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a b s t r a c t
Schizophrenia is modelled as a neurodevelopmental disease with high heritability. However, established markers
like cortical thickness and grey matter volume are heavily inﬂuenced by post-onset changes and thus provide
limited possibility of accessing early pathologies. Gyriﬁcation on the other side is assumed to be more speciﬁcally
determined by genetic and early developmental factors. Here, we compare T1 weighted 3 Tesla MRI scans of 51
schizophrenia patients and 102 healthy controls (matched for age and gender) using a uniﬁed processing pipeline with the CAT12 toolbox. Our study provides a direct comparison between 3D gyriﬁcation, cortical thickness,
and grey matter volume. We demonstrate that signiﬁcant (p b 0.05, FWE corrected) results only partially overlap
between modalities. Gyriﬁcation is altered in bilateral insula, temporal pole and left orbitofrontal cortex, while
cortical thickness is additionally reduced in the prefrontal cortex, precuneus, and occipital cortex. Grey matter
volume (VBM) was reduced in bilateral medial temporal lobes including the amygdala as well as medial and dorsolateral prefrontal cortices and cerebellum. Our results lend further support for altered gyriﬁcation as a marker
of early neurodevelopmental disturbance in schizophrenia and show its relation to other morphological markers.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Schizophrenia is a severe, complex disorder that, in large parts, can
be attributed to disrupted neurodevelopment (de Haan and Bakker
2004; Rapoport et al. 2012). These early alterations might arise from
both genetic and/or early environmental factors and are thought to result in the complex pattern of symptoms and cognitive deﬁcits manifesting with disease onset.
Brain structural changes in schizophrenia have been shown in a
large number of imaging studies, focusing on the anatomical distribution pattern, which includes prefrontal, insular and temporal cortices
(Chan et al. 2011; Gupta et al. 2015). Most of these studies have used
voxel-based morphometry (VBM) analysis of brain structure, which focuses on volume/density differences, and is susceptible to effects of disease stage/chronicity of illness (Chan et al. 2011; Shah et al. 2016) and
antipsychotic treatment (Torres et al. 2013). Similarly, cortical thickness, a surface-based measure, has been shown to be reduced in schizophrenia in prefrontal and temporal cortical areas (Besteher et al. 2016;
Goldman et al. 2009; Kubota et al. 2011; Nesvag et al. 2008), yet effects
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are also modulated by illness duration and antipsychotic treatment (van
Haren et al. 2011).
Gyriﬁcation analysis offers a novel approach to analysing brain
structure in schizophrenia, since it targets morphometric properties,
which are not captured by VBM or cortical thickness analyses. The development of this technique is based on the gyriﬁcation index (GI). Initially developed in 2D post-mortem data, the GI describes the ratio of
inner vs. outer cortical contours (Armstrong et al. 1995; Zilles et al.
1988). GI shows rapid increase during early stages of brain development
and a subsequent plateau after childhood (Zilles et al. 1988; Zilles et al.
2013). Hence, altered gyriﬁcation index in adults points to early developmental alterations.
Genetic factors substantially inﬂuence the process of cortical folding
and formation of gyri and sulci during early brain development in utero
and the ﬁrst years of life (Docherty et al. 2015; Rakic 2009; Zilles et al.
2013), but early environmental effects might add to alterations of
gyriﬁcation (Haukvik et al. 2012).
Following the initial demonstration of altered GI in schizophrenia
(McIntosh et al. 2009; Vogeley et al. 2000), surface-based morphometric methods have been developed to study regional gyriﬁcation from
MRIs scans in 3D (Luders et al. 2006; Schaer et al. 2008). Subsequently,
studies in schizophrenia have shown changes of gyriﬁcation (both increases and decreases relative to healthy controls) in prefrontal, insular,
and temporal cortices as well as occipital areas (Mancini-Marie et al.
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2015; Nanda et al. 2014; Nenadic et al. 2015a; Nesvag et al. 2014;
Palaniyappan and Liddle 2012; Zuliani et al., 2018). These abnormalities
might relate to outcome patterns (Palaniyappan et al. 2016) as well as
polygenic risk for schizophrenia in healthy subjects (Liu et al. 2017).
While heterogeneity across patient studies might be attributable to different methodologies for measuring gyriﬁcation, they overall indicate
both the genetic impact on gyriﬁcation as well as a relation to clinical
parameters.
In the present study, we used a surface-based morphometric analysis of gyriﬁcation based on the absolute mean curvature approach
(Luders et al. 2006) to test the hypotheses that schizophrenia is associated with prefrontal and temporal changes in gyriﬁcation, and that
these changes only partially overlap with the more commonly used
morphometric parameters analysed with VBM or cortical thickness
analysis, thus reﬂecting different aspects of brain morphology.

