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Abstract

Neurological soft signs (NSS) comprise a broad range of subtle neurological deficits
and are considered to represent external markers of sensorimotor dysfunction fre-
quently found in mental disorders of presumed neurodevelopmental origin. Although
NSS frequently occur in schizophrenia spectrum disorders (SSD), specific patterns of
co-altered brain structure and function underlying NSS in SSD have not been investi-
gated so far. It is unclear whether gray matter volume (GMV) alterations or aberrant
brain activity or a combination of both, are associated with NSS in SSD. Here,
37 right-handed SSD patients and 37 matched healthy controls underwent motor
assessment and magnetic resonance imaging (MRI) at 3 T. NSS were examined on
the Heidelberg NSS scale. We used a multivariate data fusion technique for multi-
modal MRI data—multiset canonical correlation and joint independent component
analysis (mCCA + jICA)—to investigate co-altered patterns of GMV and intrinsic neu-
ral fluctuations (INF) in SSD patients exhibiting NSS. The mCCA + jICA model indi-
cated two joint group-discriminating components (temporoparietal/cortical
sensorimotor and frontocerebellar/frontoparietal networks) and one modality-
specific group-discriminating component (p < .05, FDR corrected). NSS motor score
was associated with joint frontocerebellar/frontoparietal networks in SSD patients.
This study highlights complex neural pathomechanisms underlying NSS in SSD
suggesting aberrant structure and function, predominantly in cortical and cerebellar
systems that critically subserve sensorimotor dynamics and psychomotor

organization.
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1 | INTRODUCTION

In addition to severe sensorimotor symptoms such as catatonia,
akathisia, and parkinsonism, patients with schizophrenia spectrum dis-
orders (SSD) also exhibit subtle and clinically inconspicuous sensori-
motor abnormalities (Hirjak et al., 2019; Hirjak, Kubera, Thomann, &
Wolf, 2018; Hirjak, Meyer-Lindenberg, Kubera, Thomann, & Wolf,
2018). These phenomena are referred to as neurological soft signs
(NSS), which are subtle neurological abnormalities in the execution of
motor or sensory tasks (Schroder et al., 1991; Schroder et al., 1998).
Recent studies have shown that NSS are present in about 60-70% of
SSD patients and show familial accumulation (Hirjak, Kubera, et al.,
2018; Walther & Strik, 2012). NSS of nonaffected twins of monozy-
gotic twin pairs discordant for SSD were significantly higher than
those of healthy twins whereas the affected discordant twins showed
higher NSS than their unaffected co-twins (Niethammer et al., 2000).
Both structural and functional magnetic resonance imaging (MRI) have
been used to investigate the neural underpinnings of NSS in SSD
patients. NSS-related alterations in cortical structures such as the pri-
mary motor cortex (M1) and postcentral gyrus, premotor area, tempo-
ral and lingual gyri, middle and inferior frontal gyri, inferior parietal
lobule, insula, precuneus, and occipital gyrus have been identified
(Hirjak et al., 2013a; Zhao et al., 2014). Other studies showed that
NSS are as well related to alterations within subcortical structures
such as caudate nucleus (Dazzan et al., 2004; Hirjak et al., 2012;
Janssen et al., 2009; Thomann et al., 2009), putamen (Dazzan et al.,
2004; Kasparek et al., 2009; Venkatasubramanian, Jayakumar,
Gangadhar, & Keshavan, 2008), globus pallidus (Dazzan et al., 2004;
Hirjak et al., 2012), thalamus (Dazzan et al., 2004; Janssen et al.,
2009; Thomann, Wustenberg, et al., 2009), cerebellum (Bottmer et al.,
2005; Hirjak et al., 2015; Mouchet-Mages et al., 2007; Thomann
et al., 2009; Venkatasubramanian et al., 2008), and brainstem (Hirjak
et al.,, 2013b; Fritze et al., 2019). Yet, although both abnormal brain
structure and function can contribute to NSS symptom expression, it
is unclear whether NSS are related to co-altered patterns of brain
structure and function, or whether gray matter volume (GMV) and
intrinsic neural fluctuations (INF) are unique and different aspects
associated with NSS. With the aim to examine the interaction
between structural and functional abnormalities previously postulated
in the pathogenesis of NSS in SSD, we applied multivariate data fusion
techniques to structural and functional MRI data, using multiset
canonical correlation analysis and joint independent component analy-
sis (NCCA + jICA; He et al., 2017; Sugranyes et al., 2012; Sui et al.,
2012; Sui et al., 2013). This blind source separation technique incor-
porates neuroimaging data from multiple modalities for each patient
to extract maximally independent components (ICs) spanning across
modalities in order to identify patterns of structural changes and local
metabolic demands across brain regions that significantly covary
across patients (He et al.,, 2017; Sui et al., 2012; Sui, He, Pearlson,
et al., 2013).

