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The visual cortex in schizophrenia: alterations of gyrification
rather than cortical thickness—a combined cortical shape analysis
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Abstract In light of bottom-up models of disrupted
cognition in schizophrenia, visual processing deficits
became a key feature for the pathophysiology of schizo-
phrenia. However, morphometric studies focusing on the
visual cortex are limited. Thus, the present study sought
to provide a combined cortical shape analysis (cortical
thickness, folding) of visual areas, which were impli-
cated to be involved in disturbed visual processing in
schizophrenia. A group of 72 patients with schizophrenia
according to DSM-IV and 72 age- and gender-matched
healthy control subjects were included. All participants
underwent high-resolution T1-weighted MRI scans on a
1.5-T scanner. Cortical thickness and mean curvature of the
V1, V2 and V5/MT+ visual cortex were estimated using an
automated computerized algorithm (Freesurfer Software).
A GLM controlling for the effect of age was used to esti-
mate differences of cortical shape parameters between the
study groups. Significantly increased gyrification of the V1,
V2 and the V5/MT+ visual area bilaterally was detected.
Conversely, cortical thickness was reduced in patients with
schizophrenia only for the V5/MT+ area. This study is the
first providing direct in vivo evidence for a disturbed cor-
tical shape of central visual areas in schizophrenia. The
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present findings of hypergyria are highly indicative for a
disrupted corticogenesis of these visual key regions and
might constitute a relevant anatomical basis for visual
processing deficits in schizophrenia.
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Introduction

Visual processing deficits in schizophrenia and visual
cortex alterations

Schizophrenia is a devastating disease affecting about 1%
of the population. In the majority of patients, the disorder
begins in late adolescence or early adulthood (Picchioni
and Murray 2007; van Os and Kapur 2009). Besides
positive symptoms (such as delusions and hallucinations)
and negative symptoms (e.g., blunted affect), cognitive
deficits are a key feature of the disorder and of major rel-
evance for long-term disability (Meltzer 2004). It has been
repeatedly demonstrated that patients suffer from severe
deficits in various cognitive domains including working
memory, attention and executive functions (Bilder et al.
2000). However, the exact pathophysiological nature of
these deficits is a matter of debate. As a potential basis for
disturbed cognitive functioning, several studies demon-
strated altered sensory input processing in schizophrenia
(Butler et al. 2008; Javitt 2000). These findings led to the
model of disturbed bottom-up sensory input integration as
an important constituent of altered cognitive functioning in
schizophrenia (Javitt 2009). In particular, visual processing
deficits are considered to be important pathophysiological
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features of the disorder (Coleman et al. 2009; Kantrowitz
et al. 2009). They are linked to clinical symptoms and
outcome measures such as social functioning (Green and
Walker 1986; Rassovsky et al. 2011). Visual processing
deficits may also be attributed to genetic liability for
schizophrenia, as these deficits even occur in first-degree
relatives (Yeap et al. 2006). However, in contrast to the
established functional data for disturbed visual processing
in schizophrenia, the majority of region of interest mor-
phometric studies in schizophrenia have focused on fronto-
temporal areas and studies explicitly investigating the
visual cortex are limited. As visual processing deficits are
regarded as constituting a trait marker for schizophrenia
linked to genetic liability (Green et al. 2009), the under-
lying neuroanatomical alterations might be attributed to
disturbed processes of early corticogenesis. As the process
of cortical shaping in brain maturation is terminated to a
very large degree before the age of 2 years (Armstrong
et al. 1995), the measurement of gyrification particularly
constitutes an in vivo marker for early disturbed neurode-
velopmental processes in schizophrenia, mostly unaltered
from net synaptic pruning and cortical aging processes.
Volume-based parameters might be vulnerable to such later
occurring cortical changes and are thus not exclusively
directed to the detection of early disrupted processes of
corticogenesis, which might be a potential explanation for
the limited evidence of visual cortex alterations resulting
from VBM studies in schizophrenia. Cortical shape
parameters are thought to constitute indicators for the
integrity of corticogenesis (Hilgetag and Barbas 2005).
Surface-based morphometry (SBM) MRI studies allow
examining cortical thickness and gyrification in vivo. Our
recent entire cortex SBM study detected cortical thickness
reduction in fronto-temporal areas and in parts of visual
cortex areas including lateral occipital, lingual, the temp-
oro-occipital cortex and the parieto-occipital junction in
chronic schizophrenia (Schultz et al. 2010b), which is in
line with the findings of other SBM studies (Goldman et al.
2009; Kuperberg et al. 2003; Nesvag et al. 2008; Rimol
et al. 2010). In addition, hypergyria of a right parahippo-
campal-lingual area could be shown in first episode
schizophrenia (Schultz et al. 2010a). Although these cor-
tical shape findings were not confined to distinct visual
cortex areas, they might indicate that cortical shape
parameters are sensitive markers for the detection of cor-
tical alterations of the visual system in schizophrenia.
Thus, a combined analysis of cortical thickness and gyri-
fication of distinct visual cortex areas, which were impli-
cated to be involved in disturbed visual processing in
schizophrenia, might elucidate the exact nature of potential
visual cortex alterations and shed light on a potential
neuroanatomical basis for visual processing deficits in
schizophrenia.
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Objectives and hypothesis

