and Suspiciousness (S, 8 items).
MT, UPE, IR, and S scores are summed to construct the
cognitive-perceptual (positive schizotypy) dimension. NCF,
CA, and SA scores are summed to yield the interpersonal
(negative schizotypy) factor. EB and OS scores are summed
to make up the disorganization dimension. Internal reliabil-
ity of the SPQ in this study was good (o = 0.88).

Resting-State fMRI Data Acquisition

The fMRI data have not previously been published.
Resting-state fMRI data depicting the blood oxygen level
dependent (BOLD) signal were collected using a MAGNE-
TOM Verio scanner (Siemens, Erlangen, Germany) at 3
Tesla field strength. A T2*-weighted echo planar pulse
sequence was applied (TE=30 ms, TR=3,000 ms, flip
angle =90°, spatial resolution 3 X 3 X 4 mm isotropic
voxels, transverse orientation, 36 slices fully covering the
cerebral cortex and the cerebellum, and acquisition
time = 6 min). Participants were instructed to keep their
eyes closed during the scan. For anatomical reference a
high-resolution isotropic Magnetization Prepared Rapid
Gradient Echo (MPRAGE) sequence was acquired
(TE=76 ms, TR=14 ms, flip angle=20° spatial
resolution 0.8 X 0.8 X 0.8 mm isotropic voxels, FOV =
256 mm X 256 mm, and acquisition time = 10 min).

fMRI Data Preprocessing

Preprocessing was performed using the Data Processing
Assistant for Resting-State fMRI (DPARSF) software [Yan
and Zang, 2010] implemented on the Matlab 2012a. The first
10 volumes were removed, leaving 110 volumes for each
participant. The time delay of image acquisition and head
motion was corrected during the slice timing and realign-
ment. The structural images were segmented into gray mat-
ter and white matter images using the Segmentation toolbox
[Ashburner and Friston, 2005]. Then, the DARTEL toolbox
[Ashburner, 2007] was used to create a study specific tem-
plate for the accurate normalization. Then, resting-state
functional images were coregistered to the structural images
and normalized into Montreal Neurological Institute (MNI)
space, resliced to 3 mm cubic voxels and smoothed using a
4 mm full width at half maximum (FWHM) Gaussian kernel.
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Temporal band-pass filtering (0.01 <f<0.10 Hz) was per-
formed. Nuisance covariates, including head motion param-
eters calculated using the Friston 24 model [Friston et al.,
1996], global signal, white matter, and cerebrospinal fluid
(CSF) signal were regressed out. Time points with Power’s
frame-wise displacement (FD) > 0.5 [Power et al., 2012] as
well as one volume before and two volumes after were
regressed out during the nuisance covariate regression. Fur-
thermore, in order to exclude the potential effect of the head
motion, the individuals’ mean FD values were taken as
covariates in the subsequent analysis.

Functional Connectivity Analysis

To examine the FC between seeds of the striatum and
whole brain voxels, we first defined six seeds of the stria-
tum in each hemisphere with a radius of 4 mm as
described previously [Di Martino et al, 2008; Gabbay
et al., 2013]. These included the ventral striatum inferior/
nucleus accumbens (VSi; *+9,9,-8), ventral striatum
superior (VSs; +10,15,0), dorsal caudate (DC; *13,15,9),
dorsal caudal putamen (DCP; +28,1,3), dorsal rostral puta-
men (DRP; *£25,8,6), and ventral rostral putamen (VRP;
+20,12,-3) [see Di Martino et al., 2008]. The mean time
series of each seed was calculated and voxel-wise FC anal-
yses were conducted between brain activity of each seed
region and voxels across the whole brain using the toolkit
for Resting-State Functional MRI analysis (REST) [Song
et al., 2011]. The participants’ correlation r-maps of each
seed were then transformed to Fisher z-maps for further
analysis.