We chose to investigate neural correlates of NSS with resting-

state fMRI because functional brain alterations underlying NSS in SSD

are intrinsic and therefore they may be better examined without the
confounders of a non-ecological setting (e.g., scanner and paradigm)
and the patient's motivational bias. Previous MRI studies have con-
firmed this notion and successfully used resting-state fMRI
(e.g., regional homogeneity (ReHo) to study NSS in healthy individuals
(Hirjak, Thomann, Kubera, Stieltjes, & Wolf, 2016; Thomann, Hirjak,
Kubera, Stieltjes, & Wolf, 2015). ReHo is a voxel-based measure of
focal connectivity that evaluates the synchronicity of the time series
between a given voxel and each of its 26 neighboring voxels (Zang,
Jiang, Lu, He, & Tian, 2004). ReHo is widely used as a proxy for ongo-
ing activity, including spontaneous fluctuations neural signals in the
so-called default mode network (DMN), where ReHo increases at rest
and decreases during task completion (Long et al., 2008; Y. Zang et al.,
2004). However, previous studies were not able to reveal whether
structural and functional alterations are unique or different aspects
associated with NSS. Therefore, we sought to analyze multimodal
data jointly and provide an insight into abnormal local function within
selective networks underlying NSS in SSD. Furthermore, we chose to
investigate intrinsic neural activity (INA), because INA explores the
intrinsically (functionally) segregation or specialization of brain
regions/networks (Logothetis, 2008; Zhang et al., 2016). For this par-
ticular reason, we used fractional amplitude of low-frequency fluctua-
tions (FALFF), because fALFF captures the relative magnitude of blood
oxygen level-dependent (BOLD) signal changes on INA and might help
to identify brain regions/networks with aberrant local functioning
(Egorova, Veldsman, Cumming, & Brodtmann, 2017; Hirjak et al.,
2019; Kubera et al., 2019). Whereas ReHo measures connectivity
between a given voxel and its neighbors in the time domain (Long
et al., 2008; Zang et al., 2004), ALFF measures signal variability of a
single voxel in the frequency domain (Xu, Zhuo, Qin, Zhu, & Yu,
2015). Furthermore, fALFF is designed to reduce the sensitivity to
physiological noise. Nonetheless, both measures are highly correlated
(Yuan et al., 2013). Still, one of the major benefits of using fALFF and
combining both modalities is getting the information about both GMV
and INA as well as increasing the power of data fusion analysis. There
are also several recent fMRI studies that have successfully used fusion
ICA methods with fALFF in healthy and SSD samples (Di et al., 2013;
Hirjak, Rashidi, et al., 2019; Kubera et al., 2019; Lottman et al., 2018;
Sui et al., 2013; Xu et al., 2015). Finally, GMV volume changes can
cause spatiotemporal changes in INA and these joint network alter-
ations might result in aberrant sensorimotor functioning and the
development of NSS in SSD patients (Mittal, Bernard, & Northoff,
2017; Northoff & Duncan, 2016).

In the present study, we conducted a fusion analysis on structural
MRI (sMRI) and resting-state functional (rs-fMRI) data by applying the
mCCA + jICA framework in order to expand the knowledge on abnor-
malities spanning across multiple dimensions of neural integrity, that
is, GMV and INA. This study had two main hypotheses: First, we
predicted that there will be a difference in transmodal (i.e., structure
and function) ICs comprising frontoparietal and frontostriatal net-
works between SSD patients and healthy controls (HC). Second, we
predicted that both transmodal and modality-specific ICs in distinct

cortico-subcortical networks (as involved in sensorimotor processing
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and integration of spatiotemporal information) will show significant
relationships with distinct NSS dimensions in SSD patients.

2 | METHODS

2.1 | Study participants

For the present investigation, we approached and examined a total of
37 (17 females) right-handed patients satisfying DSM-IV-TR (Sass,
Wittchen, & Zaudig, 2003) for schizophrenia (n = 34; paranoid type)
or schizoaffective disorder (n = 3) and 37 (17 females) HC matched
for age, gender, education, and handedness. Patients in this sample
have been also included elsewhere (Hirjak, Kubera, et al., 2019).
Patients were consecutively recruited from the Department of Psychi-
atry and Psychotherapy at the Central Institute of Mental Health in
Mannheim, Germany. Diagnoses were made by staff psychiatrists and
confirmed using the German versions of the Structured Clinical Inter-
view for DSM-IV-TR axis | and Il disorders (SCID) and examination of
the case notes by two experienced psychiatrists (D.H. and S.F.). Clini-
cal evaluation included ascertainment of personal and family history
and detailed physical and neurological examination. Patients were
excluded if (a) they were aged <18 or >65 years; (b) they had a history
of brain trauma or neurological disease (especially movement disor-
ders); or (c) they had shown alcohol/substance use disorder within
12 months prior to participation. HCs were recruited through adver-
tisements and screened for major psychiatric disorders before being
included. Clinical evaluation included ascertainment of personal and
family history and detailed physical and neurological examination.
None of the HC had a lifetime history of neurological or medical ill-
ness, head injury, or substance abuse. All included study participants
were right-handed according to the Edinburgh Handedness Inventory
(Oldfield, 1971). The Ethics Committee of Medical Faculty at Heidel-
berg University, Germany approved the study. Written informed con-
sent was obtained from all SSD patients and HC after all aims and

procedures of the study had been fully explained.