patients, including n = 5 on clozapine; combination therapy with two
antipsychotics in n = 17 subjects (n = 9 with two atypical substances,
n = 8 with typical and atypical antipsychotics), and one patient was on
a combination of clozapin and two other atypicals. 7 subjects did not receive antipsychotic medication.
Healthy controls underwent careful screening for potential
exclusion criteria, which were: current or previous psychiatric disorder
(including substance abuse/dependence) or current or previous psychiatric or psychotherapeutic treatment. None of the healthy controls had a
ﬁrst-degree relative with psychotic or affective disorders.
General exclusion criteria were: traumatic brain injury or neurological CNS conditions, major untreated general medical conditions (e.g.
uncontrolled hypertension or diabetes) and contra-indications to MR
imaging.
2.2. Magnetic resonance image (MRI) acquisition

2. Methods
2.1. Subjects
We included in this study 51 schizophrenia patients (Sz) and 102
age- and sex-matched healthy controls (HC). All subjects provided written informed consent to a study protocol approved by the local Ethics
Committee of the Friedrich Schiller University Medical School and in
concordance with the Declaration of Helsinki of 1975, as revised in
2008.
Demographic and clinical data are summarized in Table 1. Subjects did not differ in their distribution of gender (SZ: 17 females,
34 males; HC: 33 females, 69 males; Chi-square test: 0.015, p =
0.903) or age (HC mean: 33.15 yrs., SD ± 9.6 yrs.; CI 95%:
31.27–35.03; SZ mean: 35.18 yrs., SD ± 10.88 yrs.; CI 95%:
32.13–38.24; ANOVA F = 1.405, p = 0.238). Also, samples did not
differ signiﬁcantly in handedness (using the Edinburgh Handedness
Inventory (Edlin et al. 2015; Oldﬁeld 1971), laterality quotient for Sz:
mean: 58.80 (CI 95%: 44.27–73.32), HC mean: 69.99 (CI 95%:
63.05–76.94), ANOVA, F = 2.477 p = 0.118), or in estimated IQ
(mean SZ = 105,29 (CI 95%: 101.38–109.21), mean HC = 106.57
(CI 95%: 104.30–108.84), ANOVA, F = 0.360, p = 0.550. Smaller
parts of the sample have been used previously for previous morphometric analyses with other approaches (Nenadic et al. 2015a;
Nenadic et al. 2015b).
A board-certiﬁed psychiatrist diagnosed Schizophrenia in accordance with DSM IV criteria. Post-hoc evaluation of records also conﬁrmed that patients met DSM-5 diagnosis of schizophrenia.
In patients, the average duration of illness was 8.8 years with an average age of onset of 25.1 years. We used SANS, SAPS, and BPRS to assess
psychopathology in Sz patients, showing average scores of 42.45 for
SANS (SD:15.30 Range: 7–74), 19.38 for SAPS (SD 11.75; Range: 4–42)
and 38.00 for BPRS (SD 7.58; Range: 22–54).
At the time of study, 43 patients received antipsychotic medication
(monotherapy with a second-generation antipsychotic in n = 25
Table 1
Demographic and clinical data of both groups (SD = standard deviation; Handedness
measured using the Edinburgh handedness inventory, IQ estimated using the MWT-B).
Schizophrenia