Asymmetry of Functional Connectivity Analysis

In order to examine the laterality of the FC of striatal
seeds, we took participants’” FC maps of each seed region
and calculated the total voxel numbers strongly correlated
with the seed region of the ipsilateral and contralateral
hemispheres. This resulted in measures of each seed
region for its FC of both within- and cross-hemisphere.
Then, based on the algorithm adopted by Mueller et al.
[2015], we calculated the Asymmetry Index (AI) to indicate
the lateralization of the FC of each seed using the follow-
ing equation: Al=N;/H; — N./H.,, where N; and N, are
the numbers of voxels strongly correlated (threshold at
r>0.25) with the seed in the ipsilateral and contralateral
hemispheres, respectively, and H; and H. are the total
number of voxels in the ipsilateral and contralateral hemi-
spheres, respectively. For example, for the Al of the left
VSi, the equation would be: Al (left VSi) = number of vox-
els strongly correlated with left VSi in left hemisphere/
total voxel number in left hemisphere — number of voxels
strongly correlated with left VSi in right hemisphere/total
voxel number in right hemisphere.

TABLE I. Demographic and psychometric variables

Entire sample (N =111)

Min Max Mean/N SD
Age (years) 18 50 2691 7.9
Gender (N male:female) - - 55:56 -
Education years 11 23 15.8 2.3
EHI 5 100 66.49 21.96
Verbal ability 19 36 30.36 2.96

score (MWT-B)

SPQ cognitive-perceptual 0 15 3.15 3.01
SPQ interpersonal 0 17 2.43 3.09
SPQ disorganized 0 14 2.24 2.86
SPQ total score 0 35 7.81 6.72

EHI, Edinburgh Handedness Inventory; MWT-B, Mehrfachwahl-Wort-
schatz-Intelligenztest; SPQ, Schizotypal Personality Questionnaire.

Statistical Analysis

First, descriptive statistics of demographic information,
MWT-B scores, SPQ scores and FD of the resting-state
images were calculated. Second, to examine correlations
between SPQ total and dimension scores and cortical FC
of striatal seeds, participants” Fisher z-maps were adopted
using a linear regression model with SPQ total score (or
dimension scores) as regressor in SPM12 (http://www fil.
ion.ucl.ac.uk/spm/software) implemented in Matlab 2012a
(The MathWorks, Natick, MA). Age, verbal IQ, and mean
FD were used as covariates. Clusters were considered sig-
nificant if they reached a Cluster Defining Threshold
(CDT) of P<0.001 and cluster P FWE corrected < 0.05. In
order to further reduce the possibility of false positive
results, we only reported clusters with k>30 voxels.
Finally, we calculated Als for each striatal seed and con-
ducted one-sample t tests to confirm the lateralization of
all the seeds. Then, we included significant lateralized
seeds in further correlation analysis between Als and
SPQ total and dimension scores. Given that the handed-
ness of participants might confound the results of brain
asymmetry analysis, we only performed the analyses of
asymmetry in a subsample (N =97) of EHI score > 40,
which indicates right handedness [Oldfield, 1971]. The
threshold for significance was set at P <0.05, Bonferroni
corrected. SPSS v19.0 (IBM, Armonk, NY) was used for
statistical analysis.

RESULTS
Descriptive Statistics

A sample of N =117 participants completed the study.
Five participants were excluded due to excessive head
motion (translation >2 mm, rotation >2°) and one partici-
pant was excluded because of evidence of brain structural
abnormalities. Descriptive statistics of the final sample
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Figure I.

Associations of SPQ total and dimension scores with
striatocortical functional connectivity. (A) The clusters with sig-
nificant correlations with SPQ total scores. (B) The clusters
with significant correlations with the SPQ cognitive-perceptual
factor. (C) Clusters with significant correlations with the SPQ

of N=111 are presented in Table I. Descriptive statistics
regarding individual SPQ subscale scores are shown in
Supporting Information Table 1.

Functional Connectivity
Functional connectivity in entire sample

The results of the FC analysis from the entire sample are
shown in Supporting Information Figure 1. The observed
connectivity patterns are broadly compatible with those
reported by Di Martino et al. [2008] using the same striatal
seeds.

disorganized dimension. All regression analyses included age,
verbal IQ and mean FD as covariates. Thresholds for significance
were set as Cluster Defining Threshold (CDT) of P<0.001 and
cluster P FWE corrected < 0.05 and cluster size k > 30 voxels.

