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Abstract Neurological soft signs (NSS) are frequently
found in psychiatric disorders of significant neurodevel-
opmental origin. Previous MRI studies in schizophrenia
have shown that NSS are associated with abnormal corti-
cal, thalamic and cerebellar structure and function. So far,
however, no neuroimaging studies investigated brain cor-
relates of NSS in individuals with Asperger-Syndrome
(AS) and the question whether the two disorders exhibit
common or disease-specific cortical correlates of NSS
remains unresolved. High-resolution MRI data at 3 T were
obtained from 48 demographically matched individuals (16
schizophrenia patients, 16 subjects with AS and 16 healthy
individuals). The surface-based analysis via Freesurfer
enabled calculation of cortical thickness, area and folding
(local gyrification index, LGI). NSS were examined on the
Heidelberg Scale and related to cortical measures. In
schizophrenia, higher NSS were associated with reduced
cortical thickness and LGI in fronto-temporo-parietal brain
areas. In AS, higher NSS were associated with increased
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frontotemporal cortical thickness. This study lends further
support to the hypothesis that disorder-specific mechanisms
contribute to NSS expression in schizophrenia and AS.
Pointing towards dissociable neural patterns may help
deconstruct the complex processes underlying NSS in these
neurodevelopmental disorders.
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Introduction

The term “Neurological soft signs” (NSS) refers to a broad
range of subtle neurological deficits such as discrete
impairments in sensory integration, motor coordination,
sequencing of complex motor movements, and occasion-
ally clumsiness and occurrence of primitive reflexes
(Schroder et al. 1991; Bombin et al. 2005). From a clinical
perspective, NSS belong to a group of genuine motor
abnormalities that consist of spontaneous and medication-
independent motor phenomena (Hirjak et al. 2015b). A
higher prevalence of NSS is frequently found in patients
with schizophrenia (Bombin et al. 2005; Chan and
Gottesman 2008). Recent neuroimaging studies of NSS in
schizophrenia have revealed structural and functional
alterations in cortical and subcortical brain areas (see meta-
analysis Zhao et al. 2014 and systematic review Hirjak
et al. 2015b for details). These findings strongly support the
hypothesis that NSS may be related to a disrupted cortico-
cerebellar-thalamic-cortical circuit as conceptualized in the
model of “cognitive dysmetria” (Andreasen et al. 1998).
From a clinical perspective, schizophrenia and Asperger-
Syndrome (AS) show a substantial overlap across a broad
range of motor abnormalities. In particular, motor symptoms


http://crossmark.crossref.org/dialog/?doi=10.1007/s10548-015-0468-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10548-015-0468-9&amp;domain=pdf

Brain Topogr (2016) 29:382-394

383

and signs in these clinical groups may reflect a neurode-
velopmental signature of motor function (Bombin et al.
2005) inviting the suggestion of a crucial role of the sen-
sorimotor system in disease pathophysiology (Esposito and
Pasca 2013; Qiu et al. 2010; Rinehart et al. 2006; Whyatt
and Craig 2013). Along these lines, some authors do con-
sider sensorimotor symptoms as a putative endophenotype
for schizophrenia (Chan and Gottesman 2008) and AS
(Esposito and Pasca 2013). More recently, clinical research
interest in AS has extended to the investigation of NSS
(Hirjak et al. 2014a; Mayoral et al. 2010; Tani et al. 2006).
However, no neuroimaging studies investigated brain cor-
relates of NSS in AS and it is still unknown which brain
regions might contribute to NSS expression in these indi-
viduals. Furthermore, the question whether schizophrenia
and AS share a common or a disease-specific pattern of
brain changes underlying NSS is unresolved at present.

The purpose of the present structural MRI (sMRI) study
was to investigate the structural neuroanatomy of NSS in
recent-onset schizophrenia patients and individuals with
AS. The current paper argues that in both disorders NSS
levels would be higher compared to healthy individuals. On
the neural level, a direct comparison of NSS expression in
schizophrenia and AS could reveal disorder-specific and
transdiagnostic cortical correlates of NSS. Given that NSS
can be considered as part of a broader “motor phenotype”
(Hirjak et al. 2015b), the current transdiagnostic study may
also illustrate the utility of a “motor domain” (Bernard and
Mittal 2015) in characterizing mental disorders of pre-
sumed neurodevelopmental origin.

In this study, we used high-resolution sMRI data acquired
at 3 T together with a fully automatic data analysis method.
We used Freesurfer (Fischl et al. 2002) for cortical recon-
struction and employed a hierarchical statistical approach to
detect and characterize the relationship between NSS and the
three cortical measures (cortical thickness, area and folding).
Based on results of previous studies on NSS (Hirjak et al.
2014a; Tani et al. 2006), we predicted that schizophrenia
patients and subjects with AS will be characterized by dif-
ferent quantitative and qualitative NSS expression. Further,
we expected that different qualitative NSS expression in
schizophrenia and AS would be related to changes of cortical
thickness, cortical area and local gyrification index (LGI).
Eventually, we investigated whether the combination of
behavioral data and cortical measurements might be useful to
predict the diagnosis of schizophrenia and AS.

Methods
Subjects

The study sample consisted of 16 clinically stable patients
with recent-onset schizophrenia, 16 individuals with AS,

and 16 healthy controls. The study sample was consecu-
tively recruited between 2010 and 2013 from the Depart-
ment of General Psychiatry in Heidelberg, Germany and
from SALO GmbH in Ludwigshafen, Germany, a profes-
sional rehabilitation institution of education for individuals
with autism. All participants were Caucasians. Study par-
ticipants were excluded if: (1) they were aged <18 or
>35 years, (2) they had a history of brain trauma or neu-
rological disease, (3) they had a comorbid Axis-I- or Axis-
[I-Disorder according to ICD-10 or DSM-1V, (4) they had
shown alcohol/substance abuse or dependence within
24 months prior to participation, or (5) they had an
1IQ < 70. Diagnoses of schizophrenia and AS were made
by specialized clinicians (DH and PAT) corresponding to
ICD-10 criteria and supplemented by an extensive neu-
ropsychological assessment. Patients with schizophrenia
had an initial onset of psychosis within 2 years prior to
study entry. At the time of inclusion, all schizophrenia
patients were treated with a single second-generation
antipsychotic agent and consistent medication doses for
4 weeks or longer. Individuals with AS and healthy con-
trols did not take any antipsychotic, mood stabilizing, anti-
cholinergic or antidepressive medications. All study par-
ticipants gave informed consent to participation, and the
study has been approved by the local ethics committee of
the Medical Faculty, University of Heidelberg, Germany.

