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White matter; The specific role of white matter (WM) microstructure in parkinsonism among patients with
DTI; schizophrenia spectrum disorders (SSD) is largely unknown. To determine whether topographi-
Parkinsonism; cal alterations of WM microstructure contribute to parkinsonism in SSD patients, we examined

healthy controls (HC, n=16) and SSD patients with and without parkinsonism, as defined by
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Schizophrenia
spectrum disorders;
Sensorimotor domain

Simpson-Angus Scale total score of >4 (SSD-P, n=33) or <4 (SSD-nonP, n=62). We used whole
brain tract-based spatial statistics (TBSS), tractometry (along tract statistics using TractSeg)
and graph analytics (clustering coefficient (CCO), local betweenness centrality (BC)) to pro-
vide a framework of specific WM microstructural changes underlying parkinsonism in SSD. Using
these methods, post hoc analyses showed (a) decreased fractional anisotrophy (FA), as mea-
sured via tractometry, in the corpus callosum, corticospinal tract and striato-fronto-orbital
tract, and (b) increased CCO, as derived by graph analytics, in the left orbitofrontal cortex
(OFC) and left superior frontal gyrus (SFG), in SSD-P patients when compared to SSD-nonP pa-
tients. Increased CCO in the left OFC and SFG was associated with SAS scores. These findings
indicate the prominence of OFC alterations and aberrant connectivity with fronto-parietal re-
gions and striatum in the pathogenesis of parkinsonism in SSD. This study further supports the
notion of altered "bottom-up modulation” between basal ganglia and fronto-parietal regions in
the pathobiology of parkinsonism, which may reflect an interaction between movement disor-

der intrinsic to SSD and antipsychotic drug-induced sensorimotor dysfunction.
© 2021 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

Despite considerable phenomenological and neuroimag-
ing research on sensorimotor and psychomotor abnormal-
ities intrinsic to schizophrenia spectrum disorders (SSD)
(Hirjak et al., 2018a, 2018b, 2018c, 2015a; Walther et al.,
2020), in association with movement disorder induced by
antipsychotic drugs, little attention has been paid to parkin-
sonism (Molina et al., 2018; Pappa and Dazzan, 2009). From
a clinical perspective, parkinsonism is a psychomotor syn-
drome characterized by rigidity, tremor, bradykinesia and
occasionally positive glabellar tap sign or increased sali-
vation (Cuesta et al., 2014; Peralta et al., 2012), and is
present in SSD among antipsychotic-naive (median preva-
lence 17%) as well as antipsychotic-treated (prevalence 15-
30%) patients (Cuesta et al., 2014; Peralta et al., 2012;
Waddington, 2020; Whitty et al., 2009). This challenge has
been brought into sharp focus by recent evidence that
SSD and Parkinson’s disease share genetic architecture,
with overlapping risk loci (Smeland et al., 2021), which
indicates some overlap in neuronal network pathobiology.
The majority of magnetic resonance imaging (MRI) stud-
ies have repeatedly pointed to prominent striatal contri-
butions (Northoff, 2002) and disturbed structure/function-
coupling in cortical and subcortical systems subserving coor-
dinated sensorimotor behavior (Wolf et al., 2020a), suggest-
ing an aberrant “bottom-up modulation” (Northoff, 2002) of
cortical-subcortical sensorimotor circuits (Wolf et al., 2021;
Fritze et al., 2021). However, the relative contribution of
regional white matter (WM) changes (e.g. degeneration of
WM tracts) to parkinsonism in SSD remains to be clarified.
Here, we combined three distinct diffusion-tensor imag-
ing (DTI) analysis techniques based on diffusion MRI
(dMRI) to examine WM microstructural alterations under-
lying parkinsonism in SSD. First, we used Tract-Based Spa-
tial Statistics (TBSS) (Smith et al., 2006). Since TBSS
has difficulties in accurately aligning fiber tracts due to
variation in tract size and shape (Wassermann et al.,
2011; Yeatman et al., 2011), in a second step we used
a recently developed comprehensive approach (TractSeg)
(Wasserthal et al., 2019). This allows accurate reconstruc-
tion of fiber tracts in subject space, thus avoiding the prob-
lem of inaccurate co-registration for tracts of varying size
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and shape. In particular, we evaluated fractional anisotropy
(FA) along each of the 15 neurobiologically plausible tracts
(often referred to as Tractometry) that represent impor-
tant connections between sensorimotor regions [corpus cal-
losum (rostrum (CC_1), genu (CC_2), rostral body (CC_3),
anterior midbody (CC_4), posterior midbody (CC_5), isth-
mus (CC_6), splenium (CC_7), as well as bilateral corti-
cospinal (CST), thalamo-premotor (T_PREM), striato-fronto-
orbital (ST_FO), and striato-premotor (ST_PREM) tracts]. Fi-
nally, we focused on variations in the structural connectome
underlying parkinsonism in SSD by employing the concepts
of local network clustering coefficient (CCO, i.e. the ra-
tio of total number of edges among the neighbors of the
node (region) to the total number of edges that can exist
among the neighbors of the node per node (Goch et al.,
2014), and local network betweenness centrality (BC, i.e.
the number of shortest paths from all vertices to all others
that pass through that node (Freeman, 1977) in psychomo-
tor regions [orbitofrontal cortex (OFC), primary motor area
(M1), supplementary motor area (SMA), superior parietal
cortex (SPC), thalamus, caudate and putamen] identified by
previous studies on parkinsonism in SSD (Waddington, 2020;
Wolf et al., 2020b).