Associations between functional connectivity
and SPQ total and dimension scores

For each striatal seed, we conducted regression analysis
to identify clusters with significant correlations between
striatocortical FC and SPQ total and dimension scores (Fig. 1
and Table II).

FC between right DC and bilateral posterior cingulate
(extend to parahippocampal gyrus) and FC between left
VRP and right superior frontal gyrus were significantly
negatively correlated with SPQ total score, indicating
weaker connectivity with higher overall schizotypy scores.
At the same time, FC between right VRP and superior
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TABLE Il. Associations of SPQ total and dimension scores with striatocortical functional connectivity

Peak coordinate (MNI)

Direction of association X y z Brain region
SPQ total
ROI5 Right DC Negative 45 4.57 18 =57 9 BA30, posterior cingulate
Right DC Negative 71 411 -9 —48 3 Parahippocampal gyrus
ROI11 Right VRP Positive 38 431 12 63 24 BAY, superior frontal gyrus
ROI12 Left VRP Positive 35 4.04 6 9 45 BA24, cingulate
Left VRP Negative 37 4.49 —18 39 48 BAS, superior frontal gyrus
SPQ COG-PER
ROI11 Right VRP Positive 49 491 36 48 18 BA10, middle frontal gyrus
Right VRP Positive 54 4.44 57 -39 48 BA40, IPL
ROI12 Left VRP Positive 34 4.38 3 12 45 BA32, medial frontal gyrus
Left VRP Negative 34 4.75 —-18 39 48 BAS, superior frontal gyrus
SPQ DIS
ROI5 Right DC Negative 38 442 —6 —54 12 BA30, posterior cingulate
ROI8 Left DCP Negative 31 412 —24 =72 21 BA18, cuneus
ROI9 Right DRP Negative 56 4.55 45 —63 -3 BA37, middle temporal gyrus

k, number of voxels in cluster; MNI, Montreal Neurological Institute; BA, Brodmann Area; SPQ, Schizotypal Personality Questionnaire;
COG-PER, cognitive-perceptual dimension; INT, interpersonal dimension; DIS, disorganized dimension. Thresholds for significance
were set as Cluster Defining Threshold of P <0.001, cluster P FWE correction of P <0.05 and cluster size k >= 30 voxels.

frontal gyrus as well as FC between left VRP and cingulate
were significantly positively correlated with SPQ total score.

Regarding the cognitive-perceptual dimension, there
were significant positive correlations with FC between
right VRP and right middle frontal gyrus and inferior pari-
etal lobe and with FC between left VRP and right medial
frontal gyrus. These correlations indicate stronger FC with
higher levels of cognitive-perceptual schizotypy.

Finally, there were negative associations between the
disorganized dimension and FC of right DC with posterior
cingulate, FC of left DCP with left cuneus, and FC of right
DRP with middle temporal gyrus indicating lesser connec-
tivity with higher disorganization dimension scores.

No significant associations were observed between the
interpersonal (negative schizotypy) dimension and FC.

Asymmetry
Asymmetry of functional connectivity

We calculated the Al for each striatal seed in a subsample
of subjects with EHI > 40. Since the Al was calculated using
the connectivity with ipsilateral hemisphere minus connec-
tivity with contralateral hemisphere, higher Al of a seed in
the left hemisphere means the FC of the seed is stronger in
the left than the right hemisphere (more strongly related
voxels in left hemisphere than right). Conversely, higher Al
of a seed in the right hemisphere means that the FC of the
seed is stronger in the right than left hemisphere.

We found that the Als of left VSs, left DC, left VRP, right
DCP, right DRP, and right VRP were significantly different
from 0 after Bonferroni correction based on one-sample ¢ tests
(Fig. 2 and Table III). Among these seeds, FC of left VSs, left

DC, and left VRP were left lateralized and the FC of right
DCP, right DRP, and right VRP were right lateralized. The
other seeds did not show significant lateralization of FC.

