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Abstract Motor symptoms such as neurological soft
signs (NSS) are characteristic phenomena of schizophrenia
at any stage of the illness. Neuroimaging studies in
schizophrenia patients have shown regional thinning of the
cortical mantle, but it is unknown at present whether NSS
are related to cortical thickness changes. Whole brain high-
resolution magnetic resonance imaging at 3 Tesla was used
to investigate cortical thickness in 28 patients with recent-
onset schizophrenia. Cortical reconstruction was performed
with the Freesurfer image analysis suite. NSS were
examined on the Heidelberg Scale and related to cortical
thickness. Age, education, and medication were considered
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as potential confounders. Higher NSS scores were associ-
ated with morphological changes of cortical thickness in
multiple areas comprising paracentral gyrus, postcentral
lobule, precuneus, inferior parietal lobule and temporal
lobe. Our results confirm the hypothesis of a significant
relationship between cortical thickness changes and the
extent of NSS in schizophrenia. Investigation of cortical
thickness may help to explain subtle motor symptoms such
as NSS in schizophrenia.
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Introduction

Patients with schizophrenia frequently experience genuine,
not drug induced, motor symptoms such as catatonia,
parkinsonism, abnormal involuntary movement, psycho-
motor slowing, or neurological soft signs (NSS) (Walther
and Strik 2012). NSS include a variety of subtle abnor-
malities in sensory integration, motor coordination and
sequencing of complex motor acts (Heinrichs and Bucha-
nan 1988; Buchanan and Heinrichs 1989; Schroder et al.
1991). In the last two decades, several studies observed
NSS not only in patients with chronic schizophrenia but
also in young, antipsychotic-naive patients at the time of
the first psychotic episode (Chan et al. 2010; Chen et al.
2000). Interestingly, NSS have been discussed as potential
indicators of vulnerability to psychotic disorders and as
endophenotypes for schizophrenia (Chan and Gottesman
2008; Peng et al. 2012).

At present, the putative neurobiological basis of NSS is
intensively discussed in neuroimaging research. Structural
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magnetic resonance imaging (sSMRI) studies demonstrated
that increased NSS scores are related to aberrant morphol-
ogy of both cortical and subcortical structures (Thomann
et al. 2009a, b; Venkatasubramanian et al. 2008; Hirjak et al.
2012). Previous functional MRI (fMRI) investigations
reported abnormal BOLD response in the pre- and post-
central gyrus, the premotor area, as well as in the middle and
inferior frontal gyri in subjects with increased NSS scores
(Schroder et al. 1995; Schroder et al. 1999). However, the
aforementioned studies only examined atrophy or other
abnormalities of circumscribed brain regions and disre-
garded the fact that NSS might be based on a sequel of gray
matter reductions in movement circuits (Wen et al. 2011;
Bassett et al. 2008).

In the last decade, voxel based morphometry (VBM)
became the most commonly used approach to study gray
matter abnormalities in schizophrenia (Ashburner and
Friston 2000). Furthermore, the development of powerful
3D-based image-processing techniques based on TI1-
weighted structural MRI scans has made it possible to not
only estimate the brain tissue volume and surface (Patena-
ude et al. 2011), but also to compute the surface and thick-
ness of the cortex automatically (Fischl 2012). In particular,
cortical thickness is defined as the distance between the
gray-white matter boundary and the gray matter-cerebro-
spinal fluid boundary. Measurements of cortical thickness
using MRI might reflect the cytoarchitecture of the cerebral
cortex and are useful parameters to assess neuroanatomical
patterns associated with cognitive performance, clinical
symptoms and vulnerability to psychosis (Shaw et al. 2008;
van Swam et al. 2012). Recent studies have proposed cor-
tical thickness as an important indicator of brain degenera-
tion in schizophrenia spectrum disorders (Schultz et al.
2010; He et al. 2007; Crespo-Facorro et al. 2011).

Using surface based morphometric (SBM) methods, sSMRI
studies have consistently demonstrated widespread cortical
thinning in frontal and temporal regions (Goldman et al. 2009;
Kuperberg et al. 2003; Nesvag et al. 2008; Rimol et al. 2010;
Crespo-Facorro et al. 2011) and circumscribed cortical thin-
ning in occipital and parietal areas (Rimol et al. 2010) among
patients with schizophrenia spectrum disorders (Rimol et al.
2012). In addition, the aforementioned results provide a
valuable complemental description of disease-related patho-
genetic mechanisms such as brain growth and maturation
(Oertel-Knochel et al. 2012; Kong et al. 2012b). Of these
studies, many correlated cortical thickness with various psy-
chometric measurements and found significant associations
between particular psychopathological symptoms and corti-
cal thinning in schizophrenia (Oertel-Knochel et al. 2012).