Clinical Assessments

Clinical symptom determinations and structured clinical
diagnostic interviews were conducted by trained clinical
raters (DH, IP and KMK). In particular, all study individ-
uals were assessed for lifetime psychiatric diagnoses by
trained psychiatrists (DH and PAT) via the German version
of the Structured Clinical Interview for DSM-IV (SCID-
DSM-IV) (Wittchen et al. 1997b). Demographics and
psychiatric history of the two clinical samples were
retrieved from medical records. Schizophrenia patients in
our study were recruited and examined as soon as possible
after symptom remission; at least partial remission is nec-
essary for the assessment of NSS, since florid psychotic
symptoms, agitation and severe formal thought disorders
considerably influence the patients’ cooperation (both with
respect to clinical investigations and to MRI scanning) as
well as their ability to understand the instructions.

All participants in the AS group had previously received
a clinical diagnosis of AS (F84.5) from an independent
clinician according to standard criteria (a valid diagnosis of
autism is an admission criterion for SALO GmbH). In
addition, diagnoses of the participants with AS were con-
firmed with the Autism Diagnostic Observation Schedule
(ADOS) (Lord et al. 1989) administered by a trained and
clinically experienced psychiatrist (DH) and Autism
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Quotient (AQ) (Baron-Cohen et al. 2006). All AS indi-
viduals exceeded a threshold score of 26/50 proposed by
Woodbury-Smith et al. (2005). None of the participants
with AS had to be excluded due to mental disorders such as
major depressive disorder, current or chronic substance
abuse, schizophrenia spectrum disorder or personality dis-
order, as assessed with the SCID-DSM-IV (Wittchen et al.
1997a). In addition, IQ of individuals with AS has been
systematically assessed with the german version of the
Culture Fair Intelligence Test (CFT-20-R) (Weil3 2006).
Level of IQ among individuals with AS ranged from 86 to
120 (mean IQ: 105.43 £ 6.47) according to CFT-20-R
(WeiBl 2006). We chose a CFT-20-R threshold of >80 to
ensure normal intelligence and minimize the effect of 1Q
on motor assessment. 1Q in schizophrenia patients and
healthy controls was not explicitly assessed, but clinically
judged to be average or above average. Both patients with
schizophrenia and healthy controls were required to have a
leaving certificate from one of the secondary schools
(“Hautpschule, 9 years; “Realschule”, 10 years) or Gym-
nasium (13 years) in order to participate in our study. To
examine the possible effect of medications on NSS, we
standardized the dosage of antipsychotic medications
chlorpromazine equivalents (CPZ).

The severity of psychopathological symptoms was
assessed with the Brief Psychiatric Rating Scale (BPRS)
(Overall and Gorham 1962), the Scale for the Assessment
of Positive Symptoms (SAPS) (Andreasen 1984) and the
Scale for the Assessment of Negative Symptoms (SANS)
(Andreasen 1983). Predictors of outcome were rated on the
Strauss—Carpenter Scale (SCS) (Strauss and Carpenter
1974). The social, occupational and psychological func-
tioning in individuals with AS was assessed with the
Global Assessment of Functioning (GAF) scale (Hall
1995). Potential extrapyramidal side effects, parkinsonian
signs and abnormal involuntary movement according to
Abnormal involuntary movement scale (AIMS) (Guy,
1976) were excluded before study entry by an experienced
psychiatrist who was not directly involved in the study. In
the control group, the Structured Clinical Interview for
Axis I and Axis I DSM-IV Disorders (SCID-VI) (Wittchen
et al. 1997a) was administered to rule out Axis I and Axis
II disorders. In addition, we used the PRIME early psy-
chosis screening test (Prevention through Risk Identifica-
tion, Management, and Education—PRIME) to screen for
the presence of early psychotic symptoms, including
information on any contact or treatment for any mental or
psychological disorder including autism (Miller et al.
2003).

NSS were assessed using the Heidelberg Scale (Schro-
der et al. 1991) that consists of five items assessing motor
coordination (MOCQO) (Ozeretski’s test, diadochokinesia,
pronation/supination, finger-to-thumb opposition, speech
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articulation), three items assessing integrative functions
(IF) (station and gait, tandem walking, two-point discrim-
ination), two items assessing complex motor tasks (COMT)
(finger-to-nose test, fist-edge-palm test), four items
assessing right/left and spatial orientation (RLSPO) (right/
left orientation, graphesthesia, face-hand test, stereogno-
sis), and two items assessing hard signs (HS) (arm holding
test, mirror movements). Items were rated on a 0 (no
prevalence) to 3 (marked prevalence) point scale. A suffi-
cient internal reliability and test—retest reliability have been
established previously (Bachmann et al. 2005; Schroder
et al. 1991). The NSS assessment has been conducted by
one rater. Handedness was assessed on the Edinburgh
Inventory (Oldfield 1971).

MR Imaging Data Acquisition

Participants underwent structural scanning at the German
Cancer Research Center (DKFZ), Heidelberg, Germany, on
a 3 T Magnetom TIM Trio MR scanner (Siemens Medical
Solutions, Erlangen, Germany) using a T1-weighted 3D
magnetization prepared rapid gradient echo sequence (MP-
RAGE, 160 sagittal slices, image matrix = 256 x 256,
voxel size=1x1x1 mm3, TR = 2300 ms, TE =
2.98 ms, TT = 900 ms, flip angle = 9°). An experienced
neuroradiologist reviewed all MRI brain scans; no gross
abnormalities (e.g., tumour, space-occupying cystic lesion
greater 3 mm, signs of bleeding, contusion, infarction,
major gray or white matter lesions) were found.

