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Introduction

Schizophrenia is regarded as a disorder of connectivity asso-
ciated with neurodevelopmental abnormality.1 Despite accu-
mulating evidence for disturbances in functional connectiv-
ity,2 it is unclear how these findings are related to defective
cortical development.

Developmental aberrations can affect several characteristic
anatomic features of the grey matter surface. Cortical develop -
ment is constrained by the need to develop a cost-efficient
wiring scheme wherein signal transmission is quick and ef-
fective3 and by the limitations on the total brain size partly to
facilitate parturition.4,5 This is facilitated by a substantial ex-
pansion of surface area along with a high degree of cortical
folding despite a relatively minor gain in cortical thickness
during evolutionary development.6 This remarkable dissocia-
tion between thickness and surface area persists in adult hu-
man brains.7

Axonal connections in the developing brain are considered
to be one of several factors that influence the morphology of
the cortical surface.8 In particular, a widely accepted model of
cortical morphogenesis suggests that the appearance of corti-
cal convolutions is dependent on the underlying neuronal
connectivity.9 Disturbances in regional cortical gyrification
can be a surrogate marker for disruptions in neuronal con-
nectivity during development.9,10

Most studies examining neuroanatomical changes in pa-
tients with schizophrenia have employed voxel-based mor-
phometry (VBM) and report consistent volume reduction bi-
laterally in the insula and anterior cingulate cortex (ACC).
Compared with the number of studies investigating volumet-
ric defects, relatively few studies have attempted to locate
gyrification defects within the entire cortex in patients with
schizophrenia (see White and Hilgetag10 for a detailed re-
view). Most previous investigations have quantified differ-
ences in gyrification at preselected regions of interest (ROI),
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Background: Schizophrenia is considered to be a disorder of cerebral connectivity associated with disturbances of cortical develop-
ment. Disturbances in connectivity at an early period of cortical maturation can result in widespread defects in gyrification. Investigating
the anatomic distribution of gyrification defects can provide important information about neurodevelopment in patients with schizophre-
nia. Methods: We undertook an automated surface-based morphometric assessment of gyrification on 3-dimensionally reconstructed
cortical surfaces across multiple vertices that cover the entire cortex. We used a sample from our previous research of 57 patients
(50 men) with schizophrenia and 41 controls (39 men) in whom we had tested a specific hypothesis regarding presence of both hypo-
and hypergyria in the prefrontal cortex using a frontal region-of-interest approach. Results: Regions with significant reductions in gyrifi-
cation (hypogyria) were seen predominantly in the left hemisphere, involving the insula and several regions of the multimodal association
cortex. Although the prefrontal hypergyria documented earlier did not survive the statistical correction required for a whole brain search
(cluster inclusion at p = 0.0001), significant hypergyric frontal clusters emerged when the threshold was lowered (cluster inclusion at
p = 0.05). In the insula, a reduction in gyrification was related to reduced cortical thickness in patients with schizophrenia. Limitations:
We studied a sample of patients taking antipsychotic medications, which could have confounded the results. Our sample was predom -
inantly male, limiting the generalizability of our findings. Conclusion: Our observations suggest that the disturbances in cortical gyrifica-
tion seen in patients with schizophrenia might be related to a disrupted interaction between the paralimbic and the multimodal associa-
tion cortex and thus might contribute to the pathogenesis of the illness.



especially the cingulate11,12 and the prefrontal cortex.13–15 As a
result, unlike the robust evidence localizing volumetric
changes in patients with schizophrenia to the insula, the spa-
tial distribution of focal gyrification abnormalities in these pa-
tients is currently unclear. If widespread abnormalities are
present, this might reflect a deviation of the neurodevelop-
mental processes that produce gyrification; abnormalities con-
fined to specific pathways might indicate a more focal defect
that affects regions that are mutually connected. In particular,
the insula is a region of specific interest while investigating
cortical folding in patients with schizophrenia, not only owing
to its relevance to the illness,16 but also because it has been
shown to be one of the earliest brain regions where gyrifica-
tion occurs,17–19 with an accelerated growth rate compared to
the surrounding cortical plate during fetal development.20

The search for the brain region with the most prominent
gyrification defect in patients with schizophrenia is hampered
by several methodological issues.21 Zilles and colleagues’ gyrifi-
cation index (the ratio between the inner folded contour and
the outer curvature),22 though commonly used,10 does not cap-
ture the regional changes associated with subtle deviations in
cortical connectivity. Its use is further limited by 2-dimensional
slices whose orientation and thickness could bias the measure-
ments, leading to inconclusive results.