2.2 | Clinical assessments

Patients were recruited and examined within 1 week after reaching
partial remission defined as >25% reduction of symptoms according
to Positive and Negative Syndrome Scale (PANSS) total score (Kay,
Fiszbein, & Opler, 1987). We considered partial remission as neces-
sary for the motor assessment, since acute psychotic symptoms, agita-
tion and severe formal thought disorder may considerably affect
patients' cooperation as well as their capability to understand the
instructions. At the time of the psychometric testing, motor assess-
ment and MRI examination, none of the SSD patients had taken ben-
zodiazepines and all patients were on stable antipsychotic medication
for at least 2 weeks. Daily doses of antipsychotic medication were
converted to olanzapine equivalents (OLZe) according to the classical
mean dose method (Leucht et al., 2015). The duration between
enrollment/consenting to the study, motor assessment, and MRI scan-

ning was less than 3 days. NSS were examined with the Heidelberg

Scale (Schroder et al., 1991), which consists of five items assessing
motor coordination (MOCO; Ozeretski's test, diadochokinesia,
pronation/supination, finger-to-thumb opposition, speech articula-
tion), three items assessing integrative functions (IF; station and gait,
tandem walking, two-point discrimination), two items assessing com-
plex motor tasks (CMT; finger-to-nose test, fist-edge-palm test), four
items assessing right/left and spatial orientation (RLSPO; right/left
orientation, graphesthesia, face-hand test, stereognosis), and two
items assessing hard signs (HS; arm holding test, mirror movements).
Ratings are given on a O- to 3-point scale (no vs. marked prevalence).
A sufficient internal reliability and test-retest reliability have been
established previously (Bachmann, Bottmer, & Schroder, 2005;
Schroder et al., 1991). The Brief Psychiatric Rating Scale (BPRS; Over-
all & Gorham, 1962) and the PANSS were used to assess the severity
of clinical symptoms. Potential extrapyramidal motor symptoms
(EPMS) and Parkinsonism according to Abnormal Involuntary Move-
ment Scale (AIMS; Guy, 1976), Simpson and Angus scale (SAS;
Simpson & Angus, 1970), and Barnes Akathisia Rating Scale (BARS;
Barnes, 1989, 2003) were assessed during the study. All motor rating
scales were performed by two experienced raters (S.F. and D.H.), who
reached an intraclass correlation coefficient >0.85.

2.3 | Image data acquisition

MRI scans were acquired at the Central Institute of Mental Health,
Mannheim, Germany on a 3 Tesla MR scanner (MAGNETOM Tim Trio
Siemens Medical Systems, Erlangen, Germany). The scanner protocol
included three measurements: a resting-state scan and two structural
scans (diffusion-tensor-imaging data and 3-D-MPRAGE images). For
rs-fMRI (duration = 6 min), 167 whole-brain echo planar imaging (EPI)
volumes were recorded in an axial orientation with the following
imaging parameters: repetition time = 1,790 ms, echo time = 28 ms,
field of view = 192 mm, flip angle = 76°, voxel size = 3 x 3 x 3 mm,
34 slices, slice thickness = 3 mm. For acquisition of rs-fMRI data, par-
ticipants were instructed to remain as still as possible, to keep their
eyes closed, to not think about anything in particular, and not to fall
asleep. Adherence to these instructions was verified by verbal contact
immediately after the resting-state scan and as part of a post-scanning
exit interview. T1-weighted three-dimensional magnetization-
prepared rapid gradient-echo (3D-MPRAGE) data with following
parameters were obtained: 176 sagittal slices, image matrix = 256 x
256, voxel size = 1 x 1 x 1 mm, TR = 2,530 ms, TE = 3.8 ms,
Tl = 1,100 ms, flip angle = 7°. All MRI brain scans were reviewed by

two experienced physicians D.H. and S.F.

2.4 | MRI data analysis
2.4.1 | Modality-specific data processing

We calculated voxel-wise GMV estimates from T1-weighted struc-
tural images with voxel-based morphometry (VBM) using the CAT12
toolbox (http://dbm.neuro.uni-jena.de/cat/) implemented in SPM12
included

(http://www filion.ucl.ac.uk/spm/). Data  processing
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(a) segmentation of images into gray matter, white matter, and cere-
brospinal fluid, (b) normalization using the DARTEL approach
(Ashburner, 2007), and (c) smoothing the GMV segments using an
8-mm full-width half-maximum (FWHM) isotropic Gaussian kernel.

Processing of rs-fMRI images included the application of the frac-
tional amplitude of low-frequency fluctuations (FALFF) method using
the Data Processing Assistant for Resting-State fMRI (DPARSF;
C. Yan & Zang, 2010). The pipeline consisted of (a) slice timing with
the middle slice as the reference frame, (b) head motion correction,
(c) spatial normalization in Montreal Neurological Institute (MNI)
space, (d) spatial smoothing with an 8-mm FWHM isotropic Gaussian
kernel, and (e) regressing of nuisance covariates including mean sig-
nals from white matter and cerebrospinal fluid as well as the Friston
24-parameter model (6 head motion parameters, 6 head motion
parameters one time point before, and the 12 corresponding squared
items; Friston, Williams, Howard, Frackowiak, & Turner, 1996).

In the present study, we did not regress out the global mean sig-
nal. Global signal regression (GSR) is a disputable but not yet resolved
topic in fMRI (Murphy & Fox, 2017; C. G. Yan et al., 2013). Although
GSR is a relevant topic for fMRI in general, recent study in more than
1,400 subjects confirmed that GSR does not affect ALFF comparisons

across psychiatric groups (major depression; Xia et al., 2019).