Behavioral and MRI Data Processing and Analysis
(Statistical analysis flowcharts are depicted in Fig. 1)

Cortical Reconstruction

Freesurfer (for detailed description of the method see
(http://surfer.nmr.mgh.harvard.edu/) (Khan et al. 2008) was
used for cortical surface reconstruction (Dale et al. 1999;
Fischl and Dale 2000; Fischl et al. 1999). 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). These
surface representations enabled calculations of regional
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grey matter surface and thickness across the cortical
mantle. After the automatic processing, the entire cortex of
each patient was visually inspected and if necessary man-
ually edited by a single rater as recommended by the
FreeSurfer tutorial (http://surfer.nmr.mgh.harvard.edu/
fswiki/FsTutorial). After creation of cortical masks the
cerebral cortex has been parcellated into units based on
gyral and sulcal structure, resulting in values for cortical
thickness and surface area (Desikan et al. 2006; Fischl et al.
2004). Cortical thickness was calculated as the shortest
distance between the previous surfaces at each vertex
across the cortical mantle. Surface area was calculated by
taking the sum of the area of the vertices in each parcel-
lation (Bhojraj et al. 2011). The maps are created using
spatial intensity gradients across tissue classes and are
therefore not simply reliant on absolute signal intensity. In
addition, the maps produced are not restricted to the voxel
resolution of the original data and thus are capable of
detecting submillimeter differences within diagnostic
groups. This means that if the pial boundary is between a
grey matter voxel and a cerebrospinal fluid voxel, some
grey matter change might cause the boundary to move into
the voxel (Dale et al. 1999; Fischl and Dale 2000; Fischl
et al. 1999). On a T1-MRI-image, the voxel intensity
declines and provides the information we need to detect
this type of effect. Furthermore, because of smoothness
constraints implemented in Freesurfer, the surface place-
ment and the thickness estimation might reach subvoxel
accuracy (Dale et al. 1999; Fischl and Dale 2000; Fischl
et al. 1999). This automated approach and the subvoxel
accuracy of cortical thickness and cortical area measure-
ments were validated against manual measurements (Ku-
perberg et al. 2003; Rosas et al. 2002): High-resolution
MRI images of 11 patients with Huntington’s disease, 13
age-matched healthy controls and two postmortem brains
were analyzed using Freesurfer to obtain cortical thickness

measurements. To validate this procedure, cortical thick-
ness of the two autopsy brains were also analyzed using
traditional neuropathologic methods (i.e. microscope
ex vivo). Cortical thickness measurements obtained from
these two methods (MRI images vs. neuropathology)
agreed within 0.2 mm, with a mean difference of
0.077 mm (Rosas et al. 2002).

Cortical Gyrification

Based on the pial surface reconstruction, an algorithm for
measuring 3D LGI at each vertex across each hemisphere,
including the default smoothing of individual LGI maps at
a full width at half maximum (FWHM) kernel of 25 mm,
was performed. Details of the LGI computation process can
be found in the validation paper (Schaer et al. 2012), pre-
vious studies in psychiatric patients (Hirjak et al. 2015a;
Klein et al. 2014; Nesvag et al. 2014; Palaniyappan and
Liddle 2014) and at https://surfer.nmr.mgh.harvard.edu/
fswiki/LGI. Briefly, an outer envelope that tightly wraps
the pial cortical surface is created before local measure-
ment of circular GI is computed for each vertex of the outer
surface as the ratio of corresponding regions of interest
(ROI) on the outer envelope and pial surface. Delineation
of the ROI on both the outer surface (ROIp) and pial sur-
face (ROIp) uses a matching algorithm based on geodesic
constraints, so that the ROIp delineates the entire patch of
the cortical surface within the circular perimeter of the
ROIp. Finally, at the end of the computational process,
individual LGI cortical maps quantify the amount of cortex
buried within the sulcal folds in the surrounding circular
region.

Statistical Analyses

Behavioral data were analyzed using the Statistical Pack-
age of the Social Sciences (SPSS version 22.0, SPSS Inc.,
Chicago, IL). Sociodemographic and clinical variables
were described and compared between the three groups
with unpaired ¢ test or ¢ test for categorical variables using
conventional significance levels (p < 0.05). The between-
group differences in cortical measures were explored with
a ROI-based approach. For this purpose, cortical thickness,
cortical area and LGI values of 68 structures (34 in the left
and 34 in the right hemisphere) (“aparc.stats” files) based
on Desikan—Killiany atlas (Desikan et al. 2006) were
automatically extracted from FreeSurfer. Then, we used a
statistical hierarchical approach that minimizes the prob-
lem of multiple comparisons (Fig. 1): First, normality
distribution of NSS scores and cortical measures was
evaluated with the Kolmogorov—Smirnov test. Second, we
applied an omnibus test over the three study groups. Third,
we tested bivariate differences between the study groups
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(SZ vs. AS, SZ vs. HC, AS vs. HC). In particular, differ-
ences in those NSS subscales and cortical measures that did
not fit to a normal distribution according to Kolmogorov—
Smirnov testing (p < 0.05) were analyzed using the non-
parametric Mann—Whitney U test. NSS subscales and
cortical measures that fitted to a normality distribution
were analyzed using analyses of covariance (ANCOVA)
including the potentially distorting factors age, gender,
years of education and chlorpromazine equivalents. Third,
p values of the identified NSS subscales and cortical
measurements of significant cortical regions were Bonfer-
roni corrected. Further, our behavioral and neuroimaging
data have been analyzed twice, using correlational analysis
(within-group) and multivariate logistic regression (be-
tween-group). First, the association between NSS scores
and significant cortical regions was explored using partial
correlations by treating age, gender, years of education and
chlorpromazine equivalents as potential confounders.
Second, univariate and multivariate logistic regression
analyses were used to further characterize the significant
association between NSS scores and cortical regions from
the between-group analyses.

Results
Clinical Characteristics of Study Participants

Socio-demographic and clinical characteristics of the study
sample are summarized in Table 1. The three groups of
participants were matched according to age, gender,
handedness and years of education. Subjects with AS and
other study subjects were not matched for IQ, because in
autism IQ is not a valid measure of such functioning owing
to the atypical profile of subtest performance (Allen et al.
2004).