Associations between asymmetry of functional
connectivity and schizotypy

Correlation analyses were conducted to examine associa-
tions between the Als of significant lateralized striatal
seeds (left VSs, left DC, left VRP, right DCP, right DRP,
and right VRP) and SPQ total and dimension scores. In
terms of SPQ total scores, significant positive correlations
were found between AI of the right DCP (r=0.21,
P=0.039) and the right VRP (r=0.34, P =0.001). There
were also positive correlations of the cognitive-perceptual
dimension score with AI in the right DCP (r=0.21,
P =0.043), and of the interpersonal dimension score with
Al in the right VRP (r=0.28, P =0.005) and the left VSs
(r=0.23, P=0.024), and of the disorganized dimension
score with Al in the right VRP (r=0.28, P =0.006). After
Bonferroni correction, only the positive correlation of SPQ
total score with Al of the right VRP survived. This signifi-
cant correlation indicates that higher SPQ total scores were
associated with stronger right-lateralized striatocortical FC.

DISCUSSION
Summary of Key Findings

In this study, we examined the association between rsFC
and its asymmetry with levels of schizotypal personality
traits in a large sample of healthy adults. A first main finding
is that the observed striatocortical rsFC largely replicates the
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Figure 2.

Asymmetry Index of functional connectivity of all seed regions.
Asymmetry Index (Al) of functional connectivity of each seed
was calculated using the following equation: Al = Ni/H; — N./H,,
where N; and N, are the numbers of voxels strongly correlated
(threshold at r>0.25) with the seed in the ipsilateral and con-
tralateral hemispheres, respectively, and H; and H, are the total

pattern reported previously [Di Martino et al., 2008]. Our
study is, to our knowledge, the largest analysis of striato-
cortical FC in rs-fMRI using this method to date. The study
by Di Martino et al. [2008] found differential FC patterns for
subsections of the striatum. Their findings suggested that
the dorsal part of the caudate, which is closely connected to
the frontal lobe, is involved in cognitive processes whereas
the ventral part, connected to limbic regions, is associated
with affective processing. In the current study, we found
similar patterns, as the seeds of DC were associated with
dorsolateral prefrontal cortex (DLPFC) whereas VSi seeds
were related to orbitofrontal cortex and anterior cingulate.
In terms of the subsections of the putamen, although both of
caudal and rostral putamen showed FC with motor regions,
connectivity of the rostral putamen seeds (DRP/VRP) with
frontal regions was also observed, indicating a role in execu-
tive control.

A second finding from our study was that scores in total
as well as cognitive-perceptual (positive) schizotypy were
associated with widespread alterations in striatocortical FC.
Most of the observed positive associations were found in
ventral striatum, indicating greater FC of ventral striatum
with increasing schizotypy scores. Additionally, negative
associations were also observed between the SPQ total
score/disorganized dimension and the FC of dorsal caudate

number of voxels in the ipsilateral and contralateral hemi-
spheres, respectively. VSi, ventral striatum inferior/nucleus
accumbens; VSs, ventral striatum superior; DC, dorsal caudate;
DCP, dorsal caudal putamen; DRP, dorsal rostral putamen; VRP,
ventral rostral putamen. The error bars indicate the standard
errors.

with posterior cingulate. There were no associations
between negative schizotypy (SPQ interpersonal factor) and
striatocortical FC.

Finally, analysis of asymmetry indicated that higher
total schizotypy scores were associated with stronger later-
alized FC in the right hemisphere.

Association Between Schizotypy and
Resting-State Functional Connectivity

This study is, to our knowledge, the first to investigate
striatocortical FC during resting state in relation to multi-
dimensional schizotypy. The study thus extends previous
structural and functional MRI studies in attempting to
delineate the neural correlates of this important schizo-
phrenia spectrum trait. Evidence from previous neuroim-
aging studies has pointed to structural and functional
brain alterations in relation to higher schizotypy scores
[Ettinger et al., 2015]. Specifically, structural magnetic reso-
nance imaging studies have shown that higher schizotypy
is associated with reduced gray matter in frontotemporal
areas [DeRosse et al., 2015; Ettinger et al.,, 2012b; Wang
et al., 2015; Wiebels et al., 2016], while there is also evi-
dence of increased gray matter in posterior cingulate and
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TABLE Ill. Al of functional connectivity of seed regions