2.4.2 | Multimodal data fusion

MCCA as a dimensionality reduction method and jICA (Li, Adali,
Wang, & Calhoun, 2009; Sui, He, Pearlson, et al., 2013) were per-
formed on both GMV and fALFF data using the Fusion ICA Toolbox
(FIT; http://mialab.mrn.org/software/fit) in MATLAB 9.0.0 (R2016a).
First, structural and functional 3D-data were reshaped in a one-
dimensional vector per each subject and stacked, thus resulting in a
74 x [number of voxels] matrix for each modality. Then, each matrix
was normalized to have the same average sum-of-squares (computed
across subjects and voxels modalities). Relative scaling within the data
was preserved for each modality. Second, data were reduced using
mCCA and decomposed using a jICA approach with the infomax algo-
rithm. The number of components for each modality was estimated
using both the minimum description length (MDL) and the Akaike
information criterion (AIC), as described in Calhoun, Adali, Pearlson,
and Pekar (2001). Both approaches converged on five independent
components (ICs) that were estimated for each modality. ICASSO
selects the most central run, thus ensuring results replicability. In addi-
tion, the quality index (Ig) from the 100 random iterations of ICASSO
(Himberg, Hyvérinen, & Esposito, 2004) software was used to check
the reliability and stability of IC decomposition. The Iq ranges from
zero to one with values close to one corresponding to components
with high reliability, and close to zero with low reliability. ICs with the
Ig value below 0.80 from 100 ICASSO iterations were defined to be
excluded and all of the ICs had an above threshold Iq. This procedure
resulted in a source matrix (i.e., voxel-wise loadings) and a mixing
matrix (i.e., loading coefficients for each component and each subject)
for each modality. Here, joint ICs have a shared variance across

modalities. For each subject, a loading coefficient represents

individual contribution to the whole group data for each modality. No
IC was excluded as all ICs had an Ig above 0.80. For component visu-
alization, each source matrix was reshaped back to a 3D-image, scaled
to unit standard deviation (z), and thresholded at z > 1.5. Spatial maps
from ICs described in the results section were overlaid onto a Mon-
treal Neurological Institute (MNI) template. Anatomical labels and ste-
reotaxic coordinates were derived from clusters above a threshold of
z > 3.5 by linking the ICA output images (i.e., the chosen components
of interest) to the Talairach Daemon database (http://www.talairach.

org/daemon.html).

2.5 | Statistical analysis

The procedure was similar to that described by Sui, He, Yu, et al.
(2013) and Lottman et al. (2018). In a first step, two-tailed
independent-samples t-tests (p < .05; FDR corrected for multiple com-
parisons) were used to compare the mean of loading coefficients of
the five identified ICs with the same indices (e.g., the first IC from the
sMRI modality with the first IC from the rs-fMRI modality) in SSD
patients and HC. Joint group-differentiating ICs are those with the
same index components that are able to separate patients and HCs on
both modalities, whereas a modality-unique group-differentiating IC is
a component that is able to distinguish groups along with a single
modality. In a second step, we chose to establish relationships
between both modality-common and modality-specific group-
discriminating ICs and NSS scores in SSD patients. To establish such
associations, two-tailed partial correlations (p < .05; FDR corrected
for multiple comparisons) adjusted for OLZe and PANSS total score
were used to investigate the relationship between the loading coeffi-
cients of ICs showing significant differences across groups and NSS
subscale scores in SSD patients. All reported p values were corrected
for multiple comparisons using the false discovery rate (FDR) method
(Benjamini & Hochberg, 1995).

In the present study, we have strictly matched the two groups
according to age, because previous studies on age-specific NSS level
differences in schizophrenia showed contradictory results (Bombin,
Arango, & Buchanan, 2005): While the majority of earlier studies
could not identify any effects of age on NSS scores in SZ (Bartko,
Zador, Horvath, & Herczeg, 1988; Buchanan & Heinrichs, 1989; Lane
et al., 1996; Mohr et al., 1996), a number of studies showed that NSS
levels might increase with age suggesting a progressive worsening of
sensorimotor functioning (Cuesta, Peralta, & de Leon, 1996; Griffiths,
Sigmundsson, Takei, Rowe, & Murray, 1998; Herold et al., 2018). Fur-
ther, our study did not include duration of illness (DOI) as a covariate
in the statistical analyses, because the question whether NSS are early
markers of motor dysfunction preceding the illness onset or conse-
guences of progressive worsening are not conclusively clarified yet.
The majority of NSS studies in SSD found no significant association
between NSS levels and DOI (Ismail, Cantor-Graae, Cardenal, &
McNeil, 1998; Lane et al., 1996; Mohr et al., 1996; Smith, Hussain,
Chowdhury, & Stearns, 1999). Additionally, a recent study of our own
group found no significant difference in the NSS total score between
first- and multiple-episode SSD patients (Fritze et al., 2019).
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3 | RESULTS

No significant differences in age, gender, and years of education were
identified between SSD patients and HC (Table 1). Results of the two-
tailed independent-samples t tests indicated two joint (i.e., showing
significant differences between SSD patients and HC in both GMV
and fALFF modalities) and one modal-specific (fALFF) group-
discriminative ICs (Figure 1).