Group Difference in NSS Performance (Controlling
for Age, Gender, Years of Education
and Medication)

Schizophrenia vs. AS vs. Healthy Controls

Table 1 shows the prevalence of NSS across the three
groups. First, ANCOVA of the three groups of participants
revealed differences in NSS total score [F (6, 47) = 8.82;
p < 0.001] and on the five NSS subscales MOCO [F (6,
47) = 7.63; p < 0.001], IF [F (6, 47) = 4.81; p = 0.001],
COMT [F (6, 47) =2.8; p = 0.022), RLSPO [F (6,
47)=1.08; p=038) and HS [F (6, 47)=3.2;
p = 0.011). The NSS total score and four NSS subscales
(MOCO, IF, COMT and HS) reached statistical signifi-
cance (p < 0.05). A multiple regression model was used to
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test whether NSS performance is predictive for diagnosis.
The four subscale scores were included in the regression
analysis. The NSS subscales significantly predicted diag-
nosis, F (4, 47) = 4.612, p < 0.003, R?> = 0.3. However,
only the HS subscale score added statistically significantly
to this prediction, p < 0.05.

Schizophrenia vs. AS

In both study groups, NSS total scores and NSS scores on
all five subscales were normally distributed according to
Kolmogorov—Smirnov testing (p < 0.05). The ANCOVA
showed that schizophrenia patients had significantly higher
NSS scores on the subscale MOCO [F (5, 26) = 4.57;
p = 0.004] when compared to individuals with AS. On the
other hand, individuals with AS showed higher NSS total
scores [F (5, 26) = 3.81; p = 0.01] and elevated NSS
scores on the subscales IF [F (5, 26) = 4.93; p = 0.003],
COMT [F (5, 26) =1.4; p=0.25], RLSPO [F (5,
26) = 0.36; p =0.806] and HS [F (5, 26) = 0.6;
p = 0.69]. Two NSS subscales (MOCO and IF) survived
Bonferroni correction (p < 0.0041).

AS vs. Healthy Controls (medication was not included
as a covariable)

In both study groups, NSS total scores and NSS scores on
the subscale MOCO and HS were not normally distributed
according to Kolmogorov—Smirnov testing (p < 0.05). In
both study groups, NSS scores on the subscale IF, COMT
and RLSPO were normally distributed according to Kol-
mogorov—Smirnov testing (p > 0.05). Patients’ total NSS
scores (p = 0.000024) and NSS scores on the subscale
MOCO (p = 0.001) and HS (p = 0.002) were significantly
increased when compared to controls (Mann—Whitney
U non-parametric test). According to ANCOVA, patients’
NSS scores on the subscale IF [F (4, 27) = 4.29;
p = 0.008], COMT [F (4, 27) = 2.98; p = 0.036] and
RLSPO [F (4, 27) = 1.68; p = 0.18] were increased when
compared to controls. NSS total, MOCO and HS scores
survived Bonferroni correction (p < 0.0041).

Schizophrenia vs. Healthy Controls

In both study groups, NSS total scores and NSS scores on
the subscale MOCO and HS were not normally distributed
according to Kolmogorov—Smirnov testing (p < 0.05). In
both study groups, NSS scores on the subscale IF, COMT
and RLSPO were normally distributed according to Kol-
mogorov—Smirnov testing (p > 0.05). Patients’ total NSS
scores (p = 0.002) and NSS scores on the subscale MOCO
(»p =0.003) and HS (p =0.01) were significantly
increased when compared to controls (Mann—Whitney
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Table 1 Descriptive summary of the sociodemographic and clinical variables of all participants (n = 48)

Schizophrenia (n = 16)

Healthy controls (n = 16)

23.68 £ 4.65 23.06 £ 4.2
9 (56 %) 9 (56 %)

7 (44 %) 7 (44 %)

16 (100 %) 16 (100 %)
0 (0 %) 0 (0 %)
12.81 & 1.377 12.88 & 1.147
70 £ 5.0 -

437.43 £ 247.06 0

14.81 £ 8.1 6.13 £ 3.612
6.38 + 4.27 2.50 £ 1.633
2.13 £ 1.62 1.44 £ 1.094
1.56 & 1.71 0.69 + 0.873
1.44 + 1.86 0.75 + 0.931
2.00 £ 1.31 0.75 £ 1.000
22.93 £ 14.63 -

28.37 £ 18.25 -

2275 £ 9.97 -

41.18 £ 15.11 -

Variable Asperger-Syndrome (n = 16)
Mean age, years (s.d.) 23.56 + 4.45
Gender, n
Male 9 (56 %)
Female 7 (44 %)
Handedness, n
Right 16 (100 %)
Left 0 (0 %)
Mean education, years (s.d.) 12.94 + 2.016
Mean duration of illness, months (s.d.) -
Mean antipsychotic dose (CPZ) (s.d.) 0
Mean NSS score (s.d.) 15.06 + 7.05
MOCO 5.75 + 3.56
IF 244 + 1.59
COMT 244 + 1.82
RLSPO 2.00 £ 2.36
HS 244 + 1.54
Mean ADOS? (s.d.) 12.0 £ 2.7
Mean AQ® 34.92 + 6.49
Mean SAPS® (s.d.) -
Mean SANS? (s.d.) 39.76 + 15.11
Mean BPRS® (s.d.) 16.46 + 13.55
Mean SCS' (s.d.) -
Mean GAF*® (s.d.) 69.75 £ 12.23

NSS subscales: MOCO motor coordination, COMT complex motor task, IF integrative function, RLSPO Right/Left and spatial orientation, HS

hard signs
# Autism Diagnostic Observation Schedule
> Autism Quotient

¢ Scale for the assessment of negative symptoms

9 Scale for the assessment of positive symptoms
¢ Brief Psychiatric Rating Scale
f Strauss—Carpenter Scale

& Global Assessment of Functioning

U non-parametric test). According to ANCOVA, patients’
NSS scores on the subscale IF [F (5, 26) = 1.94;
p = 0.122], COMT [F (5, 26) = 2.21; p = 0.083] and
RLSPO [F (5, 26) = 0.75; p = 0.59] were increased when
compared to controls. NSS total and MOCO scores sur-
vived Bonferroni correction (p < 0.0041).