2. Methods

2.1. Patients

Initially, we examined a total of 111 right-handed (Oldfield, 1971)
patients satisfying DSM-IV-TR (Sass et al., 2003) criteria for
schizophrenia (n = 104) or schizoaffective disorder (n = 7)
(Hirjak et al., 2019, 2020) and 28 healthy control subjects (HC).
Inclusion and exclusion criteria are listed in Supplementary Infor-
mation. This study was approved by the Research Ethics Committee
of the Medical Faculty at Heidelberg University, Germany. Written
informed consent was obtained from all SSD patients and HC after
the aims and procedures of the study had been fully explained.

2.2. Clinical assessment

SSD patients were recruited and examined within one week after
partial remission of psychotic symptoms. The duration between
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evaluation of psychopathology, motor assessment and MRI exami-
nation was less than 3 days. At the time of examination none of
the SSD patients were taking benzodiazepines or anticholinergic
medication and all patients were on stable antipsychotic medica-
tion for at least two weeks (for details on antipsychotic medication
see Supplementary Information). Daily doses of antipsychotic med-
ication were converted to olanzapine equivalents (OLZ) according
to the classical mean dose method (Leucht et al., 2015). For as-
sessment of parkinsonism we used the Simpson-Angus Scale (SAS)
(Simpson and Angus, 1970); for details on SAS domains see Supple-
mentary Information).

We then excluded 16 SSD patients from the original study sample
(111—16=95) to create two well-balanced (in terms of age, sex,
education and OLZ-equivalent dose) groups of SSD patients with
parkinsonism (SSD-P; SAS total score > 4, n=33) and without parkin-
sonism (SSD-nonP; SAS<4, n=62) according to Cuesta et al. (2014).
The patient groups were carefully matched with respect to sex and
education, because both variables can influence sensorimotor func-
tioning in SSD (Molina et al., 2018; Peralta et al., 2012). Similarly,
we excluded 12 HC from the original sample (28—12=16) to create
a well-matched (in terms of age, sex and education) control group
(n=16). Additionally, we followed a correlative approach, assum-
ing dimensional symptom expression along a neurobiological con-
tinuum in SSD patients with various degrees of parkinsonism (n=95)
(Dazzan et al., 2004).

2.3. MRI data acquisition

MRI scans were acquired at the Central Institute of Mental Health,
University of Heidelberg, on a 3.0 T Magnetom TIM Trio MR scan-
ner (Siemens) equipped with a 32 channel multi-array head-coil.
Technical details on MRI sequences are provided as Supplementary
Information.

2.4. Image processing

2.4.1. Preprocessing

The brain was extracted from T1 images and bias field was
corrected using FMRIB Software Library (FSL) (Jenkinson et al.,
2012; Woolrich et al., 2009). Diffusion-weighted images (DWI)
were denoised (MRtrix dwidenoise) (Veraart et al., 2016), cor-
rected for Gibbs ringing artifacts (MRtrix mrdegibbs) (Kellner et al.,
2016), corrected for eddy currents and head motion (FSL eddy)
(Andersson and Sotiropoulos, 2016), corrected for bias field (MR-
trix dwibiascorrect) (Tustison et al., 2010) and brain masked (FSL
bet) (Smith, 2002). Using FSL FLIRT (Jenkinson and Smith, 2001)
the DWI images were rigidly registered to Montreal Neurological In-
stitute space. Then the T1 images were rigidly aligned with the DWI
images. Finally, all images were manually inspected and only those
images for which this pre-processing pipeline was successful were
retained.

