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Abstract

Schizophrenia is a complex disorder that affects perception, cognition, and emotion causing
symptoms such as delusions, hallucinations, and suspiciousness. Schizophrenia is also associated
with structural cortical abnormalities including lower gray matter (GM) concentration, GM
volume, and cortical thickness relative to healthy control individuals. However, the association
between GM measures and symptom dimensions in schizophrenia is still not well understood.

Here, we applied parallel independent component analysis (pICA), a higher-order statistical
approach that identifies covarying patterns within two (or more) data modalities simultaneously, to
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link covarying brain networks of GM concentration with covarying linear combinations of the
positive and negative syndrome scale (PANSS). In a large sample of patients with schizophrenia (n
= 337) the association between these two data modalities was investigated.

The pICA revealed a distinct PANSS profile characterized by increased delusional symptoms,
suspiciousness, hallucinations, and anxiety, that was associated with a pattern of lower GM
concentration in inferior temporal gyri and fusiform gyri and higher GM concentration in the
sensorimotor cortex. GM alterations replicate previous findings; additionally, applying a
multivariate technique, we were able to map a very specific symptom profile onto these GM
alterations extending our understanding of cortical abnormalities associated with schizophrenia.

Techniques like parallel ICA can reveal linked patterns of alterations across different data
modalities that can help to identify biologically-informed phenotypes which might help to improve
future treatment targets.

Introduction

Schizophrenia can be conceptualized as a neurodevelopmental disorder encompassing
altered maturation of brain structure and function that can be captured in vivo by magnetic
resonance imaging (MRI) (Birnbaum and Weinberger, 2017; Bora, 2015; Gur et al., 2014;
Murray et al., 2017; Satterthwaite et al., 2015). With regard to brain structure, previous
studies in patients with schizophrenia have not only found widespread disruptions of white
matter microstructure and fiber tracts, but they also found that gray matter (GM) properties
such as GM volume, GM concentration, cortical thickness, and cortical surface area are
affected in individuals with schizophrenia (Samartzis et al., 2014; Sun et al., 2015; Zhang et
al., 2016).

Lower GM concentration, as measured with voxel-based morphometry (VBM) (Ashburner
and Friston, 2000) or source-based morphometry (SBM), its multivariate extension (Xu et
al., 2009), in patients with schizophrenia relative to healthy control individuals have been
identified in brain regions associated with the salience network, such as the insular cortex
and the dorsal anterior cingulate cortex (ACC), in the left parahippocampal gyrus and
inferior frontal gyrus, as well as in the basal ganglia (Fornito et al., 2009; Glahn et al., 2008;
Gupta et al., 2015). Underlining neurodevelopmental aspects of schizophrenia, and more
generally of the psychosis spectrum, Satterthwaite and colleagues recently demonstrated that
structural abnormalities like lower GM volume are already present in youth experiencing
subclinical levels of psychotic symptoms (Satterthwaite et al., 2016).

However, schizophrenia presents clinically with a heterogeneous range of symptoms
including abnormalities of perception, cognition, and emotion (American Psychiatric
Association and others, 2003). Therefore, it seems important to investigate the association
between symptom dimensions and structural changes in order to gain a precise
understanding of the pathophysiology underlying schizophrenia. Accordingly, many studies
have investigated whether one of the most prevalent symptoms in schizophrenia, i.e.,
auditory hallucinations (Andreasen and Flaum, 1991), corresponds to structural changes. In
region of interest and whole brain analyses of structural MRI data, it has been demonstrated
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that auditory hallucinations are associated with cortical thinning in auditory cortices
(superior and middle temporal gyri, Heschl’s gyri) (Cui et al., 2018; Modinos et al., 2013;
Mgrch-Johnsen et al., 2017). Even though auditory hallucinations are indeed a very common
symptom in schizophrenia with a prevalence of > 70% (Shinn et al., 2012), it does not fully
reflect the complexity of symptoms characterizing schizophrenia.