Thus, in the current study we intended to specifically
investigate SBM of the central parts of the visual system.
We sought to examine the cortical shape of the primary
visual cortex (V1), the second major visual area V2 and
V5/MT+ as a central “higher order” visual area. These
areas have repeatedly been shown to be involved in dis-
turbed visual processing in schizophrenia (Green et al.
2009; Martinez et al. 2008). A well-validated and highly
accurate surface-based method (FreeSurfer) was used to
assess cortical thickness and gyrification differences of the
V1, V2 and V5/MT+ visual cortex in an extended cohort
of patients with chronic schizophrenia and matched healthy
controls. Whereas cortical thickness differences are clearly
directed to a reduction of cortical thickness in schizo-
phrenia, both hyper- and hypogyria have been found in
schizophrenia even in the same patient group (Palaniyap-
pan et al. 2011), potentially reflecting heterogeneity of
gyrification changes in schizophrenia depending on the
cortical area analyzed. Thus, a directed hypothesis with
respect to gyrification differences cannot definitely be
derived from the literature for the different visual areas.
We thus hypothesized a reduced cortical thickness and
altered gyrification of the V1, V2 and V5/MT+ visual
cortex in schizophrenia patients compared to healthy
controls.

Subjects and methods
Participants

Seventy-two patients with schizophrenia and 72 matched
healthy controls were included. All participants were right-
handed (Annett 1967) and groups were matched according
to age and gender. Diagnoses were established based on the
Structured Clinical Interview for DSM-IV (M.R.) and were
confirmed by two independent psychiatrists (R.S. and
Ch.S.). All patients met DSM-IV criteria for schizophrenia
and had no second psychiatric diagnosis. They were
on stable medication, mostly with second-generation
antipsychotics.

All healthy controls were screened using a semi-struc-
tured interview, which included screening questions for
axis I disorders, such conditions in first-degree relatives, on
neurological and major medical conditions and also for
major medical, neurological and psychiatric history. None
of the healthy subjects had first-degree relatives with a
psychiatric disorder according to DSM-IV. Exclusion cri-
teria for all healthy controls were history of psychiatric
disorder, current psychiatric disorder, neurological or other
significant medical disorders potentially influencing
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neurocognitive function and first-degree relatives with
psychiatric disorders according to DSM-IV. All partici-
pants gave written informed consent to the study approved
by the Ethics Committee of the Friedrich-Schiller Univer-
sity. Socio-demographic and psychopathological data are
given in Table 1.