2.4.2. Data and statistical analyses (for overview see Fig. 1)

TBSS: In order to detect global patterns of WM variations, we fol-
lowed the recent recommendation regarding TBSS (Bach et al.,
2014) and registered all subjects to a common space using tensor-
based registration with DTI-TK (http://www.nitrc.org/projects/
dtitk). Details on the TBSS (Smith et al., 2006) processing steps are
provided in Supplementary Information. Additionally, for each of
the bundles between sensorimotor regions (CC_1-7, CST, T_PREM,
ST_FO, and ST_PREM) that were also used for the Tractometry anal-
ysis we averaged the FA values of the TBSS WM skeleton within the
bundle mask (as generated with TractSeg). These aggregated FA val-
ues were used for additional between-group analyses to be compa-
rable with Kelly and colleagues (Kelly et al., 2018). The statistical
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analysis of the aggregated FA is identical to analysis of the large-
scale network analysis.

Tractometry: Along-tract statistics of FA (Tractometry) were
computed using TractSeg (Wasserthal et al., 2018, 2019). Tract-
Seg generates bundle-specific tractograms and then analyzes FA
along 100 points of each bundle (further details are provided in
Supplementary Information). Statistics such as T-tests and cor-
relations can be calculated point-wise along these 100 points.
The permutation-based multiple comparison correction (with
n=5000 repetitions) published by Nichols and Holmes (Nichols and
Holmes, 2002; Yeatman et al., 2012) was used to appropriately cor-
rect p values for the 100 tests, given the correlation structure of
the data. An uncorrected significance threshold of p < 0.05 was
used, with the corrected p-value being different for each bundle
depending on its correlation structure. Covariates were controlled
by regressing them out of the data before performing each t-test
(categorical approach) or correlation (dimensional approach).

Large-scale network analysis: We performed whole brain trac-
tography according to recommendations given following evalua-
tion of fiber tracking algorithms (Neher et al., 2015); details are
provided in Supplementary Information. While tractography-based
methods typically analyse specific structures of interest, graph-
based large-scale network analysis of the connectome can pro-
vide detailed measures of larger-scale architectural patterns in the
brain (Goch et al., 2014; Rubinov and Bullmore, 2013). To construct
a graph representation, we used the T1 image to create a parcella-
tion of the brain using FreeSurfer (http://surfer.nmr.mgh.harvard.
edu/) (Dale et al., 1999; Fischl and Dale, 2000; Fischl et al., 1999)
and the atlas of Destrieux (Desikan et al., 2006; Fischl et al., 2004;
Segonne et al., 2004); details on the FreeSurfer processing steps
are provided in Supplementary Information. Consecutively, we con-
structed connectomics networks based on the tractography result
and then brain parcellation using MRtrix (Smith et al., 2015). The
normalized CC and BC for 7 nodes (OFC, M1, SMA, SFG, thalamus,
caudate, and putamen) located in both hemispheres were com-
puted. In the next step, homogeneity of variance in CC and BC
values was clarified using Levene’s Test. Then, we conducted one-
way ANOVAs followed by post-hoc analyses using Tukey’s test to as-
sess differences in aggregated FA, CC and BC values of sensorimo-
tor regions between SSD-P, SSD-nonP and HC. We also included ad-
ditional between-group ANCOVAs, controlling for (i) age, sex, OLZ
and PANSS-N and (ii) age, sex and OLZ, that compared SSD-P and
SSD-nonP with 16 right-handed HC matched for age and sex. For the
dimensional approach across all SSD patients (n=95; two-tailed par-
tial correlation) we controlled for age, sex, OLZ and PANSS-N, be-
cause these variables have been used in previous studies and might
have an impact on SAS scores and DTI measures.

Finally, p values for identified between-group differences and
associations were corrected for multiple comparison using the Bon-
ferroni method. The corrected threshold for aggregated FA was set
to p =0.002 [« = 0.05/30 tests (15 tracts x 2 approaches (dimen-
sional and correlational)]. The corrected threshold for tractometry
was set depending on the family-wise error (FWE)-corrected sig-
nificance threshold within the respective WM tract [« = alphaFWE
value/30 tests (15 tracts x 2 approaches (dimensional and corre-
lational)]. The corrected threshold for large-scale network analysis
was set to p = 0.0009 [« = 0.05/56 tests (7 regions of interest x
2 hemispheres x 2 approaches (dimensional and correlational) x 2
metrics (CC and BC))].