The first identified joint sSMRI IC (temporoparietal network) pre-
dominantly comprised the superior temporal gyrus, precentral gyrus
(M1), posterior cingulate cortex (PCC), inferior parietal lobule (IPL),
superior parietal lobule (SPL), supramarginal gyrus, and precuneus,
t =3.20, p =.005. The rs-fMRI component for this IC pair (cortical
sensorimotor network) had predominance in the superior frontal
gyrus, postcentral gyrus, M1, SPL, and superior temporal gyrus,
t =519, p <.001. The identified joint sMRI IC

(Frontocerebellar network) comprised the middle frontal gyrus, PCC,

second

and cerebellar subregions, t = 2.68, p = .018. The rs-fMRI component
for this IC pair (frontoparietal network) mainly included the precuneus,
SPL, and superior frontal gyrus, t = 4.73, p < .001.

Furthermore, the modality-specific IC showed significant differ-
ence in rs-fMRI modality across groups. The modal-specific rs-fMRI IC
(temporoparietal network) had predominance in the precuneus, PCC,
IPL, angular gyrus, superior temporal gyrus, and superior occipital
gyrus, t = 3.87, p <.001. For stereotaxic coordinates of sMRI and
rsfMRI modality ICs, see Tables 2 and 3, respectively.

To investigate the relationship between the mixing coefficients of
the significant ICs (two IC pairs and one modal-specific rsfMRI IC) and

TABLE 1
HC (n = 37)
Variable Mean + SD (range)
Age 34.08 + 11.83 (19-59)
Gender (M/F)° 20/17
Education (years) 1443 +£1.81

Olanzapine equivalents
Duration of illness (years)
PANSS positive score
PANSS negative score
PANSS global score
PANSS total score
NSS
Motor coordination
Sensory integration
Complex motor tasks
Right/left and spatial orientation
Hard signs

the NSS scores, partial correlation (adjusted for OLZe and PANSS
total score) was performed. The mixing coefficients of the second IC
pair both showed significant negative correlations with NSS motor
score: frontocerebellar network, r = —.488, p =.037 (bootstrapped
lower and upper 95% confidence intervals were —0.696 and —0.232,
network, r =-.524, p =.031

(bootstrapped lower and upper confidence intervals were —0.708 and

respectively), and frontoparietal

—0.260, respectively). Scatter plots of these partial correlations are
provided in Figure 2. No other significant correlation between the IC's
mixing coefficients and NSS scores was identified (Table S1).

To ensure the specificity of the significant networks for NSS, the
partial correlation (adjusted for OLZe) between the mixing coefficients
of these ICs and the PANSS positive and PANSS negative were tested
separately. No significant correlation was observed, all ps > .23 for the
PANSS positive and all ps > .08 for the PANSS negative (Table S2).
Additionally, the partial correlation (adjusted for OLZe and NSS
scores) between the mixing coefficients and the PANSS positive and
negative scores were tested. No significant correlation was observed
(both p-values > .11; Table S3).

4 | DISCUSSION

The present study aimed at identifying joint and modality-specific ICs
underlying NSS in SSD patients. Two main findings emerged: First,
results of the mCCA +jICA model indicated two joint group-
discriminating ICs comprising temporoparietal and frontocerebellar

(GMV), as well as cortical sensorimotor and frontoparietal networks

Demographics and clinical scores for healthy controls (HC) and patients with schizophrenia spectrum disorders (SSD)

SSD (n = 37)

Mean = SD (range) t? df
34.41 + 11.00 (19-63) -0.12 72 0.90
20/17 1 1
13.54 +2.95 1.57 72 0.12
15.81 + 9.27

8.76 + 9.81 (0-30)

16.03 + 8.51

16.35 + 8.02

35.62 + 1044

68.00 + 22.49

Significance

7.62 +3.73
243 +1.44
3.08 + 2.37
243 +218
292+172

Abbreviations: df, degree of freedom; NSS, neurological soft signs; PANSS, The Positive and Negative Syndrome Scale; SD, standard deviation.

®The t values were obtained using a two-tailed independent samples t-test.
The p values for distribution of gender were obtained by chi-square test.
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resting-state fMRI

Cortical sensorimotor network
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Y
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Spatial patterns of sMRI and rs-fMRI networks thresholded at z > 1.5 which showed significant differences between HC (healthy

controls) and patients with SSD (schizophrenia spectrum disorders). The green frame indicates an IC pair (i.e., showing significant differences
between SSD patients and HC in both sMRI and rs-fMRI modalities—component maps reflect jointly covarying patterns of GMV and INF),
whereas a violet frame depicts a modal-specific IC, showing significant differences only in the rs-fMRI modality [Color figure can be viewed at

wileyonlinelibrary.com]

(INA). Second, the second joint IC comprising frontocerebellar and
frontoparietal networks showed a negative correlation with MOCO

scores in SSD patients.