MRI acquisition

We acquired high-resolution anatomical T1-weighted data
on a 1.5-T Siemens Magnetom Vision whole-body system
with the standard CP transmit/receive head coil using a
three-dimensional spoiled gradient echo sequence: 1 mm
sagittal slices with TR = 15 ms, TE = 5 ms, flip angle
30°, FOV = 256, matrix = 256 mm X 256 mm, number
of sagittal slices = 192.

All scans were inspected for motion artifacts and a
neuroradiologist confirmed absence of gross pathological
findings.

MR scan processing

We used the FreeSurfer software package (version 4.0.5,
http://surfer.nmr.mgh.harvard.edu) for image processing
(Dale et al. 1999; Fischl et al. 1999). The implemented
processing stream provides removal of non-brain tissue
(Segonne et al. 2004), transformation to Talairach-like
space, and segmentation of gray/white matter tissue (Fischl
et al. 2002, 2004a). The white and gray matter boundary is
tessellated and topological defects are automatically cor-
rected (Fischl et al. 2001; Segonne et al. 2007). After
intensity normalization (Sled et al. 1998), transition of
gray/white matter is detected by an adapted marching
cubes algorithm and the pial boundary is detected by
indicating the greatest shift in intensity through surface
deformation (Dale et al. 1999; Dale and Sereno 1993;
Fischl and Dale 2000). The entire cortex of each subject

Table 1 Demographic and clinical data

Parameter Controls Patients p
(n=172) (n=172)

M/F 47/25 47/25

Age (years) 29.0 (8.5) 28.6 (8.9) 0.810

Education (years) 11.4 (1.0) 10.7 (1.2) 0.003

PANSS total score n.a. 73.6 (24.1)

PANSS pos n.a. 18.2 (7.9)

PANSS neg n.a. 17.8 (6.3)

Duration of illness (years) n.a. 4.3 (5.6)

Data expressed as mean (SD)

n.a. Not applicable, PANSS positive and negative syndrome scale
(Kay et al. 1987)

p Values resulting from two sample 7 test

was then visually inspected and any inaccuracies in seg-
mentation were manually edited. 18 subjects needed
manual correction, and 2 of them required corrections in
visual cortex areas. After creation of the cortical repre-
sentations, the cerebral cortex is parcellated into anatomi-
cal structures (Desikan et al. 2006; Fischl et al. 2004b).

ROI delineation

To ensure reproducibility of results, we restricted our
analyses of visual cortex areas in schizophrenia to ROIs
delineated by validated anatomical labels as implemented
in the FreeSurfer Software. The delineation of the V1 label
is based on the study of Hinds et al. (2008) and corresponds
to Brodmann area (BA) 17; the delineation of the V2 label
is described by Fischl et al. (2008) and corresponds to BA
18. The delineation of the V5/MT+ label is based on the
work of Malikovic et al. (2007). This V5/MT+ area is
located close to the intersection of the anterior occipital
and the inferior lateral occipital sulci in the region of the
temporo-occipital junction. Its major part is found in the
depths of sulci. Only a minor part covers the free surface of
the occipital gyri.

Figure 1 illustrates the topography of V1, V2 and V5/
MT+- visual cortex.

The anatomical labels were mapped to all individual
brains for the quantification of average cortical thickness
and average mean curvature using automated FreeSurfer
tools.

Calculation of cortical thickness

Cortical thickness is computed by finding the shortest
distance between a given point on the estimated pial sur-
face and the gray/white matter boundary and vice versa and
averaging these two values (Fischl and Dale 2000). Mea-
surements of cortical thickness have been validated against
manual measurements in schizophrenia (Kuperberg et al.
2003).

Calculation of gyrification

Cortical curvature represents a sensitive and automated
approach for identifying highly local changes in gyrifica-
tion (Luders et al. 2006). Mean curvature was calculated
for the V1, V2 and V5/MT+ visual cortex area of both
hemispheres of the white surface, as implemented in the
FreeSurfer software.