3. Results

3.1. Clinical and demographical data

Demographic and clinical data are shown in Table 1. While
SSD-P patients were receiving slightly higher current daily
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Table 1

Demographics and clinical scores for schizophrenia spectrum disorders patients (n=95) divided into SSD-nonP (SAS total

score <4; n=62) and SSD-P (SAS total score >4, n=33) groups and healthy controls (HC, n=16).

Variable/study group SSD-nonP SSD-P HC t'/F df Sig.
(n=62) (n=33) (n=16)
Age 41.1 +9.6 39.8 £ 11.1 40.2 + 14.4 0.612/ 0.176 93/ 110 0.542/0.839
Sex (m/f)?2 31/31 20/13 10/6 0.458/0.974 1/2 0.499/0.324
Education (years) 13.3 +2.7 13.3+ 3.0 13.6 + 2.0 —0.125/0.082 93/110 0.901/ 0.922
Olanzapine equivalents  17.3 £ 9.00 19.5 +11.3 0 —1.007/37.708%  93/24 0.316/<0.001*4
DOI (years) 11.0 £ 10.4 12.5 £ 12.1 — —0.634 93 0.528
GAF score 71.8 £16.3 67.6 + 16.4 — 1.19 93 0.237
PANSS
Positive 16.1 = 7.5 13.4 £ 5.7 — 1.828 93 0.071
Negative 15.1 £ 6.9 17.7 +£7.9 — —1.644 93 0.103
Global 35.1 £ 11.6 33.0 + 8.8 — 0.931 93 0.354
Total 66.3 + 21.8 63.8 +17.3 — 0.562 93 0.575
BPRS total score 37.8 +£13.7 33.6 £ 9.1 — 1.558 93 0.123
SAS
Hypokinesia 0.35 +0.48 1.06 £ 0.7 — -5.76 93 <0.001
Rigidity 0.26 £+ 0.51 2.52 +2.12 — —7.983 93 <0.001
Tremor 0.37 £ 0.48 0.94 +0.74 — —4.473 93 <0.001
Glabella- Salivation 0.55 + 0.67 1.27 £ 0.91 — —4.415 93 <0.001
Total score 1.50 + 1.11 5.76 £ 2.15 — —12.744 93 <0.001
AIMS total 0.91 £ 2.03 1.27 + 3.09 — —0.634 93 0.527
TMT-B 118.2 £+ 65.0 103.2 + 63.5 — 1.083 93 0.282

" The t values were obtained using two-tailed independent samples t-test between patient groups.

2 The p-values for distribution by sex were obtained by chi-square test between the two patient and across the three study groups.
3 The F-values and p-values were obtained using ANOVA between the two patient and across the three study groups.

4 The H-values and p-value were obtained using a Kruskal-Wallis non-parametric test across the three study groups.

Statistically significant (p<0.05) results are in bold.

Abbreviations: SD: standard deviation; df: degree of freedom; DOI: Duration of illness; GAF: Global assessment of functioning (GAF-Skala:
Global Assessment of Functioning Scale in: Diagnostische Kriterien und Differentialdiagnosen des diagnostischen und statistischen Manuals
psychischer Storungen DSM-III.R.-Weinheim; Basel: Beltz, 1989); PANSS: The Positive and Negative Syndrome Scale; BPRS: Brief Psychiatric
Rating Scale; SAS: Simpson-Angus Scale; AIMS: Abnormal involuntary movement scale; TMT-B: Trail Making Test B.

doses of antipsychotics and showed slightly greater sever-
ity of negative symptoms than SSD-nonP patients, these nu-
merical differences failed to attain statistical significance.
There was no significant association (p<0.05, two-tailed)
between OLZ and SAS score either in the SSD-P (all p-
values>0.22) or in the SSD-nonP group (all p-values>0.08).
In a pooled analysis (SSD-P + SSD-nonP; n=95), there was
no significant association (p<0.05, two-tailed) between OLZ
and SAS score (all p-values>0.25). Nevertheless, we pro-
ceeded conservatively and included age, sex, OLZ and
PANSS-N as covariates in the analyses.