4.1 | Group differences

In accordance with our hypothesis, two ICs significantly differentiated
SSD patients from HC in both modalities (GMV and INA/fALFF;
Figure 1), suggesting that SSD-specific pathology may lie in the co-
altered brain structure and function of temporoparietal and fro-
ntocerebellar as well as cortical sensorimotor and frontoparietal
networks (Keshavan, Tandon, Boutros, & Nasrallah, 2008). The identi-
fied joint group-discriminative ICs corroborate previous sMRI and
fMRI studies that postulated either cortico-cerebellar-thalamo-cortical
circuit (CCTCC) dysfunction (Haijma et al., 2013; Horga et al., 2011,
Job et al., 2002) or frontotemporal dysconnectivity hypothesis in the
pathogenesis of SSD (Friston & Frith, 1995; Pettersson-Yeo, Allen,
Benetti, McGuire, & Mechelli, 2011). The temporoparietal and fro-
ntocerebellar networks significantly differentiated between SSD
patients and HC suggesting significant decreases of GMV in the fron-
tal gyrus, PCC, supramarginal gyrus, temporal gyrus, lingual gyrus, M1,
precuneus, and cerebellar structures. GMV reduction in these regions,
which are involved in important sensorimotor and cognitive functions,

is consistent with previous MRI studies on SSD patients (lwashiro

et al., 2012; Kikinis et al., 2010; Koo et al., 2008; Shimizu et al., 2007;
Tang et al., 2012; Torii et al., 2012; Zhou et al., 2005). Furthermore,
the present study is in line with the recent mCCA + jICA study by
Lottman and colleagues (Lottman et al., 2018), once again highlighting
the relationship between GMV alterations and aberrant INA in SSD.
In particular, the aberrant interrelationships between GMV and INA
might contribute to the explanation of very heterogeneous symptoms
in SSD patients (Kubera et al., 2019; Sumner, Bell, & Rossell, 20183,
2018b).

Interestingly, GMV reduction in temporoparietal and fro-
ntocerebellar networks is associated with the functional abnormalities
in the cortical sensorimotor and frontoparietal networks consisted of
the middle frontal gyrus, temporal gyrus, M1, postcentral gyrus, SPL,
and precuneus. These regions are similar to those identified by previous
MRI studies and are characteristic areas in the pathogenesis of SSD as
well (Zhao et al., 2014). Overall, these results converge with established
theories, support earlier MRI studies in SSD patients and emphasize the
joint structural and functional changes in frontoparietal and cerebellar

networks as important sites in the pathogenesis of SSD.

4.2 | Correlation with NSS

One trans-modal group-discriminative IC pair comprising fro-

ntocerebellar and frontoparietal networks was associated with NSS
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TABLE 2 Spatial characteristics of resting-state MRI ICs presented in Figure 1

Area Brodmann area

Cortical sensorimotor network

Postcentral gyrus 43
Superior parietal lobule 7
Cuneus 18, 30
Superior temporal gyrus 22

Precentral gyrus

Middle frontal gyrus 6,8, 10
Transverse temporal gyrus
Inferior frontal gyrus 46
Fusiform gyrus 37
Precuneus 7
Middle temporal gyrus 21
Superior frontal gyrus 10
Paracentral lobule 31
Anterior cingulate
Frontoparietal network
Precuneus 7
Superior parietal lobule
Superior frontal gyrus 6
Temporoparietal network
Precuneus 7,19, 39
Angular gyrus 39
Superior temporal gyrus 39
Posterior cingulate
Inferior parietal lobule 40
Sub-Gyral
Middle temporal gyrus 39
Supramarginal gyrus 40
Superior parietal lobule 7
Superior occipital gyrus 19

Volume (cc) z-max value (L/R; x, y, 2)

0.1/0.2 3.6 (-62, -8, 20)/5.0 (65, -5, 14)
0.0/0.3 —/4.5 (33, -61, 56)

0.1/0.3 3.6(-21, -69, 12)/4.5 (18, —-102, 0)
0.1/0.1 3.8 (-30, 10, —28)/4.2 (65, —20, 4)
0.0/0.1 —/4.1 (65, -5, 20)

0.2/0.1 4.0 (—33,34,43)/3.6 (48, 52, -3)
0.0/0.1 —/3.9 (65, -8, 11)

0.0/0.1 -/3.8 (50, 47,0)

0.1/0.0 3.8(-50, -56, —15)/-

0.1/0.1 3.7 (-24, -70, 50)/3.6 (15, —70, 48)
0.0/0.1 —/3.7 (65, -52, 8)

0.1/0.0 3.7 (=30, 62, 16)/—

0.1/0.0 3.6 (-3, -18, 45)/-

0.1/0.0 3.6 (0, 30, 21)/-

0.0/0.1 —/3.8 (18, =56, 53)

0.0/0.1 —/3.6 (30, =50, 58)

0.0/0.1 -/3.6 (12, 29, 57)

0.2/0.7 3.9 (-3, -74,34)/5.4 (21, -57, 30)
0.1/0.6 3.5(-36,-71,31)/5.1 (53, —65, 31)
0.1/0.3 3.7 (=56, —63, 25)/5.0 (56, —63, 28)
0.3/0.1 4.8 (-15,-55,14)/3.6 (12, 49, 11)
0.1/0.3 3.6 (—65, -39, 30)/4.4 (56, —56, 42)
0.1/0.4 3.9 (-15, =57, 22)/4.3 (21, - 60, 28)
0.1/0.6 3.8 (—42, -75, 23)/4.2 (45, -72, 26)
0.0/0.1 —/3.8 (59, 56, 36)

0.1/0.0 3.8(-30, 73, 45)/-

0.0/0.1 —/3.6 (42, -80, 29)

For the resting-state fMRI networks shown in Figure 1, voxels with z > 3.5 were converted from MNI to Talairach coordinates and coupled with the
Talairach Daemon database to provide anatomical labels. For each hemisphere (L: left; R: right), the maximum z-value, stereotaxic coordinates (x, y, z), and

the volume of voxels in cubic centimeters (cc) are provided.