Mean curvature is a mathematically defined measure
derived from differential geometry (do Carmo 1976). It is a
measure of the general extent of the curvature and is
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Fig. 1 Topography of the

V1 (a), V2 (b) and

V5/MT+ (c) visual area
(colored in blue) displaying the
left inflated surface

calculated by the mean of the principal curvatures, k; and k,
(Pienaar et al. 2008):

1
Mean curvature = 3 (k1 + k2)

For the data analysis, absolute values for the mean
curvature were calculated and averaged for each ROI using
the unsmoothed curvature data. Higher values represent a
more steeply peaked curvature and values approaching
zero a more flattened curvature.

Statistical analysis

Comparison of cortical thickness and mean curvature
between the groups

Values for the average cortical thickness and absolute
mean curvature for each subject of the V1, V2 and V5/
MT+ visual cortex for both hemispheres were analyzed
using a general linear model controlling for the effect of
age. All results were corrected for multiple comparisons
using Bonferroni correction. F' values were based on pair-
wise comparisons between the mean values extracted from
the general linear model.
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Results

Cortical thickness

We found a significantly reduced cortical thickness in
patients with schizophrenia of the left (p < 0.001) and right
(» < 0.001) V5/MT+ visual cortex. The differences in
percent were 4% (left) and 3.25% (right). In addition, a
strong trend for a reduced cortical thickness was observed
for the right V2 area (p < 0.08).

Absolute mean curvature

Patients exhibited a significantly higher mean curvature for
both hemispheres of the V1, V2 and V5/MT+ cortical area
(V1: left p < 0.003, right p < 0.002; V2: left p < 0.003,
right p < 0.002; V5: left p < 0.002, right p < 0.000).

For all measures, the exact values are given in Table 2.

There were no significant differences in total brain
volume between groups.

We post hoc compared cortical thickness and mean
curvature covering the entire cortex. Significant cortical
thinning in patients was found in parts of the V5/MT+
visual region in patients. No other significant results were
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Table 2 Mean values of the
anatomical parameters were
compared using a general linear
model controlling for the effect
of age

F values are based on the
pairwise comparisons among
the means. p values corrected
for multiple comparisons using

Bonferroni

Bold values indicate satistically
significant p values

Parameter Unit Mean (SD) F )4
Controls Patients

Left V1 mean curvature mm™! 0.192 (0.020) 0.206 (0.034) 9.07 0.003
Right VI mean curvature 0.193 (0.018) 0.206 (0.031) 9.64 0.002
Left V1 cortical thickness mm 1.86 (0.09) 1.87 (0.14) 0.07 0.788
Right V1 cortical thickness 1.91 (0.10) 1.91 (0.13) 0.08 0.781
Left V2 mean curvature mm™! 0.187 (0.015) 0.198 (0.027) 8.99 0.003
Right V2 mean curvature 0.187 (0.014) 0.198 (0.026) 9.88 0.002
Left V2 cortical thickness mm 2.09 (0.08) 2.07 (0.12) 2.68 0.104
Right V2 cortical thickness 2.14 (0.10) 2.11 (0.11) 3.05 0.083
Left V5/MT+ mean curvature mm™! 0.166 (0.016) 0.177 (0.026) 9.90 0.002
Right V5/MT+ mean curvature 0.157 (0.013) 0.168 (0.022) 13.04 0.000
Left V5/MT+ cortical thickness mm 2.48 (0.12) 2.38 (0.17) 14.45 0.000
Right V5/MT+- cortical thickness 2.46 (0.14) 2.38 (0.17) 11.18 0.001

found in the visual cortex areas at the whole brain level for
cortical thickness and mean curvature.