However, most of the brain mapping studies investi-
gated cortical thickness across inhomogenuous patient
cohorts with potential confounding factors such as long-
term antipsychotic treatment, age, and a long duration of

illness, respectively. In addition, it is still a matter of debate
whether NSS are associated with changes of the cortical
mantle in schizophrenia.

In the current study, we performed cortical surface
reconstruction on 3 Tesla MRI data of 28 patients with
recent onset schizophrenia using a SBM method
(http://surfer.nmr.mgh.harvard.edu/) with well-established
topologic accuracy in order to explore the relationship
between cortical thickness and the severity of NSS. Since
VBM is sensitive to changes in gray matter thickness,
intensity, cortical surface area and cortical folding and
prone to smoothing across neighbouring gyri (Kuhn et al.
2012), we sought to investigate—independently of regional
surface area—whether cortical thickness changes match
the topography of structural alterations previously reported
in VBM studies on NSS and schizophrenia. We used a
correlative approach to provide a quantitative assessment
with regard to the relationship between cortical thickness
and NSS. Specifically, we expected that patients with
higher NSS will exhibit significant cortical thickness
changes in cortical regions essential for regulating motor
activity such as precentral and paracentral gyrus, postcen-
tral lobule, prefrontal cortex and inferior parietal lobule.

Methods and Data Analysis
Subjects

A sample of 28 patients was consecutively recruited from the
Department of General Psychiatry in Heidelberg, Germany
between 2009 and 2012. Our sample consisted of 7 women
and 21 men, all right-handed Caucasians with a mean age of
23.21 + 4.33andameanof 12.14 £ 2.42 years of education.
11 subjects have already been included in a previous study of
our group (Hirjak et al. 2012). Patients were excluded if:
(i) they were aged <18 or >35 years, (ii) they had a history of
brain trauma or neurological disease, or (iii) they had shown
alcohol/substance abuse or dependence within 12 months
prior to participation. Diagnoses were made by staff psychi-
atrists and confirmed using a clinical interview (Wittchen et al.
1997) and examination of the case notes by two experienced
psychiatrists (P.A.T. and U.S.). All patients fulfilled the DSM-
IV criteria (Wittchen et al. 1997) for schizophrenia and had an
initial onset of psychosis within two years prior to study entry
with a mean duration of illness of 8.45 & 3.71 months (range
6-24 months). At the time of inclusion, all patients were
receiving treatment with a single antipsychotic agent
according to their psychiatrists’ choice. The antipsychotic
treatment included clozapine (n = 8), olanzapin (n = 6),
aripiprazole (n = 5), quetiapine (n = 5), ziprasidone (n = 1)
or risperidone (n = 3), respectively. The average dose in
chlorpromazine (CPZ) equivalents was 505.75 £ 316.02 mg
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(range: 133-1,100) (Woods 2003). The mean duration of
neuroleptic treatment was 2.13 &£ 3.31 months (range
5-18 months). All patients gave informed consent to partici-
pation, and the study has been approved by the local ethics
committee of the Medical Faculty, University of Heidelberg,
Germany.

Clinical Assessments

NSS were assessed using the Heidelberg Scale (Schroder
et al. 1991) that consists of five items assessing motor coor-
dination (Ozeretski’s test, diadochokinesia, pronation/supi-
nation, finger-to-thumb opposition, speech articulation), three
items assessing integrative functions (station and gait, tandem
walking, two-point discrimination), two items assessing
complex motor tasks (finger-to-nose test, fist-edge-palm test),
four items assessing right/left and spatial orientation (right/
left orientation, graphesthesia, face-hand test, stereognosis),
and two items assessing hard signs (arm holding test, mirror
movements). Items were rated on a 0 (no prevalence) to 3
(marked prevalence) point scale. A sufficient internal reli-
ability and test—retest reliability have been established pre-
viously (Schroder et al. 1991; Bachmann et al. 2005).
Handedness was assessed on the Edinburgh Inventory (Old-
field 1971). The severity of psychopathological symptoms
were assessed with the Brief Psychiatric Rating Scale
(Overall and Gorham 1962), the Scale for the Assessment of
Positive Symptoms (Andreasen 1984) and the Scale for the
Assessment of Negative Symptoms (Andreasen 1983). Pre-
dictors of outcome were rated on the Strauss-Carpenter Scale
(Strauss and Carpenter 1974). Potential extrapyramidal side
effects were excluded before study entry by an experienced
psychiatrist who was not directly involved in the study.