MOCO scores in SZ patients. This finding is important for several rea-
sons: First, the significant association between the frontocerebellar
network and MOCO scores in SZ patients supports the previously
reported results by pointing out the importance of structural changes
in the frontal gyrus, PCC, and precuneus in the pathogenesis of NSS
(Hirjak et al., 2015). In particular, failure of the modulatory effect of
the PCC on other brain areas involved in motor behavior in SSD might
lead to aberrant goal-directed behavior including disorders of motor
response inhibition (suppression) and as a consequence the aberrant
execution of pronation/supination (Wenderoth, Debaere, Sunaert, &
Swinnen, 2005a, 2005b). Furthermore, the precuneus is necessary for
movement control when two limbs have to be coordinated in space
(Christensen et al., 2000; Wenderoth et al., 2005a, 2005b). These

findings fit very well to the requirements of MOCO because patients
have to coordinate their arms in space when performing Ozeretski's
test. The connection between precuneus and cingulate gyrus is
responsible for limb position imagery (Yu et al., 2011). Notably, the
relationship between cingulate gyrus and precuneus and NSS were
identified through previous MRI studies in schizophrenia patients
(Dazzan et al., 2004; Kong, Bachmann, Thomann, Essig, & Schroder,
2012) and healthy participants (Hirjak et al, 2017; Thomann
etal, 2015).

Second, alterations of the cerebellar structures and precuneus
have been implicated in abnormal somatosensory control, motor
adaptation, and the acquisition of new motor skills (Koziol et al., 2014;

Ramnani, 2014; Ramnani, Toni, Josephs, Ashburner, & Passingham,
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TABLE 3 Spatial characteristics of structural MRI ICs presented in Figure 1

Area Brodmann area Volume (cc) z-max value (L/R; x, y, 2)

Temporoparietal network
Superior temporal gyrus 22,39 0.1/1.3 3.6 (43, -58, 26)/8.0 (43, -54, 21)
Posterior cingulate 30 0.7/0.0 7.0 (=21, -65, 10)/—
Supramarginal gyrus 40 1.1/0.2 6.5 (—49, —-48, 36)/4.7 (40, -583, 27)
Precuneus 7,31, 39 0.8/0.8 5.0 (—24, —64, 36)/6.4 (25, —58, 42)
Middle frontal gyrus 6,8,9,46 1.4/1.0 6.0 (—36,-2,44)/6.3 (37,13, 28)
Cuneus 17,30 0.6/0.0 6.0(-19,-69, 10)/—
Middle temporal gyrus 21,39 0.8/0.8 5.8 (—43, —64,27)/5.9 (39, =54, 22)
Inferior parietal lobule 39, 40 0.7/0.1 5.4 (-49, -51, 38)/3.5 (43, —67, 38)
Superior parietal lobule 7 0.1/0.3 4.1 (-24, —63,45)/5.4 (25, —60, 44)
Thalamus 0.0/0.6 -/5.2(13,-23,11)
Angular gyrus 0.1/0.5 4.8 (-40, —66, 30)/4.3 (45, —66, 30)
Inferior frontal gyrus 0.0/0.2 —-/4.7 (40, 10, 29)
Lingual gyrus 19 0.4/0.0 4.4 (-25,-61, -3)/-
Parahippocampal gyrus 0.1/0.0 4.3(-27,-57, -3)/-
Precentral gyrus [¢) 0.2/0.0 3.8(—36, -5,42)/-
Inferior occipital gyrus 19 0.1/0.1 3.7 (-18, -89, —8)/3.6 (39, —74, —4)
Inferior temporal gyrus 0.0/0.1 -/3.7 (43,-71,1)

Frontocerebellar network
Middle frontal gyrus 8,9 0.0/0.8 —/6.2 (34, 29, 30)
Culmen 1.0/0.4 5.4 (-24, -55, -16)/4.0 (22, -55, —15)
Declive 1.3/1.1 5.2 (-21, -58,-15)/4.2 (19, -75, —21)
Uncus 20 0.0/0.2 —/5.0 (30, -6, —38)
Uvula 0.1/0.5 3.6 (15, -78, —-25)/5.0 (16, —77, —24)
Posterior cingulate 29,30 0.0/0.5 —/4.6 (12, -48, 8)
Middle temporal gyrus 0.3/0.1 4.5 (-40, -70, 19)/3.6 (33, 1, —38)
Inferior temporal gyrus 20 0.1/0.3 4.2 (—43, -16, —-28)/4.5 (34, —8, —36)
Cerebellar tonsil 0.3/0.0 4.3 (-24, -53, -41)/—-
Fusiform gyrus 20 0.0/0.2 —/4.2 (36, 42, —18)
Parahippocampal gyrus 0.0/0.2 —/4.2 (22, -48, 5)
Middle occipital gyrus 0.1/0.0 4.1 (-28, -84, 10)/—
Inferior semi-lunar lobule 0.0/0.4 —/4.1 (15, =72, -39)
Pyramis 0.0/0.4 -/4.1 (18, =77, -28)
Tuber 0.0/0.2 —/4.0 (39, —68, —23)
Superior temporal gyrus 38, 39 0.1/0.1 3.8(—49, -55,11)/3.9 (42, 13, -31)
Precuneus 0.1/0.1 3.8 (-12, -62, 35)/3.8 (21, —69, 50)
Lingual gyrus 0.0/0.1 —-/3.5(15, =51, 5)