Discussion

The present study examined cortical geometry of central
parts of the visual system. An increased gyrification was
detected in all of the investigated visual areas, indicating an
early disruption of corticogenesis of these cortical regions.
Cortical thickness was only significantly reduced for the
V5/MT+ area. The combined analysis of cortical thickness
and gyrification demonstrated that the different anatomical
parts of the visual cortex are differentially affected by
alterations of the cortical shape in schizophrenia. Our
finding of cortical thickness reduction of the V5/MT+ area
is in line with previous studies showing cortical thickness
reduction of the temporo-occipital and parieto-occipital
junction in schizophrenia (Kuperberg et al. 2003; Schultz
et al. 2010b), although these studies were not explicitly
directed to the analysis of specific visual cortex areas. In
addition, the demonstrated hypergyria of the V1 and V2
area corroborates our recent finding of lingual hypergyria
in first episode schizophrenia (Schultz et al. 2010a).
However, the present study is—due to different methodical
approaches (ROI vs. entire cortex approach) and differ-
ences of the study group (first episode vs. chronic
patients)—not entirely comparable with our previous
study.

Hypergyria as a result of disturbed processes
of corticogenesis

Mechanical models of brain development propose that the
process of gyrification is closely related to the forming of

cortico-cortical connections, which is considered to be a
major mediator for the interplay of cortical curvature and
thickness (Hilgetag and Barbas 2006; Van Essen 1997).
The characteristic convolutions are thought to optimize the
neuronal information transfer between the brain regions
(Hilgetag and Barbas 2005; Van Essen 1997; Zilles et al.
1988). Animal experiments have demonstrated that mis-
connections are related to focal hypergyrification (Gold-
man-Rakic 1980). Thus, hypergyrification might be seen as
an expression of deficient brain development in schizo-
phrenia and might be associated with disturbed white
matter integrity. Several MRI studies in schizophrenia and
high risk subjects demonstrated altered gyrification in the
same direction, i.e., a hypergyrification (Harris et al. 2004,
2007; Narr et al. 2004; Stanfield et al. 2008; Vogeley et al.
2001; Wisco et al. 2007) as hypothesized by these
mechanical models.

In contrast to the above-mentioned mechanical models
of gyrification, other studies suggest the influence of dif-
ferential cortical growth in brain development to be a
driving force of cortical folding processes (Toro et al.
2008; Xu et al. 2010). However, both models propose a
close relation of cortical folding processes and brain
development. Further in vivo studies evaluating the exact
mechanism of the forming of cortical folding are needed.

The potential time course of shape alterations
of the visual cortex

Whereas gyrification and not cortical thickness of the V1
and V2 area was altered, we found an alteration of gyrifi-
cation and cortical thickness of the V5/MT+ area, which
might indicate that from lower to higher order visual areas,
the complexity of cortical shape disturbance might
increase. Although speculative, this observation might shed
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light on the potential time course of cortical alterations of
the visual cortex in schizophrenia.

With regard to determination of gyrification, it is
important to note that until the 26th post-gestational week,
the developing brain is lissencephalic. After the 26th week,
the cortex morphology changes rapidly reaching the char-
acteristic adult gyrencephalic shape by term at week 40
(White and Hilgetag 2011). Thus, major parts of the pro-
cess of cortical folding occur during the third trimester. It
has additionally been demonstrated that cortical gyrifica-
tion is largely stable over a wide age range (Armstrong
et al. 1995). Based on the findings that major parts of
cortical folding processes take place in early brain devel-
opment, it seems most plausible that cortical folding
alterations in schizophrenia may be—to a large extent—
due to deficits in early corticogenesis and related genetic,
prenatal and early postnatal factors. However, there are
also data showing changes in the degree of folding during
childhood and throughout adolescence (White et al. 2010).
Thus, it cannot be ruled out that cortical folding alterations
in schizophrenia are—to a minor part—additionally
attributed to these later occurring processes. Further studies
are needed to examine at which time point cortical folding
alterations in schizophrenia occur and which cortical pro-
cesses are associated with these cortical folding alterations.