3.2. Categorical analyses

TBSS: First, standard TBSS analyses indicated a nominal
reduction of FA in SSD-P patients compared to SSD-nonP
patients, but this difference did not attain statistical sig-
nificance (p=0.12). Second, we performed an aggregated
TBSS using the average FA across the 15 tracts between
sensorimotor regions. Homogeneity of variances was con-
firmed using Levene’s Test, which showed indistinguishable
variance in FA values across sensorimotor regions (p-values
> 0.05) other than CC_1 (p=0.006) and the left ST_FO
(p=0.003). The FA values in CC_7 (F(, 10y=3.32, p=0.04)
and left ST_FO (F(z, 10sy=3.29, p=0.04) showed a significant
main effect of group. Third, post-hoc Tukey’s tests revealed
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significant differences in FA for CC_7 (p=0.03) and right
ST_FO (p = 0.04) within the three groups (SSD-P < SSD-nonP
< HC). Fourth, ANCOVA revealed significantly reduced FA in
the left ST_FO (F4, s9y=4.04, p=0.04) in SSD-P patients com-
pared to SSD-nonP patients. Thus, these p-values did not
survive Bonferroni correction for multiple testing (threshold
at p=0.002).

Tractometry: In terms of along-tract statistics (Trac-
tometry) using TractSeg, we found significantly decreased
FA in CC_7 (min. p-value<0.002), left CST (min. p-
value<0.0007) and ST_FO (min. p-value<0.003) in SSD-P
patients compared to SSDnonP patients. Thus, the mini-
mal p-values did not survive Bonferroni correction for mul-
tiple testing (threshold for CC_7 at p=0.001/30=0.00003;
for left CST at p=0.001/30=0.00003 and left ST_FO at
p=0.004/30=0.0001).

Large-scale network analysis: Levene’s Test showed in-
distinguishable variances in CCO and BC values across all
sensorimotor regions (all p-values > 0.05). The CCO values
in the left OFC (F(3, 108y = 3.38, p = 0.03) showed a sig-
nificant main effect of group and CCO values in the left
SFG (Fz, 108y=2.986, p=0.05) showed a marginally signifi-
cant main effect of group (Supplementary Table 1). Tukey
post-hoc analysis revealed significantly higher CCO values
in the left SFG (p=0.043) and marginally higher CCO val-
ues in the left OFC (p=0.05) in SSD-P patients compared to
SSD-nonP patients. Furthermore, ANCOVA revealed signifi-
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Fig. 1

Overview of the different analyses in this study. Colored bars indicate which groups are compared by the respective test. The

color shows if the test gave significant results (p<0.05) (green) or not (red) (results before Bonferroni correction). (Abbreviations:
SSD: schizophrenia spectrum disorders, reg. + ind. t-test: regressing out covariates + independent t-test, Partial Correl.: partial
correlation.) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

cantly higher CCO values in SSD-P sample compared to SSD-
nonP patients in the left OFC (F(4, g9)=8.95, p=0.004) and
left SFG (F1, 89y=4.77, p=0.03). Thus, these p-values did not
survive Bonferroni correction for multiple testing (threshold
at p=0.0009).

3.3. Dimensional analyses

TBSS: We found no significant association between SAS
scores and FA (voxel-wise TBSS; all p-values>0.05). Using
partial correlation, we found no significant association be-
tween SAS score and average FA for CC_7 or left and right
ST_FO in the entire patient sample (p>0.1). After excluding
all four covariates (age, sex, OLZ and PANSS-N), there was
still no significant association between SAS scores and FA in
the entire patient sample (p>0.08).

Tractometry: We found significant negative associa-
tions between SAS total scores and FA in CC_5 (min. p-
value<0.0004), left (min. p-value<0.00006) and right (min.
p-value<0.0004) CST and left (min. p-value<0.002) and
right (min. p-value<0.002) ST_FO ( Fig. 2; all p-values were
below the alphaFWE-corrected threshold). Thus, the mini-
mal p-values did not survive Bonferroni correction for mul-
tiple testing (threshold for CC_5 at p=0.001/30=0.00003;
for left CST at p=0.001/30=0.00003, for right CST at
p=0.001/30=0.00003, for left ST_FO p=0.003/30=0.0001
and for right ST_FO p=0.004/30=0.0001).

Large-scale network analysis: We identified a significant
relationship (two-tailed partial correlation) between SAS to-
tal score and CCO in the left OFC (r=0.296, p=0.004) in the
entire patient sample (Supplementary Table 2). Thus, this
p-value did not survive Bonferroni correction for multiple
testing (threshold at p=0.0009).

3.4. Patients vs. healthy controls

TBSS: Standard voxel-wise TBSS analyses did not reveal sig-
nificant differences in FA in SSD-P or SSD-nonP patients when

compared to HC (p=0.26 and p=0.46, respectively). After
excluding all three covariates (age, sex, and OLZ) and per-
forming an independent two-sample t-test, we found sig-
nificantly lower FA in SSD-P patients when compared to HC
(p=0.03).