MR Imaging Data Acquisition

Subjects underwent structural scanning at the German Cancer
Research Center (DKFZ), Heidelberg, Germany, on a 3 Tesla
Magnetom TIM Trio MR scanner (Siemens Medical Solu-
tions, Erlangen, Germany) using a T1-weighted 3D magne-
tization prepared rapid gradient echo sequence (MP-RAGE,
160 sagittal slices, image matrix = 256 x 256, voxel
size=1x1x1 mm3, TR = 2,300 ms, TE = 2.98 ms,
TI = 900 ms, flip angle = 9°). An experienced neuroradi-
ologist (B.S.) reviewed all MRI brain scans; no gross abnor-
malities (e.g., tumour, space-occupying cystic lesion greater
3 mm, signs of bleeding, contusion, infarction, major grey or
white matter lesions) were found.

MR Image Processing

The Freesurfer image analysis suite (http://surfer.nmr.mgh.
harvard.edu/) was used for cortical surface reconstruction
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followed by a process to obtain a representation of gray/
white matter boundary and the pial surface (Fischl and
Dale 2000; Fischl et al. 1999; Dale et al. 1999). Freesurfer
is a freely available image analysis suite that can be used
for both cortical reconstruction and volumetric segmenta-
tion. The technical details of these procedures are descri-
bed in prior publications (Fischl et al. 1999; Dale et al.
1999; Fischl and Dale 2000; Fischl et al. 2004). Briefly, the
stream consists of multiple stages such as removal of non-
brain tissue using a hybrid watershed/surface deformation
procedure (Segonne et al. 2004); affine registration with
Talairach space specifically designed to be insensitive to
abnormalities and to maximize the accuracy of the final
segmentation; tissue classification and correction of the
variation in intensity resulting from the B1 bias field (Sled
et al. 1998); tessellation of the gray matter white matter
boundary; automated topology correction, and surface
deformation following intensity gradients to optimally
place the gray/white and gray/cerebrospinal fluid borders at
the location where the greatest shift in intensity defines the
transition to the other tissue class (Dale et al. 1999). Cor-
tical thickness was calculated as the shortest distance
between the previous surfaces at each vertex across the
cortical mantle. After the automatic processing, the entire
cortex of each patient was visually inspected and if nec-
essary manually edited. After creation of cortical masks the
cerebral cortex has been parcellated into anatomical
structures and the cortical thickness was computed.

Statistical Analyses

Using a general linear model (GLM) approach provided by
Query Design Estimate Contrast (QDEC) interface of
Freesurfer, we performed vertex-wise analysis to explore
significant correlations between cortical thickness and NSS
scores on all subscales in patients with recent onset
schizophrenia. Importantly, age, education and CPZ
equivalents were included as nuisance covariates in these
analyses. The effect of gender was regressed out in our
model. Cortical thickness maps were smoothed using
a Gaussian kernel with a full-width-at-half-maximum
(FWHM) of 15 mm, because of our rather modest sample
size. It is well known that the extent of the smoothing filter
has a strong impact on the sample size needed for a well-
powered cross-sectional analysis (Pardoe et al. 2012). That
is, lower sample size requires a higher surface smoothing
filter to detect a given thickness difference (for example
0.25 mm) across the cortical surface (Pardoe et al. 2012).
All of these analyses were performed on the right and left
hemisphere separately. Significant correlations between
cortical thickness and NSS scores will be reported when
their area exceeded 100 mm®. The cluster size of 100 mm*
was chosen in accordance with the ‘matched filter theorem’
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(Chung et al. 2003; Chung et al. 2005; Jung et al. 2011). In
order to account for false positive results (correction for
multiple comparisons) we used the false discovery rate
(FDR) at p < 0.05 (Genovese et al. 2002). Here, only those
correlations that remained significant after FDR-correction
will be discussed in detail. Further, p values of the iden-
tified regions (peak maxima) were corrected for the number
of tested NSS subscales and for the factor hemisphere by
using the Bonferroni method.