Al (%)
Min Max Mean SD One-sample t, P
Right VSi (9,9,-8) —4.45 2.61 0.34 1.36 2.49,0.014
Left VSi (-9,9,-8) —4.07 3.59 0.15 1.43 1.04, 0.303
Right VSs (10,15,0) —4.06 2.61 0.05 1.33 0.35, 0.729
Left VSs (-10,15,0) —3.88 7.84 0.67 1.68 3.97, <0.001
Right DC (13,15,9) —4.67 4.55 0.00 1.51 —0.01, 0.994
Left DC (-13,15,9) —4.19 5.88 0.64 1.68 3.77, <0.001
Right DCP (28,1,3) =3.70 6.00 0.68 1.37 4.91, <0.001
Left DCP (-28,1,3) —2.72 3.76 0.02 1.33 0.16, 0.872
Right DRP (25,8,6) —2.41 4.39 0.57 1.26 4.45, <0.001
Left DRP (-25,8,6) -3.29 5.97 0.30 1.48 2.00, 0.048
Right VRP (20,12,-3) —2.75 6.66 0.59 1.59 3.69, <0.001
Left VRP (-20,12,-3) —2.61 3.67 0.49 1.30 3.71, <0.001

The analyses were conducted in a subsample (17 = 97) of subjects with EHI>40. Numbers in parentheses indicate x, y, and z coordinates
in MNI (Montreal Neurological Institute) space. AI, Asymmetry Index; VSi, ventral striatum inferior/nucleus accumbens; VSs, ventral
striatum superior; DC, dorsal caudate; DCP, dorsal caudal putamen; DRP, dorsal rostral putamen; VRP, ventral rostral putamen.

precuneus [Modinos et al.,, 2010; Nenadic et al., 2015].
Functional magnetic resonance imaging studies have
pointed to alterations in task-related BOLD signal during
performance of cognitive or motor tasks [Ettinger et al.,
2015].

Importantly, there is previous evidence of altered striatal
information processing in schizotypy. For example, behav-
ioral studies have shown performance impairments on
tasks known to be supported by frontostriatal networks
[Ettinger et al., 2005; O’Driscoll et al., 1998]. Studies using
fMRI have shown more directly that schizotypy is associ-
ated with alterations in BOLD signal in striatum during
task performance [Aichert et al., 2012; Chan et al., 2016;
Ettinger et al., 2013; Li et al., 2015; Yan et al., 2016].

Given the role of dopamine in the striatum and its
hypothesized dysfunction in schizophrenia [Howes and
Kapur, 2009; Simpson et al., 2010], these findings may
implicate a role of dopaminergic dysfunction in schizotypy
[Mohr and Ettinger, 2014]. The most direct, available evi-
dence of an association between schizotypy and dopamine
comes from positron emission tomography (PET) and
pharmacological studies. For example, an 18F—fallypride
PET study has demonstrated a correlation of overall schiz-
otypy with amphetamine-induced dopamine release in the
striatum, particularly the associative subdivision [Wood-
ward et al., 2011]. Additionally, an 11C—raclopride PET
study observed that individuals with high levels of nega-
tive schizotypy showed greater stress-induced dopamine
release than controls or individuals with positive schizo-
typy [Soliman et al., 2011]. Finally, challenge studies using
dopamine D2/D3 receptor blockers have shown differen-
tial cognitive responses in individuals with high schizo-
typy compared to medium-schizotypy controls [Koychev
et al., 2012; Schmechtig et al., 2013].

Here, regression analyses showed that SPQ total score
was positively related to FC between ventral rostral

putamen and dorsolateral prefrontal cortex, as well as
anterior cingulate, indicating that individuals with higher
SPQ total scores have stronger FC of ventral striatum and
prefrontal cortex. In a previous study, Fornito et al. [2013]
found hyperconnectivity of ventral striatum with prefron-
tal cortex in both patients with schizophrenia and their
symptom-free, unmedicated relatives. Interestingly, this
pattern was also found in our previous study in individu-
als with high social anhedonia [Wang et al., 2016], sugges-
ting this may represent a schizophrenia spectrum trait
marker.