Group Differences in Cortical Measures (ROI-Based
Analysis)

Schizophrenia vs. AS vs. Healthy Controls

First, ANCOVA of the three study groups revealed no
differences in the cortical area. Second, ANCOVA of the
three study groups revealed statistically significant differ-
ences in cortical thickness of the left caudal middle frontal

gyrus [F (6, 47) = 3.186; p < 0.012], the left middle
temporal gyrus [F (6, 47) = 2.730; p < 0.025], the left pars
opercularis [F (6, 47) = 2.444; p < 0.041], the left pre-
central gyrus [F (6, 47) = 3.191; p <0.012], the left
superior frontal gyrus [F (6, 47) = 2.739; p < 0.025], the
left supramarginal gyrus [F (6, 47) = 3.002; p < 0.016],
the banks of the right superior temporal sulcus [F (6,
47) = 6.164; p < 0.001], the right lateral orbitofrontal
gyrus [F (6, 47) = 2.694; p < 0.027], the right paracentral
gyrus [F (6, 47) = 3.478; p < 0.007], and the right pars
triangularis [F (6, 47) = 3.97; p < 0.017], respectively.
Third, ANCOVA of the three groups revealed significant
differences in LGI of the left caudal middle frontal gyrus
[F (6, 47) = 3.245; p < 0.011], the left inferior parietal
lobule [F (6, 47) = 2.441; p < 0.041], the left pericalcarine
gyrus [F (6, 47) = 4.285; p < 0.002], the right inferior
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temporal gyrus [F (6, 47) = 2.691; p < 0.027], the right
precentral gyrus [F (6, 47) = 2.328; p < 0.05], and the
right temporal pole [F (6, 47) = 3.116; p < 0.013],
respectively. There was no significant difference in the
three cortical measurements in the other regions among the
three groups (p < 0.05).

Schizophrenia vs. AS

In comparison to AS individuals, schizophrenia patients
showed reduced cortical thickness in the left caudal middle
frontal gyrus [F (5, 31) = 2.683; p < 0.044], the left
middle temporal gyrus [F (5, 31) = 2.118; p < 0.095], the
left pars opercularis [F (5, 31) = 2.105; p < 0.097], the left
precentral gyrus [F (5, 31) = 5.218; p < 0.002], the left
superior frontal gyrus [F (5, 31) = 1.47; p < 0.234], the
left supramarginal gyrus [F (5, 31) = 1.156; p < 0.357],
the banks of the right superior temporal sulcus [F (5,
31) = 3.077; p < 0.026], and the right pars triangularis [F
(5, 31) = 2.274; p < 0.077], respectively. Schizophrenia
patients showed greater cortical thickness in the right lat-
eral orbitofrontal gyrus [F (5, 31) = 4.457; p < 0.005] and
the right paracentral gyrus [F (5, 31) = 2.323; p < 0.072].
Only two regions (left precentral gyrus and right lateral
orbitofrontal gyrus) survived Bonferroni correction
(p < 0.0041). In comparison to schizophrenia patients, AS
individuals showed reduced cortical gyrification in the left
caudal middle frontal gyrus [F (5, 31) = 3.538;
p < 0.014], the left inferior parietal lobule [F (5,
31) = 1.51; p < 0.221], the left pericalcarine gyrus [F (5,
31) = 4.231; p < 0.006], the right inferior temporal gyrus
[F (5, 31) = 1.925; p < 0.124], and the right temporal pole
[F (5, 31) = 0.232; p < 0.945], respectively. Patients with
schizophrenia showed reduced LGI in the right precentral
gyrus [F (5, 31) = 2.126; p < 0.094] when compared to
individuals with AS. Only one region (left pericalcarine
gyrus) survived Bonferroni correction (p < 0.0041).

AS vs. Healthy Controls

In comparison to healthy controls, AS individuals showed
increased cortical thickness in the left caudal middle frontal
gyrus [F (5, 31) = 3.052; p <0.034], the left middle
temporal gyrus [F (5, 31) = 0.631; p < 0.644], the left pars
opercularis [F (5, 31) = 1.766; p < 0.165], the left pre-
central gyrus [F (5, 31) = 0.862; p < 0.492], the left
superiorfrontal gyrus [F (5, 31) = 3.283; p < 0.026], the
left supramarginal gyrus [F (5, 31) = 0.969; p < 0.44], the
banks of the right superior temporal sulcus [F (5,
31) = 1.757; p < 0.167], the right lateral orbitofrontal
gyrus [F (5, 31) = 0.637; p < 0.641], the right paracentral
gyrus [F (5, 31) = 1.512; p < 0.227], and the right pars
triangularis [F (5, 31) = 1.602; p < 0.202], respectively.

@ Springer

No region survived Bonferroni correction (p < 0.0041). In
comparison to healthy controls, AS individuals showed
reduced cortical gyrification in the left caudal middle
frontal gyrus [F (4, 31) = 1.445; p < 0.247], the left
inferior parietal lobule [F (4, 31) = 1.704; p < 0.178], the
left pericalcarine gyrus [F (4, 31) = 3.1; p < 0.032], the
right inferior temporal gyrus [F (6, 47) = 4.083;
p < 0.010], the right precentral gyrus [F (6, 47) = 1.531;
p < 0.221], and the temporal pole [F (6, 47) = 3.837;
p <0.014]. No region survived Bonferroni correction
(p < 0.0041).

Schizophrenia vs. Healthy Controls

In comparison to healthy controls, schizophrenia patients
showed reduced cortical thickness in the left caudal middle
frontal gyrus [F (5, 32) = 0.746; p < 0.597], the left
middle temporal gyrus [F (5, 32) = 3.417; p < 0.017], the
left pars opercularis [F (5, 32) = 2.663; p < 0.045], the left
precentral gyrus [F (5, 32) = 3.028; p < 0.028], the left
superior frontal gyrus [F (5, 32) = 2.182; p < 0.087], the
left supramarginal gyrus [F (5, 32) = 5.690; p < 0.001],
the banks of the right superior temporal sulcus [F (5, 31) =
6.215; p < 0.001], the right lateral orbitofrontal gyrus [F
(5, 31) = 3.511; p < 0.015], the right paracentral gyrus [F
(5, 31) = 3.230; p < 0.021], and the right pars triangularis
[F (5, 31) = 2.831; p < 0.036], respectively. Only one
region (left supramarginal gyrus) survived Bonferroni
correction (p < 0.0041). In comparison to healthy controls,
schizophrenia patients showed reduced cortical gyrification
in the left caudal middle frontal gyrus [F (5, 31) = 4.982;
p <0.001], the left inferior parietal lobule [F (5,
31) = 4.829; p < 0.002], the left pericalcarine gyrus [F (5,
31) = 3.1; p < 0.081], the right inferior temporal gyrus
[F (5, 31) = 1.666; p < 0.178], the right precentral gyrus
[F (5, 31) = 2.853; p <0.035], and the temporal pole
[F (5, 31) = 2.251; p < 0.079]. Two regions (left caudal
middle frontal gyrus and left inferior parietal lobule) sur-
vived Bonferroni correction (p < 0.0041).