Results

Demographic and clinical data are shown in Table 1. We
identified a total of 48 regions (25 in the left and 23 in the
right hemisphere) with a relationship between cortical
thickness and NSS, at a significance level of p < 0.001,
varying in size between 103.26 and 2,685.06 mm?>
(Table 2). After FDR-correction 11 of 48 regions (Table 2)
remained significant. Negative correlations between corti-
cal thickness and higher NSS total scores (Fig. 1) were
found in the left paracentral lobule and precuneus. Positive
correlations between cortical thickness and higher NSS
total scores (Fig. 1) were found in the middle temporal
gyrus bilaterally. Negative correlations between cortical
thickness and higher NSS scores on the subscales “hard
signs” were identified in the left postcentral gyrus. Positive
correlations between cortical thickness and higher NSS
scores on the subscale “complex motor tasks” were found
in the middle temporal gyrus bilaterally. Further, positive
correlation was found between cortical thickness in the left
postcentral gyrus and higher NSS scores on the subscale
“left/right and spatial orientation”. Higher NSS scores on
the subscale “integrative functions” were positively cor-
related with cortical thickness (Fig. 1) in the left middle
temporal and supramarginal gyrus. Finally, we observed
negative correlations between higher NSS scores on the
subscale “integrative functions” and cortical thickness
(Fig. 1) in the right paracentral lobule, inferior parietal lobe
(IPL) and precuneus. Further, p values of the 48 identified
regions (peak maxima; Table 2) were corrected for the
number of tested NSS subscales in our main analysis using
the Bonferroni method. To this end, o was set to p < 0.05/
N, where N is the number of correlations (classical Bon-
ferroni correction). N equalled 12. The significance in Qdec
(FreeSurfer) is displayed as —log, of the p value, and not
as a straight p value. For this reason, the corrected
threshold was set to p = 0.00416 (alpha level 0.05/12 tests
[number of NSS scales x two hemispheres] or —logig
0.00461 = —2.386). Since the correlation analyses via
Freesurfer were performed on right-handed schizophrenia
patients, we did not correct for handedness. All but 3
regions hold Bonferroni correction for multiple testing.

No significant correlation of cortical thickness with age,
gender, educational level, CPZ equivalents, and duration of
treatment or severity of psychopathological symptoms was
found. Moreover, NSS total scores (r: 0.205; p = 0.296)
and scores on the subscales motor coordination (r: 0.153;
p = 0.438), complex motor tasks (r: 0.188; p = 0.337),
hard signs (r: 0.384; p = 0.044), integrative functions
(r: 0.026; p = 0.894) and right/left and spatial orientation
(r: 0.017; p = 0.930) were not significantly associated with
CPZ equivalents.

Discussion

The present study aimed at exploring the relationship
between NSS and cortical thickness in schizophrenia by
using a rater-independent automatic approach for the
reconstruction of the cerebral cortex. Two main findings
emerged: First, higher NSS scores are negatively associ-
ated with cortical thickness. In particular, the left post-
central gyrus, the paracentral lobule bilaterally, the right
IPL, and the left precuneus are cortical regions exhibiting
a highly significant relationship between thickness and
NSS. Second, higher NSS scores are positively correlated
to cortical thickness in the temporal lobe bilaterally, the left
supramarginal and left postcentral gyrus.

Table 1 Demographic and clinical characteristics (n = 28)

Variable Mean SD
Age (years) 232 43
Male sex 21 -
Right-handedness 28 -
Education (years) 12.1 24
BPRS?* 253 9.9
SAPS® 20.5 13.9
SANS® 30.1 21.1
scs? 33.7 14.6
Duration of illness (months) 8.5 3.7
Duration of treatment (months) 2.1 33
Chlorpromazine equivalents (mg) 505.7 316.0
Neurological soft signs
Total 13.6 9.1
Motor coordination 6.0 4.4
Integrative functions 1.6 1.4
Complex motor tasks 1.5 1.7
Right/left and spatial orientation 1.3 1.8
Hard signs 1.9 1.8

 Brief psychiatric rating scale

P Scale for the assessment of positive symptoms
¢ Scale for the assessment of negative symptoms
9 Strauss-Carpenter-scale
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Table 2 Anatomical structures showing significant correlation between cortical thickness and levels of neurological soft signs (NSS) in patients

with recent onset schizophrenia

NSS Scale

Anatomical structure

Cluster size (mm?)

p value in —log;q

Peak coordinates (X, y, z)

NSS total score

Hard signs

Right/left and spatial orientation

Complex motor tasks

Integrative function

Motor coordination

Left paracentral lobule

Left precentral gyrus

Left precuneus

Left lingual gyrus

Left middle temporal gyrus
Left supramarginal gyrus
Left precentral gyrus

Right middle temporal gyrus
Right supramarginal gyrus

Right rostral middle frontal gyrus

Isthmus of the right cingulate gyrus

Left postcentral gyrus

Left inferior temporal gyrus
Right middle temporal gyrus
Left postcentral gyrus

Left precentral gyrus

Left superior temporal gyrus
Right paracentral lobule
Right superior parietal gyrus
Left middle temporal gyrus
Left superior temporal gyrus
Left postcentral gyrus