DLPFC has been considered as part of a dorsal system
involved in the effortful regulation of affective states and
related behaviors [Phillips and Seidman, 2008]. Dysconnec-
tions of DLPFC and striatum have been previously
observed and even proposed as a potential risk biomarker
for psychosis [Dandash et al, 2017]. We previously
observed, in two independent studies from our groups,
less gray matter volume in prefrontal cortex in relation to
higher positive schizotypy [Ettinger et al.,, 2012a, 2012b]
and in high SPQ scorers compared to low SPQ scorers
[Wang et al., 2015]. The importance of the structural and
functional changes of prefrontal cortex, especially its
potential role in the identification of the high-risk individ-
uals, needs to be tested further in the future.

In addition to SPQ total score, we also examined
associations between FC and SPQ dimensions. The most
consistent correlate of FC was the positive schizotypy
dimension, the SPQ cognitive-perceptual factor. FC of right
ventral rostral putamen with middle frontal gyrus (BA10)
and FC of left ventral rostral putamen with superior fron-
tal gyrus/DLPFC (BA8) were associated with the positive
dimension. As mentioned above, recent studies suggested
that the function of the putamen is not limited to motor
functions but also related to cognitive processing. The ros-
tral part of the putamen has connections with DLPFC and
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ACC and has been suggested to be involved in cognitive
function [Postuma and Dagher, 2006]. Functional MRI has
also shown that weaker FC between putamen and dorsal
ACC is associated with poorer working memory in schizo-
phrenia patients [Tu et al., 2012]. Dandash et al. [2014]
adopted a similar method and examined striatocortical FC
in ultra-high-risk (UHR) individuals, observing that posi-
tive symptom scores on the Positive and Negative Syn-
drome Scale (PANSS) were positively correlated with FC
between ventral rostral putamen and inferior frontal
gyrus. In our study, FC of ventral rostral putamen and
prefrontal executive control regions (BA8/10) was found
to be related to SPQ positive schizotypy. Overall, this pat-
tern indicates potentially consistent associations between
positive features and FC between rostral putamen and pre-
frontal cortex. The role of this pattern in the cognitive defi-
cits of schizophrenia spectrum disorders needs to be
investigated further.

For the disorganized dimension, negative correlations
with the FC between dorsal striatum and posterior cingu-
late and middle temporal gyrus were observed, indicating
that individuals with higher SPQ disorganized dimension
scores have reduced FC of dorsal striatum. This pattern of
reduced FC was consistent with Fornito et al. [2013]’s
study in both patients with schizophrenia and first-degree
relatives. In their study, a significant association between
symptom severity and FC of DC was observed. Posterior
cingulate cortex (PCC) was considered as a core node of
Default Mode Network (DMN) and recent studies showed
that FC of PCC is involved in cognitive functions, such as
attention and executive control [Sheffield and Barch, 2016].

Association Between Schizotypy and
Lateralization of Resting-State
Functional Connectivity

The investigation of cerebral lateralization in schizophre-
nia has a long history [Berlim et al., 2003], with numerous
studies suggesting abnormal lateralization in this disorder.
Specifically, a reduction of lateralization in the left hemi-
sphere has been shown not only in patients with schizo-
phrenia, but also their first-degree relatives [Oertel et al.,
2010], supporting the notion that this abnormality may
represent a trait marker for schizophrenia. Additionally,
structural abnormalities of the corpus callosum have been
found in patients with schizophrenia [Innocenti et al.,
2003]. This structural abnormality may be expected to lead
to abnormal asymmetry of FC [Ribolsi et al., 2014].
Recently, Mueller et al. [2015] examined the asymmetry of
rsFC and found significantly reduced left-hemisphere and
increased right-hemisphere lateralization of the caudate
nucleus in schizophrenia patients.

In our study, we found positive correlations of SPQ total
scores with asymmetry of right ventral rostral putamen.
Although we did not find any reduced left-hemispheric
lateralization, the increased asymmetry of seed in the right

hemisphere in relation to higher SPQ scores indicated that
changes of asymmetry may be a potential marker for the
identification of high schizotypy. The pattern of this
altered asymmetry across different schizophrenia spectrum
populations should be further examined.