To address these issues, we undertook a blinded auto-
mated assessment of gyrification in multiple vertices across
3-dimensionally reconstructed cerebral surfaces in a sample
of 98 individuals. In the same sample, we have previously re-
ported abnormal frontal gyrification using an ROI approach
to test the specific hypothesis of lateralized changes in pre-
frontal gyrification,23 as the laterality and the location of hy-
pergyria within the prefrontal cortex were controversial. For
that study we used an ROI analysis, as it has much greater
power than a vertex-based examination of the entire cortical
surface and hence is the preferred method for addressing a
specific a priori hypothesis regarding a spatially localized ab-
normality. In the present study we analysed the entire corti-
cal surface using a vertex-based approach. On account of the
need for stringent correction for multiple comparisons when
undertaking a whole brain search, this study has much less
statistical power and hence would only be anticipated to
 detect regions with a large effect size of between-group dif-
ferences. Nonetheless, this method offers the possibility of
determining whether or not substantial abnormalities of gyri-
fication occur in multiple brain regions in patients with
schizo phrenia. Further, to investigate whether cortical thin-
ning was associated with the pathogenetic processes result-
ing in abnormal gyrification, we also studied the cortical
thickness in regions showing gyrification abnormalities in
patients with schizophrenia.

Methods

Participants

A detailed description of the sample and imaging procedures
has been reported in our previous study of cortical area in pa-
tients with schizophrenia24 and in a study examining lateral-

ized changes in frontal lobe gyrification.23 Briefly, the sample
consisted of 57 patients (50 men) satisfying DSM-IV cri ter ia
for schizophrenia and 41 healthy controls. The North Notting-
hamshire Research and Ethics Committee (REC) approved the
study, and all participants provided written informed con-
sent. Clinicians in community mental health teams, including
the early intervention in psychosis teams, initially referred the
patients for this study. The responsible clinicians confirmed
that the patients were capable of giving informed consent,
and written consent was obtained following the procedure
approved by the REC. The diagnosis of schizophrenia was
made in a clinical consensus meeting in accordance with the
procedure of Leckman and colleagues,25 using all available in-
formation, including a review of case files and a standardized
clinical interview (Symptoms and Signs in Psychotic Illness
[SSPI]26). All patients were in a stable phase of schizophrenia
(defined as a change of no more than 10 points in their Global
Assessment of Function [GAF, DSM-IV]) score, assessed
6 weeks prior to and immediately before study participation),
and the mean duration of illness was 4.3 years. Individuals
with neurologic disorders, current substance dependence, IQ
less than 70 using Quick Test27 and diagnosis of any other
Axis I disorder were excluded. All patients were receiving
treatment with antipsychotics and had no change in their pre-
scriptions in the 6 weeks preceding the study. The average
dose in chlorpromazine equivalents was 288.7 mg (range
100–1200 mg). Patients with schizophrenia were interviewed
on the same day of the scans, and symptom scores were as-
signed according to the SSPI.26 Healthy controls were re-
cruited from the local community via advertisements and
 included 41 individuals (39 men) free of any psychiatric or
neurologic disorder, group-matched for age and parental
 socioeconomic status (measured using National Statistics —
Socio Economic Classification28) to the patient group. Controls
had similar exclusion criteria to patients; in addition, individ-
uals with personal or family history of psychotic illness were
excluded. A clinical interview by a research psychiatrist was
employed to ensure that the controls were free from current
Axis I disorders and history of either psychotic illness or
neuro logic disorder. From the original sample of 42 controls,
1 person was excluded owing to a movement artifact in the
magnetic resonance imaging (MRI) scan that precluded volu-
metric computations.