The positive and negative syndrome scale (PANSS)(Kay et al., 1987) is one of the most
commonly used questionnaires to assess symptomatology in patients with schizophrenia and
it allows for the investigation of dimension-specific abnormalities. Koutsouleris and
colleagues (Koutsouleris et al., 2009) investigated the associations between VBM-derived
GM concentration measures and the three PANSS dimensions summarizing positive,
negative, and general symptoms. GM concentration showed a negative association with all
three PANSS dimensions though the negative domain showed the most widespread effects.
They found that GM concentration in the temporal cortex, the thalamus, insula, inferior
frontal gyri, medial and lateral prefrontal cortices, and the ACC was associated with all three
dimensions. A recent mega-analysis of GM concentration in patients with schizophrenia (n =
784), compared VBM vs. SBM analyses and associations between GM concentration and
PANSS positive and negative scores were investigated post hoc (Gupta et al., 2015).
Generally, previously described brain areas of lower GM concentration in schizophrenia
were confirmed (temporal lobe, insula, medial frontal lobe) with high overlap between VBM
and SBM analyses. However, reduced GM concentration was not significantly associated
with either positive or negative PANSS dimension scores.

In summary, even though there seems to be a consensus on the general regions of lower GM
concentration associated with schizophrenia, the mapping of schizophrenia symptomatology
onto specific brain alterations has yielded inconsistent findings. Most previous studies have
calculated associations between symptoms and GM measures using predefined brain
regions, on the one hand, and PANSS total or factor scores, on the other hand. Even though
these approaches are informative, they might lack sensitivity to detect alterations associated
with specific symptoms or clusters of symptoms.

One approach to overcome these shortcomings is to apply higher-order statistical techniques
like parallel independent component analysis (pICA) which identifies patterns of alterations
within two or more modalities (Calhoun and Sui, 2016; Liu et al., 2009; Liu and Calhoun,
2007; Pearlson et al., 2015; Vergara et al., 2014). ICA, as a special case of blind source
separation, identifies maximally independent components within one data modality. The
extension to this algorithm, pICA, performs individual ICA on multiple data modalities, ‘in
parallel’, maximizing independence within each modality, while additionally optimizing for
correlation of independent components between the data modalities. As a result of this type
of analysis, correlation coefficients between independent components of the two modalities
are estimated and individuals’ loading coefficients for each independent component can then
be used to further interrogate group differences. A recent study employing pICA on
functional connectivity measures of the default mode network (DMN) and genetic data
found that genes regulating neurodevelopmental processes are associated with functional
hypoconnectivity of the DMN in patients with schizophrenia (Meda et al., 2014). By
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applying pICA, this study provided meaningful insights into the etiology of schizophrenia
encouraging further multimodal investigations.

Here, we performed pICA on GM concentration images and PANSS items in an aggregated
sample of patients with schizophrenia (n = 342). Since associations between GM measures
and symptom scores tend to be weak, large samples or the combination of data from
multiple samples are needed to provide sufficient power in order to identify such
relationships. We hypothesized that (i) pICA would roughly identify established symptom
dimensions of PANSS scores, i.e., positive, negative, and general, and (ii) that temporal and
prefrontal brain areas would show associations with distinct PANSS components reflecting
recent findings of GM volume and cortical thickness (Padmanabhan et al., 2015).

Material and methods

Participants

Data were pooled from three major studies: TOP (Thematic Organized Psychosis research;
Oslo, Norway) (Athanasiu et al., 2010), FBIRN 3 (Functional imaging Biomedical
Information Research Network, multiple sites in the USA) (Potkin et al., 2009; Wible et al.,
2009), and COBRE (Center of Biomedical Research Excellence, Albuquerque, NM, USA)
(Aine et al., 2017; Turner et al., 2012). Data were collected under approval of local
institutional review boards and all participants provided informed consent.

All studies provided structural MRI data as well as PANSS item scores. In total, data were
obtained from 342 patients with a diagnosis of schizophrenia or schizoaffective disorder as
confirmed by the Structured Clinical Interview for Diagnosis (SCID) for DSM-1V or DSM-
IV-TR conducted at each study site (First and Gibbon, 2004). All studies provided
information on age at time of scan, sex, duration of illness, and medication status (in varying
detail) for each participant.

Demographic and scanning information are presented in Table 1.