Using the average FA across all 15 tracts between senso-
rimotor regions, Games-Howell post-hoc analysis revealed
significantly lower FA in the left ST_FO (p = 0.01) in SSD-P
patients when compared to HC. Using ANCOVA, we found no
significant FA difference in CC_7 and right and left ST_FO
between SSD-P or SSD-nonP patients and HC. After ex-
cluding all three covariates (age, sex, and OLZ) and per-
forming an independent two-sample t-test, we found sig-
nificantly lower FA in CC_6 (p=0.041), CC_7 (p=0.009),
left ST_FO (p=0.005), and right ST_FO (p=0.021) in SSD-
P patients when compared to HC. There were no signifi-
cant differences in FA between SSD-nonP patients and HC
(all p-values>0.066). Thus, these p-values did not survive
Bonferroni correction for multiple testing (threshold at
p=0.002).

Tractography: We found decreased FA in CC_2, CC_3,
CC_4, CC_5, CC_6, CC_7 (all min. p-values<0.0001),
the left and right T_PREM (both min. p-values<0.001),
the left and right ST_FO (both min. p-values<0.002),
and the right ST_PREM (min. p-value<0.0008) of SSD-
P patients when compared to HC (all p-values below
FWE-corrected threshold). We also found differences in
FA in CC_1 (increased; min. p-value<0.001), CC_3 (de-
creased; min. p-value<0.0006), CC_7 (both decreased
and increased; min. p-value<0.0002), left T_PREM (in-
creased; min. p-value<0.000021), right ST_FO (decreased;
min. p-value<0.000065) and left ST_PREM (decreased;
min. p-value<0.0008) in SSD-nonP patients compared to
HC (all p-values below alphaFWE-corrected threshold).
Thus, only the minimal p-values of the SSD-P vs. HC com-

parison in CC_2 (threshold at p=0.002/30=0.00006),
CC_3 (threshold at p=0.001/30=0.00003), CC_4
(threshold at p=0.001/30=0.00003), CC_5 (thresh-

68



European Neuropsychopharmacology 50 (2021) 64-74

CC 7 (Splenium)

left CST (Corticospinal tract)

left ST_FO (Striato-fronto-orbital)

0.65

i} = nonP

0.60 4
0.55
0.50 q

£

0.45

along tract FA

0401 |

0.35

0.50 1

0.45 4

0.40

FA

0.35

0.30 q

0.25 1

position along tract

3D tract

coronal

position along tract

position along tract

st

sagittal

Fig. 2 Significant differences in FA between SSD patients with (P) and without (nonP) parkinsonism (Tractometry analysis; results

before Bonferroni correction).

old at p=0.002/30=0.00006), CC_7 (threshold at
p=0.001/30=0.00003), left T_PREM (threshold at
p=0.002/30=0.00006) and left ST_FO (threshold at

p=0.003/30=0.0001) survived Bonferroni correction for
multiple testing. Finally, only the minimal p-value of the
SSD-nonP vs. HC comparison in left T_PREM (threshold
at p=0.001/30=0.00003) and right ST_FO (threshold at
p=0.003/30=0.0001) survived Bonferroni correction for
multiple testing.

Large-scale network analysis: ANCOVA revealed no signif-
icant differences between patient groups and HC (p>0.15)
(Supplementary Table 2). After excluding all three covari-
ates (age, sex, and OLZ) and performing an independent
two-sample t-test, we found a significant increase in CCO in
the right SFG in SSD-P patients compared to HC (p=0.038).
There was no significant difference in CCO or BC in other
brain regions between SSD-nonP patients and HC (all p-
values>0.058).

4. Discussion

The present multiparametric dMRI study investigated, for
the first time, brain WM microstructure abnormalities un-
derlying parkinsonism in SSD patients. Three main findings
emerged: First, we found reduced FA in left CST and ST_FO
in SSD-P patients compared to SSD-nonP patients. Second,
there were significant positive associations between FA in
CC_5, CST and ST_FO and SAS total scores. Third, there was
a significant association between CCO in left OFC and SAS
total score. Although these findings did not survive conser-
vative Bonferroni correction for multiple comparisons, we
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feel that it is valuable to discuss them. The specific purpose
of this study was to better understand WM microstructure
underlying parkinsonism. Since there are no previous stud-
ies that have used DTI to address this specific question, the
consequences of a false negative, when using conservative
correction thresholds for multiple comparisons, would be
to miss regional WM variations of heuristic importance in
relation to parkinsonism. Therefore, as false negatives are
costly under these conditions, reporting and discussing un-
corrected results can be valuable in such instances.