Correlational Analysis (Schizophrenia and AS)

In patients with schizophrenia, there was a significant
correlation between higher MOCO scores and reduced
cortical thickness in the left precentral gyrus (: —0.620;
p = 0.032). IF subscale scores were associated with
reduced cortical thickness in the left precentral gyrus
(r: —0.637; p = 0.026). Significant correlations between
higher COMT subscale scores and reduced cortical thick-
ness in the left precentral gyrus (r: —0.664; p = 0.018) and
reduced LGI values in the right temporal pole (r: —0.610;
p = 0.035) were found. Higher RLSPO scores were asso-
ciated with reduced cortical thickness in the left precentral
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gyrus (r: —0.820; p = 0.001) and reduced LGI values in
the left caudal middle frontal gyrus (r: —0.659; p = 0.02),
the left inferior parietal gyrus (r: —0.812; p = 0.001), the
right precentral gyrus (r: —0.749; p = 0.005) and the
temporal pole (r: —0.613; p = 0.034). No other associa-
tions between NSS levels and cortical regions reached
statistical significance at the chosen threshold (p < 0.05)
(Fig. 2).

In individuals with AS, higher NSS total scores were
associated with increased cortical thickness in the left
caudal middle frontal gyrus (r: 0.654; p = 0.015). Higher
MOCO scores were associated with increased cortical
thickness in the left caudal middle frontal gyrus (r: 0.817,;
p = 0.001) (Fig. 3). COMT scores were associated with
increased cortical thickness in the left caudal middle frontal
gyrus (r: 0.589; p = 0.034) and precentral gyrus (r: 0.588;
p = 0.035) (Fig. 3). No other associations between NSS

Neuroanatomical correlates of NSS in
schizophrenia

Temporal pole (LGIW)

Caudal middle \
frontal gyrus (LGIV) Precentral gyrus (CTW)

Inferior parietal gyrus (LGIV) Temporal pole (CTW)

RLSPO ~ Moco

Fig. 2 Cortical regions based on the Desikan—Killiany Atlas (De-
sikan et al. 2006) showing significant associations between NSS
scores on the subscale RLSPO and MOCO and reduced cortical
thickness and LGI in recent-onset schizophrenia

Neuroanatomical correlates of NSS in
Asperger-Syndrome

-

—

Precentral gyrus (CTA\) Caudal middle frontal gyrus (CTA)

MOCO

COMT

Fig. 3 Cortical regions based on the Desikan—Killiany Atlas (De-
sikan et al. 2006) showing significant associations between NSS
scores on the subscale COMT and MOCO and increased cortical
thickness in individuals with Asperger-Syndrome

levels and cortical regions reached statistical significance at
the chosen threshold (p < 0.05).

Multiple Regression Analysis

According to linear regression analysis, reduced cortical
thickness in the left precentral gyrus and reduced LGI in
the temporal pole had a significant effect on NSS levels on
the subscale MOCO [F (2, 15) =4.249, p < 0.038,
R* = 0.629] in schizophrenia (Fig. 2). Furthermore,
reduced cortical thickness in the left precentral gyrus and
reduced LGI values in the left caudal middle frontal gyrus,
the left inferior parietal lobule, the right precentral gyrus
and the temporal pole had a significant effect on NSS levels
on the RLSPO subscale [F (2, 15) = 4.249, p < 0.0001,
R* = 0.936] in schizophrenia (Fig. 2). In individuals with
AS, increased cortical thickness in the left caudal middle
frontal gyrus had no statistically significant effect on NSS
total scores [F (1, 15) = 0.198, p < 0.663, R? = 0.118]
and NSS levels on the subscale MOCO [F (1, 15) = 0.218,
p < 0.647, R? = 0.124]. In individuals with AS, increased
cortical thickness in the left precentral gyrus had no sig-
nificant effect on NSS levels on the subscale COMT [F (1,
15) = 3.456, p < 0.084, R* = 0.445]. In addition, multiple
regression analysis was used to investigate the effects of
NSS performance (MOCO and RLSPO) and cortical
regions (reduced cortical thickness in the left precentral
gyrus and reduced LGI in the left caudal middle frontal
gyrus, the left inferior parietal lobule, the right precentral
gyrus and the temporal pole) predicting the patient group
(SZ and AS). All variables significantly predicted the
patient group, F' (7, 31) = 4.336, p < 0.003, R> = 0.748.
However, only cortical thickness in the left caudal middle
frontal gyrus added statistically significantly to the pre-
diction (p < 0.05).

Furthermore, the effects of diagnosis and structural
morphology in cortical regions on predicting the NSS
performance were assessed using multiple regression
analysis in all subjects. A multiple regression analysis was
run to predict NSS total score and NSS scores on all sub-
scales from diagnosis and cortical morphology (thickness
and LGI) in 16 significant cortical regions. However, we
only found one statistically significant relationship: Corti-
cal thickness in the left supramarginal gyrus and the
diagnosis predicted the NSS total score F (17, 47) = 2.218,
p < 0.027, R* = 0.746. Both variables significantly added
to the prediction (nominal p < 0.05). In addition, multiple
regression analysis was used to investigate the effects of
NSS performance (MOCO and IF) and cortical regions (16
areas) predicting the diagnosis. All variables significantly
predicted the diagnosis, F' (11, 47) = 3.307, p < 0.003,
R? = 0.709. However, only cortical thickness in the left
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caudal middle frontal gyrus added statistically significantly
to the prediction (p < 0.05).