Positive and negative symptom scores (PANSS)

Since data were drawn from independent (multi-center) studies and because sample mean
age and illness duration differed significantly between studies, potential confounding effects
of study site and illness duration on PANSS scores were explored in a multivariate analysis
of co-variance (MANCOVA) framework: the 30 PANSS items (multivariate dependent
variable) were tested for associations with study site (independent variable) while
controlling for illness duration. In addition, the PANSS total score was tested for an
association with study site controlling for illness duration employing analysis of co-variance
(ANCOVA).

Preprocessing

T1-weighted structural MRI data were normalized to the standard Montreal Neurological
Institute (MNI) template using a 12-parameter affine model, resliced to a voxel size of 2 x 2
x 2mm and segmented into GM, white matter, and cerebro-spinal fluid using Statistical
Parametric Mapping 12 (SPM12, http://www.fil.ion.ucl.ac.uk/spm/software/spm12/), ending
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with normalized segmented images, prior to smoothing. To identify possible outliers,
individual scans were correlated with the group-generated GM template and outliers were
visually checked. Scans from 5 individuals showed low correlations with the group-
generated GM template (p < 0.98) and were discarded; 337 participants were included in the
subsequent analyses.

In order to account for possible effects of age, sex, and study site on structural MRI data,
voxel-wise regression was applied to remove effects of these three variables. Finally,
structural MRI data were smoothed with a 10mm Gaussian kernel.

Parallel Independent Component Analysis (pICA)

We used the fusion ICA Toolbox (FIT, http://mialab.mrn.org/software/fit/) to perform pICA
on the smoothed, normalized structural MRI data and raw PANSS scores (30 items per
participant). The minimum description length (MDL) algorithm estimated the optimal
number of components to be 25 for the structural MRI data. Each PANSS item was designed
to represent distinct psychopathological symptoms. However, to apply a high model order to
PANSS scores would have resulted in difficulties in convergence between the two
modalities. Considering the inner structure of the PANSS (positive, negative and general
dimensions), the model order was set to three independent components. Importantly, a
PANSS component derived from the ICA can reflect any combination of PANSS items
based on the data itself and the three PANSS components do not necessarily reflect the
preset inner structure.

Within the pICA framework, a GM mask to exclude the cerebellum (due to its low reliability
across studies) was applied on structural MRI data before ICA was performed. To ensure
stability of component estimation, infomax ICA was run 20 times, and the central point of
20 runs was selected as the final component using ICASSO (Bell and Sejnowski, 1995;
Himberg and Hyvérinen, 2003).

Only the pair of GM component and PANSS component that showed the highest correlation
was constrained in the analysis in order to yield more stable results. More specifically, the
correlation between loading coefficients of this structural MRI — PANSS pair was enhanced
through pICA while independence within each modality was further maximized.

All subsequent analyses were performed on the loading coefficients from this first
component pair.

Validation tests

To further test stability of pICA estimation, we performed 10-fold validation to ensure that
the pICA estimation was not driven by outliers. Each validation included 90% of the
individuals of the sample and was balanced across different study sites. Parameter settings
were the same as in the original analysis. The results from each iteration were examined for
overlap, i.e., correlation, with the original pICA.
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Post hoc analyses

Results

IlIness duration and medication status are typical confounders in studies involving patients
with schizophrenia.

In a regression framework, possible effects of illness duration (predictor) on the loading
coefficients of the structural MRI component and the PANSS component (dependent
variable) were tested.

We tested for an effect of medication on both modalities’ loading coefficients in the
subsample of 199 participants for whom chlorpromazine (CPZ) equivalents were available;
we applied Spearman’s rho test because of a skewed distribution.

To further explore the relationship between the traditional PANSS dimension scores and the
data-driven dimensions of the PANSS and structural MRI components derived from the
pICA, correlation analyses were performed on PANSS positive, negative, and general scores
and the loading coefficients of the components.

Positive and Negative Syndrome Scale (PANSS)

The PANSS total score did not differ significantly between sites of the three different studies
after controlling for illness duration (F = 1.57, df = 7, p = 0.14). However, the MANCOVA
revealed significant differences in several PANSS items (see Supplementary Material).
Importantly, items that contributed most to the PANSS component, including delusional
symptoms (P1), suspiciousness/ persecution (P6), and anxiety (G2), were not significantly
associated with study site (see below and Supplementary Material).