Right middle temporal gyrus
Right supramarginal gyrus
Right precuneus

Right inferior parietal lobule
Left middle temporal gyrus
Left precuneus

Left superior temporal gyrus
Left medial orbitofrontal gyrus
Left lateral orbitofrontal gyrus
Left insula

Right paracentral lobule
Right inferior parietal lobule
Right middle temporal gyrus
Right lateral orbitofrontal gyrus
Right fusiform gyrus

Right lateral occipital gyrus
Right insula

Left middle temporal gyrus
Left supramarginal gyrus
Left precuneus

Left precentral gyrus

Right middle temporal gyrus

Isthmus of the right cingulate gyrus

Right superior temporal gyrus
Right supramarginal gyrus

Right rostral middle frontal gyrus

283.16 (27.72)
129.36

259.34 (8.59)
132.92

2,685.06 (883.01)
596.83

201.66

1,721.17 (402.63)
135.48

107.63

332.85

152.38 (15.49)
1,513.73

210.52

246.67 (71.45)
134.04

161.10

268.40

165.39

1,947.50 (357.85)
280.53

178.99

2,026.13 (809.42)
188.36

121.86

174.56

2,257.16 (84.13)
126.91

410.81

148.64

193.42

122.31

1,096.98 (107.02)
485.84 (21.01)
256.77

214.11

172.10

226.73

104.56

1,786.57

463.94

174.39

319.84

1,870.32

236.76

111.85

103.92

103.26

-3.53
-2.91
-341
—2.51
4.94
297
2.49
4.10
2.73
—2.62
—3.16
—3.68
3.25
2.44
4.39
—2.47
2.31
—3.00
—2.41
4.20
2.58
2.45
4.92
3.13
—2.41
—2.34
3.70
-3.17
3.13
—-291
—2.72
—2.64
-3.95
-3.44
2.63
—2.60
-2.59
—243
—-2.23
4.29
2.88
—2.82
2.40
4.03
—3.13
2.92
2.85
—2.71

-7.0, —21.4, 72.4
—26.4, —14.3, 59.1
—8.8, —56.0, 37.0
—25.2, =52.1, =5.1
—59.7, —30.8, —16.7
—58.7, —51.3,22.2
—56.9, —3.4, 15.7
62.7, —38.4, —11.2
49.6, —45.2, 37.3
395,254,332

7.9, —41.1, 31.8
—29.6, —30.2, 50.6
—57.0, —33.0, —16.5
58.2, —50.6, 4.9
—40.7, —19.2, 19.6
—27.1, —14.7, 62.0
—56.7, —16.9, —4.4
3.5, —28.6, —68.9
3.5, —28.6, 68.9
—59.6, -394, —124
—61.4, —45.9, 12.9
—60.9, —9.0, 14.5
60.1, —22.0, —14.0
54.4, —42.3, 40.7
11.3, =52.9, 28.1
37.6, =76.9, 30.8
—58.9, —40.2, —-7.6
—15.6, —47.0, 32.7
=577, —12.9, =5.3

—11.8, 40.7, =3.9
—19.7, 26.0, —16.4
—32.9, 16.5, 0.3

18.5, —36.4, 42.9
36.5, —78.8, 25.3
64.8, —41.7, =5.3
21.9,19.3, —18.9
29.2, —45.3, —15.7
29.5, =92.7, —0.4
34.3, =279, 20.8
—61.9, —32.3, —16.6
—59.4, —51.2,19.2

-9.3, —55.6, 36.9
—58.2,5.2,18.7
62.3, —38.9, —10.9
7.5, —40.6, 31.9
66.4, —29.0, 2.8
56.6, —28.6, 43.1
39.7, 24.9, 34.8

Height threshold p < 0.001, uncorrected; extent threshold = 100 mm?. Regions surviving a threshold of p < 0.05, corrected for multiple comparisons
(FDR), in bold with corresponding cluster size in parentheses

HS hard signs, R/L/S/O right/left and spatial orientation, COMT complex motor task, /F integrative function, MOCO motor coordination
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PRC

PAC MDT

NSS total score

Thickness? -0.659**

-0.746** +0.732*

* partial correlations controlled for age, education and medication (CPZ). Correlation is significant at the ~*0.01 level, *0.05 level (two-tailed).
PAC=paracentral lobule, PRC=precuneus, MDT=middle temporal gyrus, M=medial, L=lateral

Left hemisphere

cortical thickness (mm)

20 30
NSS total score

-2.50

3
E
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£
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©
-]
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3

4 6 8
NSS IF score

cortical thickness (mm)