Image acquisition

The MRI scans were collected using a Philips 3-T imaging
system equipped with an 8-channel phased array head coil.
The scanning protocol included a single high-resolution 
3-dimensional T1-weighted magnetization-prepared rapid-
acquisition gradient echo (MPRAGE) volume with
160 slices of isotropic voxel size 1 × 1 × 1 mm3, flip angle 8°,
field of view 256 × 256 × 160 mm3. Head motion was min -
imized using cushion pads and by providing reassurance at
the beginning of the procedure. A quality check to exclude
motion artifacts was carried out by 2 researchers independ -
ently using predefined criteria (see Appendix 1, available at
cma.ca/jpn).
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Surface extraction
Surface extraction was completed using FreeSurfer version
4.5.0.29 The preprocessing was performed as described by
Dale and colleagues29 and was reported in detail for this sam-
ple in our previous study.23 Cortical thickness values were
computed using the methods developed by Fischl and Dale.30

Gyrification index
We obtained local gyrification indices (LGIs) using the
method of Schaer and colleagues,31 with images reconstructed
through the Freesurfer pipeline. This method is a vertex-wise
extension of Zilles and colleagues’ gyrification index, which
gives a ratio of the inner folded contour to the outer perimeter
of the cortex.22 Using the grey–white interface constructed via
surface registration and cortical inflation  using Freesurfer, a
pial surface is first obtained by constructing a set of lines per-
pendicular to the grey–white interface. In the second step, an
outer “hull” surface is generated by means of a morphological
closing operation, which ensures that the local curvature at all
points on the outer hull surface is less than the curvature of a
15-mm radius sphere (a radius chosen to ensure that the hull
surface does not dip into the sulci).

This hull surface acts as the outer perimeter while the ori -
ginal pial surface provides the inner perimeter. Both inner
and outer surfaces are tessellated with numerous vertices
formed by the meeting points of triangles. For each vertex (j)
on the outer surface, a spherical ROI is created with the ver-
tex as the centre and a standard 25-mm radius. This sphere
yields 2 area measures for each vertex. The outer measure
(Areaj

O) is the area of that part of the hull defined by the
inter section of this sphere with the hull surface. To measure
the corresponding pial surface area, the pial ROI for the
given vertex on the outer hull surface is determined as fol-
lows. Initially all vertices within Areaj

O (on the hull surface)
are identified. Next, the nearest pial vertex to each of these
hull vertices is identified. These pial vertices define the out-
line of pial mesh, whose area is then calculated using the sum
of areas of all included triangular tessellations (Areaj

P). The
ratio of the pial surface area to the outer surface area gives
the local gyrification index for each vertex on the outer sur-
face (Areaj

P:Areaj
O). These outer surface values are redistrib-

uted to the pial surface using a weighted sum of all outer sur-
face LGIs to which each pial vertex contributed during the
prior computation. The weighting was inversely proportional
to the distance of the hull vertex from the pial vertex. Thus
the LGI for each vertex on the pial surface reflects the amount
of cortex buried in its locality.

Statistical analysis

Whole-brain cortical maps
Each vertex-wise LGI measurement of the participants’ sur-
face was mapped on a common spherical coordinate system
(fsaverage) using a spherical transformation. Maps were
smoothed using a 5 mm Gaussian kernel. We used a general
linear model controlling for the effect of age and total corti-
cal surface area to estimate differences in gyrification be-
tween the groups at each vertex of the right and left hemi-

spheric surfaces. Total surface area was chosen as a covariate
as it has a linear relationship with gyrification,32 and we have
previously noted a significant difference between patients
and controls in total surface area.24 This model allowed for
the possibility that the slope for the relationship between
LGI and total surface area may be different in different brain
regions.32 We used the Query Design Estimate Contrast tool
in the Freesurfer program to generate the contrasts. We
under took Monte Carlo permutation cluster analyses with
10 000 simulations to identify significant clusters with vertex-
wise group differences (cluster inclusion threshold
p = 0.0001). To examine the effect of sex, we carried out the
same analysis after excluding the 9 female participants. To
produce a visual display of the group comparison (t maps),
we used the reconstructed grey–white boundary of the
 fsaverage image, which allows anatomic landmarks to be il-
lustrated clearly.