Cortical thickness reduction might additionally be
associated with synaptic pruning and related decrease of
glial cells due to reduced metabolic requirements (Paus
et al. 2008). Net synaptic elimination begins and ends
earlier in “lower” cortical areas and primary sensory areas
in comparison to ‘“higher” cortical regions, where net
synaptic pruning extends until mid-adolescence (Huttenl-
ocher and Dabholkar 1997). Hence, it can be speculated
that reduced cortical thickness of the higher order visual
cortex V5 might also be a result of pathophysiological
processes appearing in the adolescence period. Another
putative neuroanatomical process underlying cortical
thickness changes might be the degree of intra-cortical
myelin. It has repeatedly been demonstrated that intra-
cortical myelin increases from birth to adulthood [see for
review (Paus et al. 2008)]. A recent in vivo study in
humans of Glasser and Van Essen (2011) found an inverse
relation of intra-cortical myelin and cortical thickness. It is
known from histological studies that heavily myelinated
cortical areas are associated with lower cortical thickness
(Triarhou 2007). Moreover, in MRI studies a higher degree
of cortical myelination might lead to an underestimation of
cortical thickness (Paus et al. 2008). Hence, intra-cortical
hypermyelination may constitute another process that
explains findings of cortical thinning in schizophrenia.
Taken together, different neuroanatomical mechanism
might underlie cortical thinning in schizophrenia and fur-
ther studies on this issue are required.
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Altered cortical shape of the visual areas and possible
functional implications

Our findings indicate that cortical shape parameters and in
particular gyrification might be sensitive measures for the
detection of cortical alterations of the visual system in
schizophrenia. As visual processing deficits are proposed to
be a trait marker for schizophrenia, it can be assumed that
cortical shape alterations of the investigated visual areas
might be a neuroanatomical basis of visual processing
deficits in schizophrenia. However, to directly explore a
potential link between cortical shape alterations of visual
processing deficits further, particularly multimodal, imag-
ing studies are needed allowing to relate visual cortex
shape alterations to visual processing deficits in
schizophrenia.

Limitations of the study

There is growing evidence that antipsychotic medication
affects gray matter volume. A recent study by Ho et al.
(2011) demonstrated significant effects of both typical and
atypical antipsychotics on total and lobar gray matter
volume in a large cohort of more than 200 patients. Hence,
to evaluate a potential medication effect on the visual
cortical shape measures, the chlorpromazine equivalents of
the current antipsychotic medication (at the time point of
MRI measurement) were estimated. A partial correlation
between the current chlorpromazine equivalent dose and
cortical shape values controlling for the effect of age did
not yield any significant results, which is in line with
studies showing no effect of antipsychotic medication on
cortical thickness (Kuperberg et al. 2003; Nesvag et al.
2008) and gyrification (Palaniyappan et al. 2011). How-
ever, it cannot be ruled out that statistically significant
effects of antipsychotic medication on visual cortical shape
measures would be unveiled in a larger patient sample.

Future research directions

Two recent reviews focused on cortical gyrification find-
ings in schizophrenia considering that measures of cortical
folding constitute an important cortical marker in schizo-
phrenia (Mangin et al. 2010; White and Hilgetag 2011).
In the present study, the authors used a curvature-based
approach for estimating gyrification of the visual cortex
areas, which has repeatedly been used in clinical samples
(Fornito et al. 2008; Gaser et al. 2006; Schultz et al.
2010a). However, it is important to note that other also
well-validated methods for measuring cortical folding
exist. Most of them are conceptually based on the gyrifi-
cation index by Zilles et al. (1988), such as the local
gyrification index of Schaer et al. (2008). The different
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cortical folding measures (curvature based vs. gyrification
index based) are not necessarily comparable regarding the
relationship to underlying neuroanatomical mechanisms
and associated putative pathophysiological processes.
Thus, further studies comparing the different cortical
folding measures and related neuroanatomical parameters
(e.g., white matter connectivity) are needed.

Concluding remarks

This is the first study providing direct in vivo evidence for
a disturbed shape of the visual cortex in schizophrenia. The
presented findings of hypergyrification are suggestive of a
disrupted corticogenesis of these visual key regions and
might constitute an anatomical basis for visual processing
deficits in schizophrenia.
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