Specificity of Altered Striatocortical
Connectivity Across Disorders

The striatum has anatomical connections with numerous
cortical and subcortical structures, thereby supporting a
multitude of complex cognitive and motor functions. For
example, the projections from prefrontal cortex (including
orbitofrontal, ventromedial prefrontal, dorsolateral pre-
frontal cortex, and insula) and ACC to rostral striatum are
associated with reward, motivation and cognition [Haber,
2016].

Accordingly, it should not be surprising that altered
striatocortical rsFC not only is found in the schizophrenia
spectrum but has also been shown in other psychiatric dis-
orders. For example, reduced FC between nucleus accum-
bens and frontal regions involved in cognitive control
(dorsal ACC and DLPFC) was observed in patients with
substance abuse disorders [Motzkin et al., 2014]. Moreover,
increased rsFC of ventral striatum and medial prefrontal
cortex/ACC has been observed in patients with obsessive
compulsive disorder [Harrison et al., 2009], whereas
increased rsFC of striatum with prefrontal cortex has been
found in medication-free patients with major depressive
disorder [Gabbay et al., 2013; Kerestes et al., 2015].

Given that schizophrenia spectrum disorders including
schizotypy are frequently comorbid with anxiety and affec-
tive disorders [Anticevic et al., 2015; Buckley et al., 2009; Sam-
som and Wong, 2015; Zink, 2014] as well as substance abuse
[Brown et al., 2012; Regier et al.,, 1990; Thoma and Daum,
2013], the specificity of the associations between connectivity
and schizotypy observed here remains to be clarified.

Design Considerations and Limitations

A noteworthy point to consider in the discussion of our
findings is that the current sample displayed rather low
mean and range of SPQ scores. This incidental finding is
most likely due to our recruitment and screening methods.
Participants of this study were recruited via email and
paper adverts specifically asking for healthy volunteers to
participate in a research study. Those who contacted the
experimenters were thoroughly screened for exclusion cri-
teria of any current psychiatric or neurological disorder
(incl. drug abuse/dependence) as well as any personal his-
tory of psychotic disorder. Given the associations of high
schizotypy with psychotic and affective symptoms [Bar-
rantes-Vidal et al., 2013; Lewandowski et al., 2006; Salo-
kangas et al., 2013] as well as substance abuse [Esterberg
et al., 2009; Fridberg et al., 2011; Williams et al., 1996], our
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strict criteria for participation likely led to the exclusion of
many individuals with high schizotypy scores.

On the one hand, this feature of our design represents a
strength of the study, as it allowed us to characterize the
neural correlates of variation in schizotypy in the absence of
the possibly confounding effects of psychopathology or
drug abuse. On the other hand, however, it should be
pointed out that the interpretation of our findings is, of
course, restricted to the low-to-moderate schizotypy range.
Thus, it is unclear whether the observed correlations can be
used to extrapolate to FC in high schizotypy. This remains
an empirical question to be answered in future research.

Support for the importance and validity of studying cor-
relates of schizotypy across the entire spectrum, including
low scores, comes from the detection of the neural corre-
lates of schizotypy in previous studies of low-to-medium
scoring participants [Aichert et al., 2012]. Additionally, a
recent study explicitly compared medium and low schizo-
types to high schizotypes and demonstrated that low
schizotypes can be differentiated from medium schizo-
types, who in turn perform worse than high schizotypes,
on smooth pursuit eye movements [Koychev et al., 2016],
a key endophenotype and biomarker of schizophrenia
[Calkins et al., 2008; Levy et al., 1993]. Thus, we feel that
the observed relationships between rsFC and schizotypy
scores in the low-to-moderate range may be indicative of
associations that may emerge across the entire spectrum of
schizotypy. However, this remains to be investigated with
regards to the FC patterns observed here.

Conclusions

To conclude, the present study showed that schizotypal
personality traits are associated with striatocortical FC
during the resting state. The pattern of stronger connectiv-
ity with increasing schizotypy scores may reflect a contin-
uum of factors underlying schizophrenia spectrum traits,
from low-to-medium expression to the clinical condition
[Fornito et al., 2013]. Associations of stronger right-
hemispheric asymmetries in relation to schizotypy simi-
larly extend pervious work showing greater right > left
asymmetry in other schizophrenia spectrum populations
[DeRosse et al., 2015; Hori et al., 2008; Mueller et al., 2015].
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