Cortical thickness
Using analyses of covariance (ANCOVA), the mean values of
cortical thickness from each of the significant clusters ob-
tained from the gyrification analysis were compared between
the 2 groups. We used age, sex and global mean thickness as
covariates. The significance levels of group comparison of
mean thickness within clusters were Bonferroni-corrected to
allow for the number of clusters examined. To relate LGI to
cortical thickness within regions that showed abnormalities
in both thickness and LGI, we computed the Pearson correla-
tion between mean LGI and cortical thickness values after re-
moving the variance owing to age, sex and appropriate
global covariates for thickness (global mean thickness) and
LGI (global mean LGI) in the entire sample. We then per-
formed Fisher r-to-z transformation to compare the correla-
tion in the 2 groups. Correlations were also sought between
the thickness and gyrification measures and antipsychotic
dose in chlorpromazine equivalents in the patient group.

Results

There were no significant differences in demographic fea-
tures including age (t1,96 = –1.32, p = 0.17) and parental socio -
economic status (Mann–Whitney U test, z = –1.46, p = 0.16)
between the 2 groups (Table 1). The mean total symptom
score on the SSPI was 10.3 out of a maximum of 80 (range
0–29), indicating a low symptom burden. The mean score on
reality distortion (delusions and hallucinations) in the patient
group was 3 (range 0–7). The mean score on the psychomotor

Table 1: Demographic characteristics of patients with schizophrenia
and healthy controls

Characteristic Patients Controls

No. 57 41

Sex, male:female 50:7 39:2

Handedness, right:left 52:5 34:7

Age, mean (SD) [range] yr 26.1 (7.5) [19–47] 28.0 (6.6) [18–44]

Parental NS-SEC, mean (SD) 2.5 (1.6) 2.0 (1.4)

NS-SEC = National Statistics — Socio Economic Status;28 SD = standard deviation.



poverty dimension was 2.9 (range 0–9) and on the disorgan -
ization dimension was 0.74 (range 0–4).

Whole-brain cortical maps

Whole-brain analysis revealed 4 clusters in the left hemi-
sphere and a single cluster in the right hemisphere with sig-
nificant reduction in gyrification in patients compared with
controls. The largest cluster included the left insula extending
to the pars opercularis and the superior temporal gyrus.
Other clusters are shown in Figure 1 and Table 2. The right
hemispheric cluster included the junction between the caudal
superior temporal and inferior parietal regions. No regions
with increased gyrification in the patients were noted at this
threshold, but bilateral frontomarginal hypergyria emerged
when the statistical threshold was more lenient (Table 3 and
Figure 2). The exclusion of the 9 female participants did not
alter the results substantially.

Gyrification and thickness

The average reduction in gyrification within clusters ranged
from 7.84% to 3.67% (Table 3). The greatest degree of hypo gyria
was seen in the left insula. We observed significant cortical thin-
ning only in the left insula (F1,93 = 30.1, p = 0.007 × 10−6) with a
trend toward thinning in the right temporal cluster (F1,93 = 6.06,
corrected p = 0.08) in patients (Table 4). In the left insula, there
was a significant correlation between gyrification and thickness
for the whole sample (r = 0.22, p = 0.028, n = 98), with a signifi-
cant difference between patients and controls in this relation-
ship (r[patients] = 0.30, r[controls] = –0.17, Fisher r-to-z test
p = 0.023). The correlation was significant in patients but not in
controls. There were no significant correlations between the
gyrification or thickness values and current antipsychotic dose
or total disease duration in any of the examined clusters.

Asymmetry index

Given the prominent hypogyria noted in the left insular clus-
ter, we undertook a post hoc analysis of hemispheric differ-
ences in gyrification and thickness. By drawing ROI labels
guided by landmarks on the fsaverage surface, we generated
the homologous mask on the right insula. To ensure compar -
ability, we used the parcellation scheme by Destrieux and
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Fig. 1: Clusters showing hypogyria in patients with schizophrenia
compared with healthy controls displayed on a reconstructed aver-
age white matter surface (fsaverage). All displayed clusters sur-
vived multiple testing using Monte Carlo simulation with a cluster in-
clusion criterion of p = 0.0001. The left hemisphere (top) shows (1)
the left insula extending to the inferior frontal gyrus and superior
temporal gyrus, (2) the left caudal middle and superior frontal clus-
ter, (3) the superior temporal/inferior parietal cluster and (4) the left
parieto-occipital cluster extending to precuneus. The right hemi-
sphere (bottom) shows (5) the right superior  temporal/inferior pari-
etal cluster.