4.1. TBSS and tractography

Using an aggregated TBSS (similar to a recent study
of WM microstructural differences in schizophrenia (SZ)
Kelly et al., 2018), we found reduced FA in the left CST and
the ST_FO in SSD-P patients compared to SSD-nonP patients.
The FA decrease in CST may relate to decreased input from
the thalamus and striatum or altered pallido-thalamic activ-
ity (Mole et al., 2016). Since CST carries WM motor tracts to
peripheral muscular output (Du et al., 2017), distortion of
structural integrity in CST might lead to aberrant inhibitory
signaling and sensorimotor abnormalities. The ST_FO is a
neural pathway that connects frontal lobe regions with the
basal ganglia (striatum). Impaired fronto-striatal connec-
tivity in SZ is well documented (de Leeuw et al., 2017;
Levitt et al., 2017; Quan et al., 2013) and can lead to cog-
nitive impairment (Levitt et al., 2017) as well as sensori-
motor deficits such as parkinsonism (Molina et al., 2018;
Wolf et al., 2020a). Interestingly, ST_FO reciprocally con-
nects important regions involved in sensorimotor function-
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ing such as the dorsolateral prefrontal cortex (DLPFC), OFC,
inferior frontal gyrus, SFG and the striatum (caudate nu-
cleus, and putamen) (de Leeuw et al., 2017). More pre-
cisely, the OFC modulates cognitive control of emotional
experience and is in constant interaction with DLPFC, infe-
rior frontal gyrus, SFG and striatum (Northoff et al., 2004).
The human striatum is mainly responsible for the correct
excitation of goal-directed movement schemas. Recently,
an MRI study found that iron-loading measures of mainly
left-side basal ganglia were associated with extrapyrami-
dal motor symptoms and neurological soft signs (NSS) in
first-episode psychosis patients (Cuesta et al., 2020). In
accordance with previous findings, axon loss within the
ST_FO reflects aberrant “vertical modulation” of cortico-
subcortical relations, which might lead to disturbed reg-
ulation of emotional stimuli and programming and termi-
nation of action (Hirjak et al., 2015b; Northoff, 2000),
as well as an imbalance between inhibitory and exci-
tatory processes (Helmich et al., 2012; van der Stouwe
et al., 2020). Taken together, these conjoint alterations
in bottom-up and top-down modulation might lead to the
development of typical sensorimotor abnormalities such as
tremor and akinesia, which are characteristic symptoms of
parkinsonism.

4.2. Large-scale network analysis

Using graph analytics, we identified significantly higher CCO
values in the left OFC and left SFG in SSD-P patients com-
pared to SSD-nonP patients. These findings are relevant for
a number of reasons: First, the higher CCO of the OFC
might be interpreted as a compensation mechanism for
disturbed network functionality in the fronto-striatal net-
work as represented by reduced FA in both striato-fronto-
orbital tracts (SSD<HC). Such abnormalities of local effi-
ciency can cause aberrant information transfer/processing
between inhibitory and excitatory processes and hence lead
to typical symptoms of parkinsonism such as rigidity and
akinesia. In agreement with this, structural abnormalities
in OFC have been related to the occurrence of apathy in
Parkinson’s disease (PD) (Martinez-Horta et al., 2017). Sec-
ond, structural and functional alterations of OFC are asso-
ciated with catatonia, which is a paradigmatic example of
another psychomotor syndrome in SZ often characterized
by hypokinesia/akinesia and flexibilitas cerea as a special
type of rigidity (Hirjak et al., 2020; Walther et al., 2017;
Wasserthal et al., 2020). The OFC, based on its functional
connectivity with the motor cortex, can be regarded as
a structure that, through top-modulation of the latter re-
gions, leads to psychomotor abnormalities such as hypokine-
sia/akinesia in a truly dimensional sense, i.e. independent
of underlying disorders such as major depressive disorder,
bipolar disorder, or SSD (Mittal et al., 2017; Northoff et al.,
2021; Northoff et al., 2004). Third, the left SFG is anatom-
ically connected to the supplementary motor area, a re-
gion that is responsible for preparation, initiation and mon-
itoring of action (Wolf et al., 2008). Our observations are
consistent with previous studies that found SFG alterations
to be involved in sensorimotor abnormalities in both HC
(Hirjak et al., 2016; Thomann et al., 2015) and SSD pa-
tients (Li et al., 2013; Quispe Escudero et al., 2020). Finally,
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from a clinical perspective, there is some overlap between
parkinsonism and catatonia in terms of rigidity, immobility
or inhibited movement, psychomotor slowing, mutism, and
staring. From a neurobiological perspective, the findings of
the present study are in line with two recent MRI studies on
catatonia in SSD (Viher et al., 2020; Wasserthal et al., 2020)
that were able to demonstrate similar WM changes involv-
ing left-lateralized higher FA in the CST, CC, internal cap-
sule and thalamo-premotor tract. These findings point to-
wards some common pathobiology underlying catatonia and
parkinsonism in SSD.