Parallel Independent Component Analysis

The correlation between the structural MRI and PANSS components was Pearson’s r = 0.25
(p = 2.62 x 10796, Bonferroni-corrected threshold = 6.67 x 10794) shown in Figure 1. The
10-fold validation showed that results in 8 out of the 10 validation runs were consistent with
findings of the original analysis. Given that the correlation was positive, individuals with
greater structural loading coefficients for this component also showed greater symptom
profile loadings.

The structural MRI component consisted of lower GM concentration in bilateral inferior
temporal gyri merging with fusiform gyri and the gyrus rectus, and higher GM concentration
in bilateral pre- and postcentral gyri (see Figure 2a and Table 2).

The PANSS component was most strongly positively weighted on delusional symptoms
(P1), hallucinatory behavior (P3), suspiciousness/persecution (P6), and anxiety (G2). Poor
rapport (N3), mannerism and posturing (G5), uncooperativeness (G8), disorientation (G10),
and disturbance of volition (13) were negatively associated with this component (Figure 2b).

In summary, patients with higher reductions in inferior temporal gyri and fusiform gyri and
increased GM concentration in pre- and postcentral gyri, also exhibit a more severe
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symptom profile consisting of higher delusional symptoms, suspiciousness, and anxiety and
lower symptoms of mannerism, disorientation, and uncooperativeness.

The 10-fold validation showed high correlation with the original pICA run with a mean
correlation of Pearson’s r = 0.81; in 2 out of 10 validation runs the directionality of the
structural MRI component and therefore its association with the PANSS component was
inverted.

Post hoc analyses

The regression models including loading coefficients of the structural MRI component or
PANSS component (dependent variable) and illness duration (predictor) showed no
significant association (Bspri = 0.25, tsmry = 0.45, psmri = 0.65; Bpanss = 0.03, tpanss =
0.62, PPANSS = 0.54).

Within the subsample with available CPZ equivalents there were no significant correlations
between CPZ equivalents and the structural MRI loading coefficients (Spearman’s p = 0.08,
p = 0.25) or loading coefficients for the PANSS component (Spearman’s p = 0.12, p = 0.1).
CPZ equivalents did not differ significantly between the two studies providing these data (t =
-0.15, df= 197, p = 0.89).

The correlation between the traditional PANSS dimension scores and the experimentally
derived PANSS loading coefficients revealed high correlations with PANSS positive
(Pearson’s r = 0.83, p < 0.001), negative (Pearson’s r = 0.51, p < 0.001), and general
(Pearson’s r = 0.85, p < 0.001) scores.

Likewise, loading coefficients of the structural MRI component were significantly correlated
with PANSS positive (Pearson’s r = 0.23, p < 0.001), negative (Pearson’sr =0.14, p =
0.008), and general (Pearson’s r = 0.22, p < 0.001) scores.

Discussion

The brain structure underlying symptom presentation in schizophrenia is likely not a single
region affecting a single symptom. Networks of regions are functionally related to single
symptoms, and to groups of symptoms (Hare et al., 2017; Modinos et al., 2013; Shinn et al.,
2012; Walton et al., 2018); we examined whether patterns of GM covariation (GM
networks) related to patterns of symptoms (data-driven symptom dimensions) using the
pICA approach (Liu and Calhoun, 2007). We identified a combination of positive and
general symptoms correlated with GM measures in a network of inferior temporal and pre-
and postcentral regions.

The PANSS component that correlated with the structural component differed from the
traditional dimensions of the PANSS, i.e., positive, negative, and general; instead, delusional
symptoms, hallucinations, suspiciousness, and anxiety contributed positively to the
component, whereas mannerism, disorientation, and uncooperativeness contributed
negatively. This pattern could be broadly described as symptomatology characteristic of a
chronic form of the now obsolete schizophrenia subtype of paranoid schizophrenia: whereas
positive symptoms such as delusions exist, they are not accompanied by symptoms that
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typically occur during the acute phase of schizophrenia (disorientation, uncooperativeness)
(Tandon et al., 2013). Loading coefficients of this PANSS component correlated strongly
with the PANSS general and positive scores, indicating that individuals with more severe
overall symptoms also showed higher loading coefficients for this component.

As for the structural MRI data, the component included GM concentrations of temporal
(inferior and posterior medial), frontal (precentral gyri and gyrus rectus), and parietal brain
areas (postcentral gyri). Specifically, this component was associated with lower GM
concentration in inferior temporal regions and higher GM concentration in sensorimotor
areas.