Table 2: Clusters showing group differences in gyrification*

Cortical region

Talaraich coordinate
of the centroid

Cluster
size, mm2

Cluster-
wise

probabilityx y z

Left insula –37 –1 1 6094 0.0001
Left caudal superior and
middle frontal region

–23 4 47 2345 0.0001

Left parieto-occipital sulcus –11 –65 31 2339 0.0001
Left superior temporal/inferior
parietal junction

–43 –61 14 698 0.0001

Right superior temporal/inferior
parietal junction

49 –53 11 543 0.0001

*Threshold for inclusion in a cluster was p = 0.0001.

Table 3: Clusters showing increased gyrification in patients at a
lower threshold for inclusion in a cluster, p = 0.05

Cortical region

Talaraich coordinate
of the centroid

Cluster
size, mm2

Cluster-
wise

probabilityx y z

Right frontomarginal region 32 50 1 144 0.039

Left frontomarginal region –29 48 1 260 0.030

Fig. 2: Clusters showing hypergyria in patients with schizophrenia
compared with healthy controls. The clusters are displayed on the
anterior aspect of a reconstructed average white matter surface
(fsaverage). All displayed clusters survived multiple testing using
Monte Carlo simulation with a cluster inclusion criterion of p = 0.05.
(1) Right frontomarginal cluster. (2) Left frontomarginal cluster. No
other hypergyric clusters were observed in the vertex-wise analysis.
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colleagues (Destrieux atlas)33 and visually inspected the con-
tiguous region included in the respective ROI labels from
each hemisphere. This right insula mask was automatically
mapped back onto the surface of each participant using the
same spherical coordinate system used for the initial analysis.
The right homologous insular cluster showed a 4.13% reduc-
tion in LGI patients with a trend toward statistical signifi-
cance (mean [SD] LGI 4.84 [0.45] in controls v. 4.64 [0.63] in
patients, uncorrected p = 0.08). Comparison of asymmetry in-
dex (AI = [left – right] × 100/[left + right]) revealed a signifi-
cant group difference in the asymmetry of insular gyrifica-
tion (AI 0.16 L > R in controls v. –1.5 R > L in patients, t1,96 =
2.028, p = 0.045). A significant cortical thinning (4.61%) was
also noted in the right homologous cluster in patients com-
pared with controls (mean [SD] thickness 2.82 [0.13] mm in
controls v. 2.69 [0.13] mm in patients, uncorrected p < 0.001).
No significant hemispheric differences in thickness was
 notable between the groups (AI –1.17 R > L in controls v.
–1.45 R > L in patients, t1,96 = 0.825, p = 0.412).

Sulcal and gyral thinning

Various observations suggest that in healthy controls, cere-
bral gyri are generally thicker than the sulci.8,34 Among many
possible mechanisms that can produce such a difference, the
variation in axonal tension during development is thought to
be an important mechanism.9 We separated the major sulci
from the gyri within the hypogyric insular cluster by overlay-
ing the cluster mask on the Destrieux atlas,33 and we com-
puted the mean thickness of 3 gyral (short insular gyrus, in -
fer ior frontal opercular gyrus and superior temporal gyrus)
and 3 sulcal regions (anterior, superior and inferior circular
sulci) included in the mask. We did not include long insular
gyri because, owing to its inconsistent appearance, the central
sulcus of the insula and the long insular gyri were grouped
in the same label in the parcellation scheme. An ANCOVA
with diagnosis as a between-subject factor, and region (sulcal
v. gyral) as a within-subject factor, with age, sex and global
thickness as covariates revealed no significant interaction be-
tween diagnosis and the sulcogyral division (F1,93 = 1.62,
p = 0.21). Both sulcal (partial η = 0.16, p < 0.001) and gyral re-
gions (partial η = 0.11, p = 0.001) showed significant thinning
in patients with schizophrenia compared with controls.