Taken together, the present FA decrease and CCO in-
crease in different sensorimotor regions suggest a reorgani-
zation of WM fibers both as selective neurodegeneration and
a resultant compensatory response in the pathogenesis of
parkinsonism in SSD (Atkinson-Clement et al., 2017). Future
studies should further investigate which of these mecha-
nisms predominates and can be modulated by antipsychotic
drugs.

4.3. Strengths and limitations

This study has the following strengths: (i) patient sample
size, (ii) well-matched study groups, and (iii) the use of a
comprehensive set of sophisticated WM microstructural pa-
rameters. However, the following methodological aspects
limit the generalizability of our results: (i) Antipsychotic
medication. Although antipsychotic drugs may have promi-
nent functional effects on the identified WM tracts, our find-
ings do not appear to be confounded by such effects be-
cause the two SSD groups were well-matched for dose in
OLZ-equivalents but showed different levels of parkinson-
ism. This issue has also been addressed in a recent DTI study
by Kraguljac and colleagues (Kraguljac et al., 2019), which
found no alterations in micro- or macrostructural WM in-
tegrity after short-term treatment with risperidone. An ear-
lier T1 study by Emsley and colleagues (Emsley et al., 2017)
showed no WM abnormalities even after one year of treat-
ment in previously antipsychotic naive SZ patients. Inter-
estingly, Liemburg and colleagues (Liemburg et al., 2018)
found different effects of risperidone and aripiprazole on
grey matter and WM volumes as well as neurometabolite
levels in psychotic patients. Future large-scale studies are
needed to disentangle the effects of antipsychotics with
different receptor profiles on brain structure and function.
Other factors, in addition to antipsychotic drug treatment,
may have contributed to development of the sensorimotor
dysfunction of parkinsonism, e.g. WM alterations.

Among other aspects, (ii) we did not detect any group
differences in TBSS when comparing SSD patients with HC.
While this may be due to the small number of HC, this
finding corroborates other TBSS studies (Boos et al., 2013;
Clark et al., 2012) on similar numbers of SSD patients and
HC, which also did not find significant differences between
them. (iii) Our DTI sequences did not include the brain-
stem (in favor of higher resolution of cortical structures), so
we were unable to investigate brainstem nuclei that might
also be involved in parkinsonism. (iv) A potential limita-
tion of the SAS is overestimation of rigidity, because it in-
cludes a total of six items examining this specific symptom
(Cuesta et al., 2014; Loonen and van Praag, 2007). However,
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using the SAS as a composite score has proven to better sep-
arate specific patient groups (placebo vs. 1 mg haloperidol)
than the six hypokinetic/rigidity items alone. (v) SSD pa-
tients in this study may also have had other sensorimotor ab-
normalities such as NSS or catatonia. However, though this
study concerned both categorical and dimensional assess-
ment of parkinsonism, there can be considerable clinical
overlap with such other sensorimotor abnormalities. There-
fore, we advocate that sensorimotor assessments combine
both clinical ratings scales and instrumental assessments
(Hirjak et al., 2021). This would help to clarify the patho-
physiology of parkinsonism and other sensorimotor abnor-
malities from a broader perspective.

5. Conclusion

This study provides a comprehensive, state-of-the-art anal-
ysis of WM microstructure in SDD patients with and without
parkinsonism that appears to reflect an interaction between
sensorimotor dysfunction intrinsic to SSD and the effects
of antipsychotic drugs; thus, just as movement disorder in-
trinsic to PD can be exacerbated by antipsychotics, parkin-
sonism appears to be intrinsic to SSD in a manner that can
be exacerbated by these same agents (Waddington, 2020).
In this regard, the main finding in the present study is
that dysfunction in the topological metrics of small-world
brain networks in SSD comprise sensorimotor regions such
as OFC, SFG and striatum that operate in a dimensional and
cross-nosological manner. This is indicated by their extents
of expression being related across the triadic psychomo-
tor abnormalities of parkinsonism, i.e. rigidity, akinesia and
tremor.
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