10 20 3
NSS total score

2.50

cortical thickness (mm)

Right hemisphere

IPL

NSS score “IF”

Thickness? -0.632*

-0.693*

“ partial correlations controlled for age, education and medication (CPZ). Correlation is significant at the *0.01 level, *0.05 level (two-tailed).
PAC=paracentral lobule, IPL= inferior parietal lobule, “IF"=integrative function, M=medial, L=lateral

Fig. 1 Significant associations between NSS and cortical thickness
for the NSS total score (upper panel) and for the NSS subscale
“integrative function” (lower panel). For illustrational purposes,
statistical maps were thresholded at p < 0.001, uncorrected. The
scatter-plots show significant associations between NSS scores and

In line with our predictions, there were significant
negative correlations between NSS total scores and cortical
thickness mainly in the left postcentral gyrus (primary
somatosensory cortex—S1) and the paracentral lobule
(supplementary motor area—SMA) bilaterally. The post-
central gyrus is part of the parietal lobe and plays a crucial
role in language processing, attention, spatial working
memory and sense of touch (Shenton et al. 2001). The
pyramidal neurons in S1 (Zhou et al. 2005) are connected
to subcortical areas and hence, they are important for
planning, controlling and executing of body movement
(DeLong 2000; Dazzan et al. 2004). The SMA is located in
the junction of the precentral gyrus and S1 and is primarily
involved in complex finger movements and motor function
of hand and arm (Strother et al. 2012). Our findings are
generally in line with those of Exner et al. (Exner et al.
2006), who found reduced volume of the SMA to be related
to impaired learning of motor sequences in young patients
with schizophrenia. Our findings are further consistent with
those of Schroder et al. (Schroder et al. 1995; Schroder
et al. 1999) who described a relationship between reduced
activation of the sensorimotor cortex and SMA and motor
NSS such as finger-to-thumb opposition and pronation-
supination. In addition, previous VBM studies of our own

cortical thickness at peak maxima after FDR-correction at p < 0.05.
SPM supramarginal gyrus, PRE precentral gyrus, INS insula, LO
occipital lobule, LOFG lateral orbitofrontal gyrus, FUS fusiform
gyrus

group in two independent patient samples found subjects
high for NSS scores to be characterized by morphological
changes of gray matter density in the postcentral gyrus
bilaterally (Thomann et al. 2009b; Heuser et al. 2011).
The findings of the present study may further help to
enhance our understanding on the function of the precu-
neus in the anatomical network underlying motor symp-
toms in schizophrenia. The precuneus is an area located in
the posterior region of the medial parietal cortex. It has its
major connections to the prefrontal and cingulate cortex,
and plays a crucial role in visuospatial tasks (Corbetta et al.
1993), integration of stimuli, language comprehension and
experience of agency (Dean et al. 2006; Binder 1997).
However, to date, only one sMRI study found an associa-
tion between motor symptoms such as “minor physical
anomalies” (MPA) and bihemispheric gray matter volume
reduction in the precuneus (Dean et al. 2006). In our study,
we found elevated NSS total scores and higher NSS scores
on the subscales “motor coordination” and “integrative
functions” to be negatively associated with cortical thick-
ness in the precuneus bilaterally. Since the precuneus is
involved in limb position imagery and language, we
speculate that its contribution to NSS might explain ele-
vated scores on the NSS subscale “motor coordination”,
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which includes finger-to-thumb opposition and speech. In
fact, the aforementioned results of Dean et al. (2006), and
the associations reported in our study may provide further
support for structural deficits in neural circuits normally
responsible for the fluid execution of motor processes,
comprising the precuneus, the precentral gyrus and the
SMA. Both findings endorse the importance of the
exchange of information between motor and parietal cor-
tical areas when processing visuo-spatial stimuli with or
without the execution of body action (Cavanna and Trim-
ble 2006; Stephan et al. 1995). Moreover, they support the
hypothesis that structural changes in the precuneus may be
involved in the development of impaired motor functions
such as Ozeretski’s test, diadochokinesia, pronation/supi-
nation, finger-to-thumb opposition and speech articulation,
as indicated by the above mentioned neuroimaging studies.

We also found significant negative correlations between
NSS scores on the subscale “integrative function” and
“complex motor tasks” and cortical thickness in the right
IPL. The IPL consists of the supramarginal and the angular
gyrus, and is responsible for several functions such as
social cognition, working memory, sustained attention and
task control, amongst others (Palaniyappan and Liddle
2012). Additionally, the IPL has been described as an
essential cerebral site for NSS in schizophrenia (Torrey
2007). This finding corresponds well with the requirement
on the “complex motor tasks” subscale items, since the
IPL is directly connected to the dorsolateral prefrontal
cortex, the cingulate gyrus (CG) and the pre-motor areas.
The crucial role of the IPL for NSS in schizophrenia has
also been emphasized by a previous VBM study of our
group, where increased NSS scores on the subscale “motor
coordination” were associated with a reduced gray matter
density in the left IPL (Heuser et al. 2011).