Discussion

This study aimed at investigating the neuroanatomical
correlates of NSS in recent-onset schizophrenia and AS
using high-resolution MRI at 3 T. Three main findings
emerged: Schizophrenia patients showed reduced cortical
thickness and LGI in fronto-temporo-parietal regions.
These atrophic patterns contributed significantly to higher
NSS scores in schizophrenia. Although AS individuals
showed reduced LGI in fronto-temporal areas, these
atrophic patterns were not associated with NSS perfor-
mance. Higher NSS in AS individuals were associated with
increased cortical thickness in fronto-temporal regions.

Cortical Thickness and Area

As predicted, we found reduced cortical thickness in fronto-
temporo-parietal regions (left caudal middle frontal gyrus,
left supramarginal gyrus and left inferior parietal lobule) in
schizophrenia patients. These findings provide further evi-
dence for widespread cortical thinning in the early stages of
schizophrenia (Rimol et al. 2010; Schultz et al. 2010a, b).
Further, they corroborate previous sMRI studies, which
suggested that changes in cortical morphology may repre-
sent a characteristic brain phenotype in schizophrenia
(Rimol et al. 2010; Schultz et al. 2010a, b). Another
important finding of the current study is that AS subjects
showed increased cortical thickness in fronto-temporal
regions when compared to healthy controls. These findings
are in line with previous structural studies on autism that
reported age-related grey matter volume increase in frontal
lobe (DeRamus and Kana 2015). This finding is remark-
able, because individuals with autism exhibit morphologi-
cal changes of frontal regions responsible for visuo-spatial
working memory and sustained attention, cognitive func-
tions that are involved in motor sequencing and imitation
(Teixeira et al. 2014). Furthermore, temporal regions are
commonly regarded as core regions for the “mirror neuron
system” (Gallese et al. 2004). Correspondingly, previous
sMRI studies in autism showed structural alterations in
language-related areas located mainly in the temporal lobe
(DeRamus and Kana 2015; Goch et al. 2014). Corre-
spondingly, our results are in line with previous sMRI
studies that showed an increased cortical thickness in
individuals with autism (Hardan et al. 2006; Raznahan et al.
2010; Wallace et al. 2013). However, caution is needed
when comparing previous investigations with the present
study. While the majority of previous sMRI studies on
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schizophrenia and autism found statistically significant
differences in cortical area between both disorders and
healthy controls (Rimol et al. 2012), we did not find any
differences in cortical area among the three study groups.
Since cortical area might counteract the cortical thinning in
neurodevelopmental disorders (Rimol et al. 2012), mor-
phological differences between the three study groups
might be exclusively driven by changes of cortical thick-
ness rather than cortical area (Rimol et al. 2012). Never-
theless, other variables may also account for the divergence
between our results and findings from other studies: First,
previous sMRI studies investigated larger number of sub-
jects. This may increase power yet at the same time it may
also increase the likelihood of trivial effects (Friston 2012).
Second, in contrast and unlike in our study, previous sMRI
studies included subsets of schizophrenia patients with
different duration of illness and autistic individuals with
different years of age and education (Zielinski et al. 2014).
In the present study, all subjects were diagnosed with AS
and had normal intelligence. Therefore, our autistic sample
represents a clinically homogenous group with a high level
of functionality requiring only basic support from others
(Freitag 2014). Third, the comparison of our results with
previous data is limited given that no other sMRI study
simultaneously investigated cortical area in schizophrenia
patients and AS individuals. From a methodological point
of view, the majority of previous studies used voxel-based
morphometry (VBM) to study differences in brain structure
between schizophrenia and autism (Cheung et al. 2010).
However, VBM alone may not capture the full spectrum of
subtle morphological changes of the grey matter volume as
defined by cortical thickness and area in both disorders
(Palaniyappan and Liddle 2012b). Also, there is a little
evidence that grey matter volume differences are more
likely driven by cortical thickness changes rather than
cortical area dysmaturation (Raznahan et al. 2010). In our
study, individuals with AS exhibited brain regions with
increased cortical thickness when compared to healthy
individuals. Although these results did not survived Bon-
ferroni correction for multiple comparisons, they are in line
with previous sMRI studies that showed increased cortical
thickness in individuals with autism (Hardan et al. 2006;
Raznahan et al. 2010; Wallace et al. 2013). However, other
sMRI studies showed decreased cortical thickness in autism
when compared to healthy individuals (Chung et al. 2005;
Hadjikhani et al. 2006). Since the interindividual differ-
ences in cortical thickness might also be related to age,
intelligence (Shaw et al. 2006) and genetic factors (Shaw
et al. 2007), MRI studies on individuals with schizophrenia
and autism might be confounded by various disorder-
specific factors which we are not yet aware of.

The main issue of this study was the comparison of
schizophrenia patients and AS individuals with regard to
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neuroanatomical correlates of NSS. In the present study,
NSS levels in schizophrenia were associated with reduced
cortical thickness mainly in the precentral gyrus. There-
fore, the present data provide further evidence for cortical
patterns underlying NSS in schizophrenia and are in line
with the theory of motor-dysfunction within the
schizophrenia-spectrum (Hirjak et al. 2014c; Wheeler and
Voineskos 2014; Zhao et al. 2014). On the other hand, AS
individuals with higher NSS levels showed statistically
significant associations between NSS levels and increased
cortical thickness. This finding suggests that changes of
cortical thickness might play an important role in the
development of NSS in AS individuals. In particular, it is
possible that this finding reflects compensatory mechanism
to maintain proper sensorimotor and language functions,
perhaps due to reduced grey matter volume in fronto-
temporal regions as suggested by previous sMRI studies
(DeRamus and Kana 2015). At present, however, the
neural substrates underlying NSS in individuals with AS
are still poorly defined.