For the gray matter volume networks shown in Figure 1, voxels with z > 3.5 were converted from MNI to Talairach coordinates and coupled with the
Talairach Daemon database to provide anatomical labels. For each hemisphere (L: left; R: right), the maximum z-value, stereotaxic coordinates (x, y, z), and

the volume of voxels in cubic centimeters (cc) are provided.

2000; Takakusaki, 2017). The precuneus is located in the medial parie-
tal cortex and has its major connections to the prefrontal and cingu-
late cortex (Hirjak et al., 2017). Together with the parietal lobule,
these regions play a crucial role in integration of stimuli, interpreting
of sensory input (Corlett, Taylor, Wang, Fletcher, & Krystal, 2010) and
experience of agency (Binder, 1997; Binder et al., 1997; Dean et al.,

2006). From a systems neuroscience perspective, GMV decrease in
cerebellar structures might strongly be associated with aberrant sen-
sorimotor dynamics and lead to the development of motor symptoms
in SSD patients (Mittal et al., 2017).

Third, the frontoparietal rs-fMRI IC—comprising the frontal gyrus,

SPL, and precuneus—is in line with previous studies on NSS in SSD
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(Zhao et al., 2014) and corresponds well with the cortico-motor circuits
that are involved in psychomotor organization and speed (Mittal et al.,
2017). In particular, the frontal gyrus is involved mainly in cognitive and
motor inhibition (Chamberlain & Sahakian, 2007; Lieberman, 2007; Swann
et al., 2009; Tabibnia et al., 2011; Whelan et al., 2012) and the SPL is spe-
cialized in sensorimotor integration and maintaining of internal represen-
tation of one's own body (Wolpert, Goodbody, & Husain, 1998). These
findings are remarkable because the identified network corresponds well
with the requirements when performing individual MOCO (Ozeretski's
test, diadochokinesia, pronation/supination, finger-to-thumb opposition,
speech articulation) tests. Diadochokinesia, pronation/supination, and
finger-to-thumb opposition require motor inhibition and integration of
sensory input and motor output. Further, if you want to perform the
Ogzeretski's test or pronation/supination, you need spatial and right/left
orientation as well as visual correction of your own bodily movements.
Abnormalities of this covarying fALFF network can lead to impaired con-
trol of movements in space and motor disinhibition as is often manifested
in SSD patients. These assumptions correlate well with the extant litera-
ture on NSS in SSD (Hirjak et al., 2015; Thomann, Wustenberg, et al.,
2009; Venkatasubramanian et al., 2008). Furthermore, the frontoparietal
network also appears important in the pathophysiology of NSS because it
comprises orbitofrontal and prefrontal cortices. Both regions are crucial
for the “horizontal” (i.e., predominantly cortico-cortical) modulation of cog-
nitive control and regulation of emotional stimuli and motor behavior
(Hirjak et al., 2015, 2019; Northoff, 2000). Correspondingly, aberrant INA
might lead to abnormalities in motor functioning, which can manifest itself
as NSS or catatonia (Hirjak, Kubera, et al., 2019).

4.3 | Strengths and limitations

Some of the strengths of our study are the excellent matching of both
study groups and the use of comprehensive set of advanced joint mul-

timodal analyses in SSD patients exhibiting NSS. Using a combination

of structural and functional MRI methods, we show for the first time
INA/fALFF of fronto-temporo-parietal,

parieto-occipital, and frontoparietal networks contribute to NSS

that aberrant temporo-
expression in individuals with SSD. Our study shows convergent
results and supports the interrelationships between reduced GMV
and aberrant INA underlying NSS in SSD. However, this study has also
specific limitations. First, SSD patients were taking antipsychotic med-
ication that might have influenced both brain structure and function.
Still, we used OLZe as a covariate in our analyses. Second, NSS was
not assessed in HC. While we are not able to compare NSS scores
between patients and HC, previous MRI studies in HC showed consid-
erably lower NSS scores than in the present SSD patient sample
(Hirjak et al., 2017; Thomann et al., 2015).

5 | CONCLUSION

To the best of our knowledge, this is the first multimodal joint inde-
pendent component analysis examining GMV and INA/fALFF alter-
ations underlying NSS in SSD patients. This study did confirm earlier
findings from MRI studies on NSS that examined imaging data inde-
pendently. More importantly, this study essentially provides new
insights into modality-dependent inter-relationships underlying NSS
in SSD. In particular, the present study suggests GMV reduction and
aberrant INA in networks subserving sensorimotor dynamics and psy-
chomotor organization and speed to be closely associated with motor
NSS in SSD. Focusing on the identified networks by future longitudi-
nal studies holds great promise to define new biomarkers of external

motor dysfunction and treatment response in SSD.
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