Discussion

Using a surface-based vertex-wise morphometric approach,
we observed a significant reduction in gyrification in patients
with schizophrenia compared with healthy controls. The hy-
pogyria was more pronounced in the left hemisphere, with
the greatest reduction occurring in the left insula, extending
onto the superior temporal gyrus and sulcus posteriorly and
the Broca area anteriorly. These extensions of the insular clus-
ter are larger than could be accounted for by the smoothing
employed in our study, consistent with the concept that the
frontoinsular cortex acts as a coordinated unit.35,36

To quantify gyrification, we used Schaer and colleagues’
LGI, which captures changes in both the frequency and the
depth of sulcogyral transitions in the cortical surface.31 Thus
LGI reflects the biological process of cortical folding more
closely than measuring either the sulcal depth37 or frequency
of curvature changes38 independently. Nonetheless, our re-
sults are comparable to those obtained by Cachia and col-
leagues37 using a sulcal-wise gyrification measure in a se-
lected group of patients with persistent hallucinations.
Though the defect was more pronounced on the left, consist -
ent with many previous observations,10,37 we also found a
trend toward hypogyria on the right insula along with a sig-
nificant group difference in the hemispheric asymmetry. Pa-
tients with schizophrenia exhibited a reversal of the normal
tendency for greater insula gyrification on the left.

Gyrification maps derived from the pial surface are differ-
ent from cortical surface area maps24 derived from the grey–
white boundary. In a previous study, we investigated the sur-
face area of 3 large-scale networks in patients with schizo-
phrenia using the boundary between grey and white matter.24

In contrast, the gyrification maps used in the present study
contain information about distribution of cortical convolu-
tions and resulting complexity based on the amount of grey
matter buried in the neighbourhood of multiple vertices on
the pial surface. The results from the study of surface area
changes identified the most prominent reduction in the
temporo parietal junction and precuneus in patients with
schizophrenia,24 while the present gyrification analysis impli-
cates the  insula as the site of most prominent hypogyria. The
most striking similarity between the 2 studies is the predom -
inance of left-sided changes in the cortical surface anatomy.

Table 4: Percentage reduction in gyrification and thickness in patients with schizophrenia compared with healthy controls

Cortical region

LGI Thickness

Patients,
mean (SD)

Controls,
mean (SD)

Percentage
reduction in

patients
Patients,

mean (SD)
Controls,

mean (SD)

Percentage
reduction in

patients

Left insula 4.47 (0.30) 4.85 (0.47) 7.84* 2.61 (0.12) 2.75 (0.11) 5.09†

Left caudal superior and middle frontal region 2.88 (0.19) 3.07 (0.15) 5.88* 2.42 (0.15) 2.41 (0.16) –0.41‡

Left parieto-occipital sulcus 3.02 (0.23) 3.21 (0.23) 5.94* 2.24 (0.16) 2.28 (0.13) 1.75‡

Left superior temporal/inferior parietal junction 3.28 (0.18) 3.43 (0.15) 4.67* 2.45 (0.19) 2.53 (0.16) 3.16‡
Right superior temporal/inferior parietal junction 3.42 (0.15) 3.55 (0.19) 3.67* 2.47 (0.21) 2.60 (0.20) 5.00§

LGI = local gyrification index (no units); SD = standard deviation.
*Cluster-wise significance at p = 0.0001 (permutation test n = 10 000).
†Bonferroni-corrected p < 0.0001, ‡p > 0.1 and §p < 0.1.



Insofar as the degree of folding across the different regions in
the cortex varies with the rate of maturation of those re-
gions,7,20,39,40 the gyrification metrics provide crucial informa-
tion about neurodevelopmental aberrations.