In addition to the aforementioned negative associations
we also identified—contrary to our predictions—positive
correlations between NSS scores and cortical thickness.
These changes were evident in the superior, middle and
inferior temporal gyrus, the supramarginal gyrus, and the
postcentral gyrus, respectively. The temporal lobe and the
adjacent supramarginal gyrus are involved in auditory and
language perception and processing, visual information,
visual recognition and identification, and complex pro-
cesses of audiovisual integration. Especially within the
initial clinical disease states of schizophrenia, a reorgani-
sation of brain structures by means of neuroplasticity such
as shrinkage of the neuropil and increased neuronal density
has been suggested (Olabi et al. 2011). Given that our
sample consisted of relatively young individuals with a
rather short duration of illness, it is possible that our
findings in the aforementioned regions could reflect com-
pensatory mechanisms to maintain proper sensorimotor and
language functions, perhaps due to a structural decline of
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primary regions such as the S1, the SMA, the precuneus
and the IPL, respectively (Cobia et al. 2012).

Taken together, our findings are mostly consistent with
those of other neuroimaging studies on NSS. However,
direct comparison of our and previous results is difficult,
especially since the majority of the previous investigations
analyzed their data using VBM and none of the afore-
mentioned studies investigated the relationship between
NSS and cortical thickness. For instance, previous MRI
studies indicated cortical thickness analysis as being more
sensitive to subtle brain morphometric changes than the
VBM approach (Corbo et al. 2005; Liu et al. 2012).
Technically, this might be due to the fact that the maps
produced in FreeSurfer are not restricted to the voxel res-
olution of the original data and thus are capable of
detecting morphological submillimeter alterations (Fischl
and Dale 2000). Subsequently, some slight discrepancies
between our study and previous studies on NSS in
schizophrenia need to be highlighted: Our findings differ
from those previously presented by Venkatasubramanian
et al. (2008) and Mouchet-Mages et al. (2007, 2011) who
did not find any significant correlations between NSS levels
and gray matter morphology in the S1, the SMA and the
precuneus. Further, in contrast to our present results and
those of Heuser et al. (2011), none of the previous studies
found any associations between NSS levels and morpho-
logical abnormalities in the IPL. The latter discrepancy
might be caused by the fact that the IPL is one of the last
brain regions to mature and therefore having rather unsta-
ble anatomical landmarks (Torrey 2007; Geschwind 1965),
a fact that might be especially sensitive to differences in
MRI analysis techniques. In addition, discrepancies
between studies might be at least partly explained by the
MRI data acquisition at different field strengths, i.e.
3 Tesla in our present study compared to 1.5 Tesla in the
NSS studies mentioned above. Correspondingly, a previous
study reported MRI at 3 Tesla as being more sensitive to
signal changes than MRI at 1.5 Tesla (Phal et al. 2008).

In general, it is important to bear in mind that the
demarcation of gray matter boundaries from MRI data
depends on grey-white matter contrast which is very sen-
sitive to motion artefacts. Due to subject motion or other
imaging artifacts, gray—white matter boundaries might be
of reduced quality leading to spatial inaccuracies. Conse-
quently, the spatial distribution of cortical thickness might
not correspond to the factual anatomical boundaries of
brain regions and thus, the data analysis could possibly
produce a plenty of false positive results. This statistical
problem can be minimized by correcting for multiple
comparisons and increasing the cluster-size threshold. In
the present study, the cluster size of 100 mm?* was chosen
in accordance with the ‘matched filter theorem’ (Chung
et al. 2003; Chung et al. 2005; Jung et al. 2011). Of note,
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there was a considerable number of smaller cortical regions
that showed associations with NSS; however, none of these
associations survived FDR-correction.

Apart from MRI related issues, aspects of sample
recruitment, patients’ disease state, mode of NSS rating, and
antipsychotic medication need to be considered as potential
confounding factors. In accordance with the majority of the
previous studies on NSS and brain morphology in schizo-
phrenia, patients in the present study were recruited con-
secutively among referrals from a larger university
department in an urban area. All patients were examined
after remission of acute psychotic symptoms before dis-
charge. NSS were assessed on the Heidelberg Scale, for
which sufficient measures of internal, inter-rater and test—
retest reliability have been established previously (Schroder
et al. 1991; Bachmann et al. 2005). However, for the inter-
pretation of the results it is important to bear in mind that
there are several other NSS scoring methods that might be
differentially related to brain morphometric alterations. In
order to partial out a putative dose-dependent effect of an-
tipsychotics on brain structure, patients CPZ equivalents
were considered as potential confounders in our morpho-
metric analyses. In addition, no significant correlations
between NSS scores and CPZ equivalents emerged.