Healthy controls

n

51

102

Sex distribution (female/male)
Age mean (SD)
Age range
Handedness mean (SD)
IQ mean (SD)
Duration of illness
SANS mean (SD)
SAPS mean (SD)
BPRS mean (SD)

17/34
35.18 (10.88)
21.38–64.85
58.80 (51.64)
105.29 (13.93)
8.8 yrs
42.45 (15.30)
19.38 (11.75)
38.00 (7.58)

33/69
33.15 (9.6)
21.06–60.30
69.99 (35.37)
106.57 (11.56)
n/a
n/a
n/a
n/a

We acquired T1-weighted magnetic resonance imaging scans
(5:21 min MPRAGE-sequence, TR 2300 ms, TE 3.03 ms, ﬂip angle 9°,
192 contiguous sagittal slices with an in-plane ﬁeld of view of
256 mm and a voxel resolution of 1 cubic mm, quadrature head coil)
of all 151 subjects using a 3 Tesla Siemens Tim Trio scanner (SIEMENS,
Erlangen, Germany).
2.3. Pre-processing
All images were processed and analysed using the CAT12 toolbox (C.
Gaser, Structural Brain Mapping Group, Jena University Hospital, Jena,
Germany; http://dbm.neuro.uni-jena.de/cat/) implemented in SPM12
(Wellcome Trust Centre for Neuroimaging; http://www.ﬁl.ion.ucl.ac.
uk/spm/software/spm12/). CAT12 served as the platform for all the
analyses, as it offers processing pipelines for both voxel-based morphometry as well as surface-based morphometry (incl. cortical thickness and gyriﬁcation), allowing us to perform all analysis with this
software package.
For processing- and analysis-steps, pre-set parameters in accordance
with standard protocol (http://www.neuro.uni-jena.de/cat12/CAT12Manual.pdf) were used, applying default settings unless indicated
otherwise.
Processing also included a two-step quality assurance: ﬁrst, all images were visually inspected for artefacts (prior to pre-processing); secondly, all underwent a statistical quality control for inter-subject
homogeneity and overall image quality as included in the CAT12 toolbox (“check homogeneity” function) after segmentation. This second
step again included a visual inspection procedure for potential newly introduced artefacts.
2.4. Gyriﬁcation analysis
We calculated local (vertex-wise) gyriﬁcation index (GI) maps
based on the absolute mean curvature approach (Luders et al. 2006). Extraction of the cortical surface (using CAT12 routines) resulted in the
construction of a mesh of the central surface (Dahnke et al., 2012), i.e.
the surface between the grey matter/CSF border and the grey matter/
white matter boundary. We then calculated the local absolute mean
curvature of this central surface by averaging the mean curvature values
from each vertex point within 3 mm from a given point. In a second
step, we applied 15 mm full-width at half maximum (FWHM) smoothing to the GI maps. This method has been applied in previous studies,
also with other processing pipelines for cortical surface extraction
(Luders et al. 2012; Nenadic et al. 2015a) of our group.
2.5. Cortical thickness analysis
We analysed cortical thickness based on the same algorithm for extraction of the cortical surface implemented in CAT12, as given above for
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GI analyses. Here, the central surface as well as cortical thickness are estimated in one step using a projection-based distance measure (Dahnke
et al. 2013). The vertex-wise cortical thickness measures were resampled and smoothed using a 15 mm FWHM Gaussian kernel.

2.6. Voxel-based morphometry (VBM)
We applied spatial normalisation and segmentation into three voxel
classes: grey matter (GM), white matter (WM) and cerebrospinal ﬂuid
(CSF) using a segmentation approach based on adaptive maximum a
posterior segmentation and partial volume segmentation. We also determined total intracranial volume (TIV) for all scans. Using modulated
normalized GM maps, we tested the hypothesis of regional grey matter
volume (GMV) differences. The extracted GM maps were smoothed
using an 8 mm FWHM kernel and used for further analysis. We applied
a 0.1 absolute masking threshold to the VBM data.