In general, lower GM concentration as often observed in patients with schizophrenia can
presumably not only derive from reductions in neuron density (Harrison, 1999; Todtenkopf
et al., 2005) but can also be due to changes in the glia compartment (Fornito et al., 2009).
Even though lower GM concentration and cortical thickness often parallel each other (Narr
et al., 2005), it may be that they reflect different pathophysiological processes (Fornito et al.,
2009). Further, these reductions might be, at least partially, caused by treatment with
antipsychotic medication (Huhtaniska et al., 2017; Vita et al., 2015). However, post-hoc
analyses did not reveal a significant association between loading coefficients of the
structural component and CPZ equivalents.

Interestingly, anatomical regions identified here parallel previous multivariate findings of
lower cortical thickness and GM volume in an independent sample of patients with
schizophrenia; Padmanabhan et al. (2015) applied exploratory factor analyses to structural
measures (GM volume, cortical thickness and surface area) of regions that showed a general
association with the PANSS positive scale. They identified, amongst others, a temporal
factor that included the cortical thickness of bilateral inferior temporal gyri as well as
bilateral fusiform gyri; this factor was a significant predictor of PANSS positive scores
(Padmanabhan et al., 2015). In the current study we show similar alterations in GM
concentration in inferior temporal gyri and fusiform gyri with a different multivariate
approach. We also expand on the distinct symptom profile consisting of specific positive,
negative, and general symptoms associated with these structural alterations. Generally, the
inferior temporal gyri and fusiform gyri have long been associated with object and face/body
recognition (Gerlach et al., 2002; Kim et al., 2014). In individuals with schizophrenia,
alterations in morphology of inferior temporal and fusiform gyri have been more specifically
associated with impairments in spatial working memory tasks and interestingly, with lack of
insight, a very common phenomenon associated with schizophrenia (Bergeé et al., 2011;
Cropley et al., 2016; Ha et al., 2004; Kang et al., 2011; Shad and Keshavan, 2015).
Generally, lack of insight is also thought to be correlated with positive symptom dimensions
which might explain these overlapping findings (Pousa et al., 2017). Furthermore, cortical
thickness of inferior temporal gyri and fusiform gyri exhibit the strongest reductions in
patients with schizophrenia suggesting that these regions may indeed be strongly associated
with the pathophysiology of schizophrenia (van Erp et al., 2018). Importantly, the regions
identified here and by Padmanabhan et al. do not overlap with brain areas that typically have
been identified to be more specifically associated with auditory hallucinations (superior and
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middle temporal gyri) highlighting the specificity of the association identified here between
the symptom profile and structural GM alterations (Allen et al., 2012; Modinos et al., 2013).

Similar to the current findings, Padmanabhan and colleagues found fewer associations
between cortical measures and the negative PANSS scale. They suggest that negative
symptoms are to a lesser extent paralleled by cortical abnormalities. Here, only one item
from the PANSS negative scale (poor rapport) contributed to the PANSS component even
though there was a moderate correlation between the negative scale and the PANSS
component. Interestingly, this lack of widespread abnormalities associated with negative
symptoms contrasts previous findings from univariate analysis (Koutsouleris et al., 2008)
potentially highlighting higher specificity of multivariate approaches.

Higher GM concentration in sensorimotor cortices also contributed to the structural MRI
component. However, previous studies have revealed decreases in GM concentration in
individuals with schizophrenia relative to healthy controls in these brain regions (Ha et al.,
2004; Ivleva et al., 2017; Narr et al., 2005). Interestingly though, neither study did
investigate or observe an association with clinical symptoms whereas in the current study,
relatively higher GM concentration in individuals with schizophrenia in sensorimotor
cortices was associated with a specific pattern of PANSS items which might explain the
different findings.

In our earlier work applying SBM analysis to GM concentration images (Gupta et al., 2015),
we found similar anatomical regions as in the current study that were different between
individuals with schizophrenia and age-matched controls. However, this study failed to
identify an association between GM concentration and the PANSS positive score when
applying post hoc correlation analyses. This observation highlights the advantage of the
pICA approach: PANSS items and GM concentration images were analyzed simultaneously
within the pICA framework and yielded a distinct set of PANSS items that were associated
with structural brain features.