Major limitations of our study are the cross-sectional
design and a relatively modest sample size. Further,
although we controlled for medication dosage, we are not
able to fully exclude the possibility that antipsychotics might
have influenced the present findings. However, previous
studies examining the effect of neuroleptic treatment on
brain structure have shown that predominantly subcortical
gray matter structures, mainly with regard to typical anti-
psychotics, are subjected to morphological changes (Scherk
and Falkai 2006) with neocortical regions being rather
spared (Kuperberg et al. 2003; Nesvag et al. 2008). Even-
tually, we did not include a healthy control group in these
analyses. In the present study, we were particularly inter-
ested in the within-group associations between cortical
thickness and NSS in recent-onset schizophrenia. While the
approach of not including a control group in our analysis
might be considered as a limitation under some circum-
stances (e.g. type I error), it is important to emphasize that
we were not primarily interested in detecting group differ-
ences between schizophrenia patients and healthy individ-
uals. We considered our approach as being less prone to type
T errors, since even in the case of significant between-group
differences, which one might be inclined to label as
“abnormal”, we may have to take into account the high
likelihood that structural differences between patients with
schizophrenia and controls may not be exclusively related to
NSS levels. Depending on the study population, NSS prev-
alence rates in healthy individuals vary between 0 and 50 %
(Cox and Ludwig 1979; Hertzig and Birch 1968; Rochford

et al. 1970; Kennard 1960; Heinrichs and Buchanan 1988;
Gay et al. 2012). This inconsistency may result from dif-
ferences in gender, age, IQ, years of education and ethnic
composition between the study samples. Over the last two
decades, at least seven MRI studies investigated the rela-
tionship between NSS and brain morphology in healthy
controls (Thomann et al. 2009a; Venkatasubramanian et al.
2008; Thomann et al. 2009b; Kong et al. 2012a; Bottmer
et al. 2005; Keshavan et al. 2003; Dazzan et al. 20006).
However, only two studies found an association between
NSS levels and volume reduction in particular cortical areas
(Dazzan et al. 2006; Thomann et al. 2009b). Apart from the
limitations already mentioned above, aspects of MRI data
acquisition and analysis might also provide an explanation
for the discrepancies between the discussed studies. Unfor-
tunately, given the availability of only few MRI studies, it is
difficult to draw a firm conclusion on structural correlates in
healthy individuals in whom NSS might be rather related to
peristatic aspects such as less developed skills, factors
occurring at random in each subject (Thomann et al. 2009a;
Buchanan and Heinrichs 1989). This assumption corre-
sponds well with an earlier study from North Finland: Ridler
(Ridler et al. 2006) and colleagues investigated the infant
motor development at age 1 year. Cerebral changes of the
same individuals were assessed by MRI at age of
33-35 years. Interestingly, the authors found a relationship
between abnormal infant motor development and cerebral
changes in the healthy adult sample, but not in patients with
schizophrenia. In fact, some other authors suggest that
morphological changes underlying NSS are not entirely
preformatted, but may increase with psychosis onset (Tho-
mann et al. 2009a; Pantelis et al. 2003).

Last but not least, we are fully aware of the fact that our
results might not be specific to a diagnosis of schizophrenia
in contrast to a healthy condition, but are confident that the
present findings at least depict cortical contributions to
NSS in a patient population diagnosed with schizophrenia.

Conclusion

In summary, we found significant quantitative relationships
between NSS and regional cortical thickness in the network
of anatomical connections responsible for bodily move-
ment that comprise the S1, the SMA, the IPL and the
precuneus. The majority of the aforementioned cortical
thickness changes match the topography of alterations
previously reported in neuroimaging studies on NSS and
schizophrenia. In addition, the present findings clearly
emphasize that cortical thickness might not only serve as a
highly sensitive metric but also as a potential indicator of a
distinct process in schizophrenia patients with NSS.
However, further multimodal structural and functional
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imaging investigations incorporating larger cohorts are
needed to replicate these morphological correlates and to
examine more precisely how abnormalities in the integrity
of cortical network nodes affect sensory integration, motor
coordination and sequencing of complex motor acts.
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