2.7. Statistical analysis
We performed statistical analyses in the CAT12/SPM12 statistical
module applying general linear models for each of the three morphometric methods (left and right hemisphere for each of the two
surface-based methods, i.e. gyriﬁcation and cortical thickness, and
whole brain GM analysis for VBM).
Using age and sex as covariates (and for VBM analyses additionally also total intracranial volume, TIV), we tested group differences
(increases and decreases of local gyriﬁcation in patients, as well as
decreases of cortical thickness and decrease of GMV in VBM), applying thresholds of p b 0.05 with FWE correction for multiple comparisons. In addition, we transformed all resulting statistical maps to
maps of Cohen's d as a measure of effect size using the conversion
tool in CAT12.

3. Results
3.1. Gyriﬁcation
We found increased gyriﬁcation in the Sz group in the bilateral
insula region, frontal pole and temporal pole. Results are shown in
Fig. 1. There were no signiﬁcant areas of lower gyriﬁcation in Sz compared to healthy controls.
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3.2. Cortical thickness
Cortical thickness was signiﬁcantly reduced (p b 0.05 FWEcorrected) in Sz patients in large regions of the medial and orbitofrontal
cortices (bilaterally), bilateral dorsolateral and ventrolateral prefrontal
cortices, as well as bilateral changes in insular cortices, lateral temporal
and inferior occipital cortices, and precuneus. Reduction was particularly apparent in the insula region as well as the temporal pole and
the inferior frontal gyrus pars orbitalis.
The Sz group showed higher cortical thickness in precentral and
postcentral gyri. Results are summarized in Fig. 2.
3.3. Voxel-based morphometry (VBM)
VBM analysis of the dataset yielded a number of signiﬁcant clusters
(p b 0.05, FWE-corrected) of grey matter reduction in Sz. This included
clusters in the medial temporal lobe (bilateral, incl. amygdala and hippocampus), medial prefrontal cortex and anterior cingulate cortex (bilateral), right orbitofrontal cortex, insula (bilateral), and cerebellum
(right N left).
The local maxima of these clusters were in the right cerebellum (20;
−62; −64), clusters including both entorhinal areas and the amygdalae
(27 0 −20 and −24 −2 −18), the right posterior insula (38 −6 −2),
the right inferior temporal gyrus (57 −63 −15) and the right inferior
occipital gyrus (44 −78 −12). Results are summarised in Fig. 3.
Maps for Cohen's d effects sizes for all results are given in Fig. 4.
4. Discussion
This study provides further evidence of altered gyriﬁcation in prefrontal and temporal areas in schizophrenia and demonstrates that
these alterations only partially overlap with measures of cortical volume or thickness. Gyriﬁcation has been proposed as a novel morphometric marker indicating early neurodevelopmental pathology more
speciﬁcally than previously used methods (Nenadic et al. 2015a;
Palaniyappan and Liddle 2012). Our study is the ﬁrst to directly compare
in the same cohort the effects of schizophrenia on gyriﬁcation vs. two
other commonly used morphometric parameters.
The most prominent hypergyria in our study sample was observed
in the insula and the temporal pole. Cortical thickness and GM were altered in the insula, temporal as well as occipital cortex. In addition,
thickness was reduced in the frontal pole and inferior prefrontal cortex.
For GMV, we additionally report reductions in the cerebellum.