Conclusion

We extend previous findings of altered structural properties of GM in schizophrenia by
highlighting an association between a distinct set of symptoms and patterns of GM
concentration. Applying pICA we were able to reveal an association between delusional
symptoms and suspiciousness and reductions of GM concentration in inferior temporal and
fusiform gyri that has not been identified in previous analyses even when utilizing very
similar data (Gupta et al., 2015). These findings may encourage future studies to apply
similar higher-order statistical analyses to multi-modal data including various neuroimaging
modalities and other clinical assessments or scales to identify patterns of abnormalities
specific to a given dimension of psychopathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Correlation between loading coefficients of the top PANSS component and the top
structural MRI component

Pearson’s r = 0.25, p = 2.62 x 10706 (Bonferroni-corrected threshold = 6.67 x 10704),
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a) Structural MRI component
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Figure 2: Parallel ICA results - the top a) structural MRI1 and b) PANSS components
PANSS items with 1ZI >1: P1 — delusion symptoms; P3 — hallucinatory behavior; P6 —

suspiciousness/ persecution; N3 — poor rapport; G2 — anxiety; G5 — mannerisms and
posturing; G8 — uncooperativeness; G10 — disorientation; G13 — disturbance of volition.
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Table 1.
Demographic and Scanning Information

FBIRN 3 TOP COBRE p-value < 0.05

N =156 N =110 N=71
Age (in years) 39.4 +11.72 30.9 +8.2° 36.7+12.3¢  TOP <FBIRN 3 and COBRE
Duration of illness (in years) 17.99 +11.82 7.07 £6.3° 16.04 +12.02 TOP < FBIRN 3 and COBRE
AP medication (in%) 95.6 88.2 91.5 n.s.
CPZ equivalent (in mg/d) 542.35 +1271.4 n/a 516.32 +1095.4 ns.
PANSS total score 59.2 £14.6 61.8 £17 59.9 +£14.3 ns.
Field strength (in T) 3 15 3
Sequence MPRAGE MPRAGE MPRAGE
Voxel size (mm) 11x09%x12 133x0.94x1 Ix1x1
Scanning orientation Sagittal Sagittal Sagittal

AP - antipsychotic medication, CPZ — chlorpromazine equivalent: information was available for n = 129 FBIRN participants and for n = 70

COBRE participants. TOP participants were significantly younger and showed shorter duration of illness than FBIRN3 and COBRE.

No significant group differences in AP medication, CPZ equivalent, and PANSS total score.
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Table 2.
Brain Regions, Volumes and Peak Coordinates
Structural  Brain regions Volume (cc®) Brodmann  Z-score and peak
MRI area coordinates
component
Cluster 1 R Fusiform Gyrus 0.59 20, 36 -2.8(22, 2, -40)
R Inferior Temporal Gyrus  0.44
Cluster 2 R Fusiform Gyrus 0.83 20,36, 37 -3.6 (46, —38, —28)
R Inferior Temporal Gyrus 1.6
Cluster 3 L Fusiform Gyrus 0.85 20,36, 37 -3.3(-42,-34,-22)
L Inferior Temporal Gyrus  0.84
Cluster 4 Rectal Gyrus 0.78 11, 47 -3.0 (10, 26, —26)
Cluster 5 R Precentral Gyrus 3.2 3,4,6 3.8(18, -28, 70)
R Postcentral Gyrus 2.0
Cluster 6 L Precentral Gyrus 25 3,4,6 4.0 (-12,-22,-72)
L Postcentral Gyrus 0.5

Z-threshold > 2, and clusters size > 150 voxel. L - left, R - right.

Schizophr Res. Author manuscript; available in PMC 2020 June 01.

Page 18



	Abstract
	Introduction
	Material and methods
	Participants
	Positive and negative symptom scores (PANSS)
	Preprocessing
	Parallel Independent Component Analysis (pICA)
	Validation tests
	Post hoc analyses

	Results
	Positive and Negative Syndrome Scale (PANSS)
	Parallel Independent Component Analysis
	Post hoc analyses

	Discussion
	Conclusion
	References
	Figure 1.
	Figure 2:
	Table 1.
	Table 2.