Local Gyrification Index

The findings of reduced LGI in the left caudal middle
frontal gyrus, the left inferior parietal lobule, the left per-
icalcarine gyrus, the right precentral gyrus and the right
temporal lobe are not surprising given the wealth of neu-
roimaging studies on reduced gyrification in schizophrenia
(Nanda et al. 2014; Nesvag et al. 2014). Although our
findings are in good accordance with previous sMRI
studies (Nanda et al. 2014; Nesvag et al. 2014) that used
the same analysis method, only two regions reached sta-
tistical significance. Therefore it is noteworthy that distinct
variables such as sample size, demographics and psycho-
metric heterogeneity may account for this divergence.
Furthermore, we confirm that individuals with AS have a
decreased LGI in the left caudal middle frontal gyrus and
the right inferior temporal gyrus when compared to healthy
individuals, in line with the theory of brain gyrification
decrease during typical development and recent sMRI
study using LGI measure in autism (Schaer et al. 2013).
Furthermore, a review of existing evidence indicates that
significant decrease of gyrification is detectable with
increasing age (Raznahan et al. 2010). Here, LGI decrease
in AS did not survive Bonferroni correction for multiple
comparisons. To a certain extent, these findings are in line
with previous sMRI studies, which did not report signifi-
cant LGI differences in autism compared to healthy indi-
viduals (Casanova et al. 2009; Kates et al. 2009).
Nevertheless, comparisons with previous studies should be
treated with caution considering different LGI calculation
methods and population differences (children or adoles-
cents vs. adults).

Next, we examined association between NSS perfor-
mance and LGI in both diagnostic groups. The analysis of
cortical folding might provide complementary information
regarding the exact nature of potential cortical changes in
subjects with higher NSS levels, which have been suggested
by previous NSS studies (Hirjak et al. 2014b, c¢). However,
there is a paucity of evidence regarding the exact pattern
and degree of cortical folding underlying NSS in
schizophrenia and AS (Hirjak et al. 2014a). In the present
study, higher NSS scores on the subscales COMT and
RLSPO were significantly associated with reduced LGI in
the left caudal middle frontal gyrus, left the inferior parietal
lobule, the right precentral gyrus and the temporal pole in
schizophrenia patients. These findings corroborate previous
sMRI studies that supported the hypothesis that morpho-
logical changes in fronto-temporo-parietal regions might
account for the development of sensorimotor NSS (Heuser
et al. 2011; Hirjak et al. 2015a; Thomann et al. 2009). Our
data are in line with functions of frontal brain areas that are
involved not only in motor functions and sensory infor-
mation processing but also in executive functioning and
attention. Furthermore, these associations fit with previous
postulations that reduced LGI in schizophrenia reflects the
early-disrupted cortical growth and might represent a useful
cytoarchitectural measure to assess microstructural patterns
underlying early sensory-motor abnormalities and vulner-
ability to schizophrenia (Haukvik et al. 2012; Nesvag et al.
2014; Rimol et al. 2010). Also, our findings of significant
associations between reduced LGI and NSS performance
are partly consistent with previous studies which investi-
gated cortical gyrification in psychotic disorders such as
schizophrenia (Hirjak et al. 2015a; Nanda et al. 2014;
Nesvag et al. 2014; Palaniyappan and Liddle 2012a). Taken
together, the requirements of the COMT and RLSPO sub-
scales correspond with reduced LGI of fronto-temporo-
parietal cerebral sites found to be associated with them.

In AS individuals, we found no statistically significant
relationship between higher NSS scores and reduced LGI.
These findings are somehow surprising. Although there
was a widespread reduction of LGI in AS individuals, these
atrophic patterns account not for higher NSS scores. This
suggests that reduced LGI is a result of early neurodevel-
opmental process associated with the diagnosis of autism
rather than a specific pathomechanism of NSS in AS.

In summary, it appears plausible that not just one but a
number of cortical parameters can enhance our under-
standing of the neurobiological underpinnings of NSS in
neurodevelopmental disorders such as schizophrenia and
AS. While higher NSS levels in schizophrenia were asso-
ciated with reduced cortical thickness and LGI, AS indi-
viduals with higher NSS showed cortical thickening in
fronto-temporal areas. With regard to the relationship
between NSS performance and cortical thickness changes,
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the association directionality substantially differed between
schizophrenia and AS. Reasons for opposed associations
might point towards disorder-specific neural mechanisms
underlying NSS. In conjunction, the present results indicate
that N'SS in patients with schizophrenia and AS individuals
could be related to different brain phenotypes reflecting
different neurodevelopmental pathways. This dimensional
approach might provide substantial information on a
“motor phenotype” within schizophrenia and AS in terms
of behaviour and brain structure (Hirjak et al. 2015b). Last
but not least, the results of the present study provide pre-
liminary evidence that the combination of behavioral data
and cortical measurements might be useful to predict the
diagnosis of schizophrenia and AS. Since motor symptoms
and signs are present in a number of neuropsychiatric
disorders, we strongly advocate larger multimodal neu-
roimaging studies across psychiatric diagnoses combining
dimensions of behavior and neurobiology in order to
identify novel and biologically reliable phenotypes in
psychiatry (Hirjak et al. 2015b).

Strengths and Limitations

This study has both strengths and limitations. A major
strength involves the perfect match for age, gender, hand-
edness and years of education. However, it was not pos-
sible to match the three study groups for 1Q. For these
reasons, we can reasonably conclude that possible differ-
ences in IQ might have affected our results. Another
strength of this study is the use of comprehensive set of
cortical surface parameters in schizophrenia patients and
AS individuals exhibiting NSS. Finally, our findings are
bolstered by the rigorous correction for multiple compar-
isons. Despite the study’s strengths certain limitations may
constrain the generalizability of our results: First, the cross-
sectional design may be seen as a limitation of our study.
Second, the size of our three study groups may be seen as a
further limitation and implies that the findings cannot be
generalized to all subjects suffering from neurodevelop-
mental disorders. Third, it is difficult to compare our
findings with those presented by recent neuroimaging
studies on NSS because of the use of different data analysis
techniques (voxel-based morphometry vs. surface-based
methods) and missing autistic cohort. In this respect, we
strongly advocate studies, both in healthy individuals and
populations with high-functioning autism.

Conclusion
Structural MRI acquisition and data analysis methods with

fine-grained clinical examination can result in a compre-
hensive characterization of structural brain changes that are
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presumed to underlie NSS in schizophrenia and AS. Our
results support the hypothesis that schizophrenia patients
and individuals with AS share disorder-specific structural
substrates underlying NSS. The combination of behavioral
data with markers of cortical integrity might be useful to
predict the diagnosis of schizophrenia and AS. With
respect to NSS, this approach could be also helpful in
delineating distinct “motor endophenotypes”, thus
increasing precision and reliability in diagnosing neu-
rodevelopmental disorders.
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