Fig. 1. Gyriﬁcation analysis: Comparison of schizophrenia patients vs. healthy controls (p b 0.05, FWE corrected). Corrected for age and sex. Results are projected on a central surface. Areas
of increased gyriﬁcation (green to red scale) in the patient group are highlighted. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
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Fig. 2. Cortical thickness analysis: Comparison of schizophrenia patients vs. healthy controls (p b 0.05, FWE corrected). Corrected for age and sex. Results are projected on a central surface.
Reductions (2a) and increases (2b) in the patient group relative to healthy controls are highlighted with signiﬁcance-levels visualized on a green to red scale. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

The frontopolar cluster of hypergyria coincides with earlier ﬁndings
in ﬁrst episode schizophrenia (Sasabayashi et al. 2017a), chronic patients (Palaniyappan et al. 2011) as well as ultra-high-risk cohorts
(Lavoie et al. 2014), suggesting prefrontal hypergyria as a potential vulnerability marker of schizophrenia. Prefrontal hypergyriﬁcation (compared to non-clinical healthy subjects) was also found in a recent
study of both schizophrenia and ﬁrst-episode non-affective psychosis
(Zuliani et al., 2018), lending further support to the relative consistency
of frontal lobe gyriﬁcation ﬁndings. Also, prefrontal hypergyria has been
linked to cognitive function in schizophrenia, suggesting an impact in
clinically relevant cognitive impairment (Sasabayashi et al. 2017a).
Even stronger and spatially larger extends of hypergyriﬁcation were
found in the anterior lobe and the insular cortex. These areas are of particular interest, given recent ﬁndings in psychosis and cognitive functions, respectively. A recent connectomics study of gyriﬁcation has
shown changes in gyriﬁcation in ﬁrst episode psychosis in the left
insular and cingulate cortex with relevance to clinical outcomes
(Palaniyappan et al. 2016). While this study included psychoses other
than schizophrenia, it expands on previous studies on a clinically
more homogeneous schizophrenia group (Palaniyappan et al. 2015)
comparable to our sample. Both prefrontal as well as insular gyriﬁcation
have been linked to general cognitive ability (Gregory et al. 2016). So

far, it is unclear how speciﬁc insular gyriﬁcation might be to psychoses
or schizophrenia in general. Volume changes in the insula, as studied
with conventional VBM, have shown considerable overlap across multiple psychiatric disorders (Goodkind et al. 2015), arguing against
disease-speciﬁcity.
The most signiﬁcant differences in gyriﬁcation in our sample were,
however, in the anterior medial temporal lobes. While increased temporal lobe gyriﬁcation was prominent in earlier ﬁndings with older
techniques, it has subsequently been reported in more recent studies,
although the direction and precise localisation of temporal lobe
gyriﬁcation ﬁndings has been inconsistent. When measured as 3D parameter, hypergyriﬁcation was reported in high risk individuals
(Sasabayashi et al. 2017b) but hypogyriﬁcation was found in a chronic
sample (Mancini-Marie et al. 2015). A more recent study correlating a
polygenic risk score for schizophrenia with gyriﬁcation in healthy subjects found no signiﬁcant correlations in the temporal lobe but parietal
cortices (Liu et al. 2017). Our comparison with this recent literature,
however, needs to take into account some limitations. The reported inconsistencies might in part be explained by differences in methods to
determine gyriﬁcation. While our study employs the absolute mean
curvature approach (Luders et al. 2006), which has been applied in a
range of applications (Besteher et al. 2017; Gaser et al. 2006; Luders
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Fig. 3. Voxel-based-morphometry analysis: Comparison of schizophrenia patients vs. healthy controls (p b 0.05, FWE corrected). Results are corrected for age, sex and TIV and projected on
an average brain image in axial slices. A blue to red scale indicates signiﬁcance. Bottom: Sagittal view indicating height of axial slices. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

et al. 2012; Nenadic et al. 2015a), other studies have employed different
approaches (Schaer et al. 2008) and might thus not be completely comparable: In contrast to the local gyriﬁcation index (lGI) developed by
Schaer et al., the absolute mean curvature approach used in this study
is only dependent on the size of the Gaussian smoothing ﬁlter, while
the lGI additionally depends on the radius of a sphere that is used to estimate the underlying surface area. This radius is inﬂuencing the estimated gyriﬁcation values. Additionally, absolute mean curvature
derived gyriﬁcation strongly (r N 0.9) correlates to direct measures of
surface area on a global as well as on a local level (Luders et al. 2006).
Comparison to our VBM and cortical thickness analyses, which are
rather consistent with the recent literature (Gupta et al. 2015) (although there are some discrepancies with older meta-analyses with
regards to localisation of volume reductions, e.g. anterior vs. posterior
insula (Bora et al. 2012; Glahn et al. 2008), indicate that only a limited
subset of areas showing volumetric deﬁcits in schizophrenia also
shows evidence of aberrant gyriﬁcation. Given that the interpretation
of gyriﬁcation rests on early developmental disturbance (Zilles et al.
2013), this can be interpreted as a smaller subset of brain areas showing
early developmental delay, while volumetric changes might emerge at
later stages such as the prodrome or disease onset.
Our ﬁndings stress two main aspects. First, disturbed prefrontal
gyriﬁcation in schizophrenia emerges as a recurrent ﬁnding, while
changes in temporal lobes and insula are less consistent. Second, the direction of changes varies, especially for temporal lobe ﬁndings,

including both increased as well as decreased gyriﬁcation. However, unlike volume ﬁndings, where loss of volume or cortical thickness might
indicate structural deﬁcits, early developmental alterations might result
in both hyper- and hypogyria.
The origin of our ﬁndings might include both genetic and very early
developmental factors. Gyral folding has been shown to be genetically
inﬂuenced in twin studies (Bartley et al. 1997) and a recent study in
twins found that 85% of variance in 3D GI was explained by genetic
association (Docherty et al. 2015). A link between cytoarchitecture
and disturbed macroscopic gyriﬁcation is found in maldistributed interstitial white matter neurons (IWMN) (Akbarian et al. 1996). Abnormal
IWMN in schizophrenia patients persist in deeper WM layers when
compared to controls as remains of the cortical subplate formed during
neurodevelopment. This might explain changes in GI as a result of abnormal neuronal tension (Van Essen 1997) and thus link macroscopic
changes to a plausible developmental way of action.
The interpretation of our gyriﬁcation ﬁndings, however, needs to
consider some important constraints. While some patterns of changed
gyriﬁcation, like prefrontal hypergyriﬁcation (Sasabayashi et al. 2017a;
Zuliani et al., 2018), repeatedly emerge, there are still incongruities
across studies and different approaches of GI measurement. Difference
in methods, epidemiological sample parameters like sex, medication
and chronicity of illness, or features based on the measured property itself (Ronan et al. 2012) might account for divergent results. While our
study aimed to correct for differences due to cognitive ability by
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Fig. 4. Maps of effect sizes (Cohens d) of a) increases in gyriﬁcation b) decreases in cortical thickness and c) decreases in grey matter volume in schizophrenia patients compared to healthy
controls.
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matching the samples for IQ, other measures that inﬂuence cortical
thickness, grey matter volume and possibly gyriﬁcation as years of education are not corrected and might affect the outcome. Direct comparison of gyriﬁcation with VBM/cortical thickness also needs to consider
that differences in effect sizes might obscure additional ﬁndings when
using conservative thresholds with FWE correction. Also, medication
might differentially affect the different measures; while studied for
volume-related measures, (Torres et al. 2013; van Haren et al. 2011),
there is little data on gyriﬁcation. While beyond the scope of this
study, we also need to consider that the patient samples, although
mostly including chronic patients, was not fully homogeneous regarding the stage of illness.
Taken together, this joint analysis of multiple neuromorphological
properties within the same study group advances our understanding
of the different facets of brain structural change in schizophrenia. It
demonstrates that different aspects of morphology can be separated in
a meaningful manner, and how the different morphometric parameters
can be used to differentiate effects. Such multi-parameter approaches
will aid identiﬁcation of markers relevant to different aspects of pathophysiology and treatment, and possibly staging of disease.
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