The significant insular hypogyria might be partially ex-
plained using the tension-based morphogenetic theory,9 which
suggests that cortical folding is a result of radial tension during
brain development, wherein established axonal networks re-
sist radial while allowing tangential expansion. It is likely that
insular connections with more medial grey matter preclude
outward expansion of its grey matter, leading to sequestration
of the insula within the lateral fissure during normal develop-
ment. Some support for the existence of such a medial tract
comes from studies on the interoceptive system in primates41

and the olfactory system in other animals.42 Given that insular
folding is deficient in patients with schizophrenia, it is likely
that connectivity of the insula to more medial regions of grey
matter, possibly the cingulate cortex, is impaired in these pa-
tients. The connections between the 2 paralimbic structures, in-
sula and anterior cingulate constitutes the salience network.35

The insula has been implicated in the generation of a state of
proximal salience during stimulus evaluation that enables
switching between an internally focused default mode and an
external task-processing mental state.16

We did not find a differential change in the thickness of
gyri and sulci, which would be expected if the insular hypo -
gyria were solely due to fewer axonal connections creating
less axonal tension. However, it is probable that developmen-
tal factors other than axonal tension account for folding. The
principal mechanical effect of cortical folding has been noted
to produce differential thickness changes in the superficial
and deep layers of cortical laminae of the sulci and gyri,8,43 the
examination of which requires a cytoarchitectural study. Our
observation of combined gyral and sulcal thinning in the hy-
pogyric insular cluster suggest that in addition to reduced
connectivity, other mechanisms contributing to the develop-
ment of the cortex may be affected in patients with schizo-
phrenia. Goldman-Rakic and Rakic44 examined the effect of
the timing of prenatal cortical lesions on subsequent gyrifica-
tion and suggested that neuronal migration, which eventu-
ally contributes to the thickness of the cortical sheet, predates
gyrification. Investigating the gyrification of regions showing
cortical thinning in adolescents with schizophrenia, Janssen
and colleagues45 found no correlation between gyrification
and thickness in most regions and suggested that cortical
thinning may be a late developmental phenomenon in pa-
tients with schizophrenia. Our results are largely consistent
with those of Janssen and colleagues,45 though we did ob-
serve a correlation between these 2 metrics in the left insula
that was specific to patients. It is likely that in healthy con-
trols the degree of gyrification is not the principal determin -
ant of cortical thickness. On the contrary, the association of
hypogyria with sulcogyral thinning in patients with schizo-
phrenia may suggest a developmental disturbance that possi-
bly predates the dissociation between radial and tangential
cortical expansions during early phases of cortical develop-
ment.46 This is supported by the observation that the insula is
one of the earliest brain structures to show gyrification and

neuronal differentiation and thus forms a core zone of sulcal
and gyral maturation during normal intrauterine growth.47

Most of the other regions showing hypogyria in patients
with schizophrenia (inferior frontal, superior temporal and in-
ferior parietal regions) belong to the multimodal (heteromodal)
association cortex described by Mesulam.48 A pathological per-
turbation in the development of multimodal association areas
has been previously suggested as the core deficit in patients
with schizophrenia.49 In healthy individuals, the regions consti-
tuting the multimodal association cortex show a prolonged
maturational trajectory, attaining peak grey matter density at a
later stage of development than unimodal sensory regions.50

This slow maturation may be linked to the relatively higher de-
gree of cortical folding normally observed in these regions.51 An
abnormally premature, delayed or arrested growth peak in
these regions could putatively account for the reduced gyrifica-
tion observed in patients with schizophrenia. But our observa-
tion that reduced gyrification is not limited to multimodal re-
gions but rather extends to paralimbic cortices supports the
hypothesis that a developmental abnormality in the connectiv-
ity within and between paralimbic and multimodal association
areas is a characteristic feature of schizophrenia. Alternatively,
the combined paralimbic and multimodal hypogyria could be
related to a shared defect in fetal thalamocortical connectivity
in patients with schizophrenia.52

Despite the substantial sample size, the need for stringent
correction for multiple comparisons in a whole-brain vertex-
wise search creates a risk of failing to identify cerebral regions
in which there are relatively small abnormalities. It is note-
worthy that in our previous study using an ROI approach to
test the specific hypothesis of abnormal frontal gyrification in
patients with schizophrenia,23 we found that hypergyria was
localized to a circumscribed part of the prefrontal cortex, and
the normal laterality of the frontal gyrification was reversed in
patients with schizophrenia. This effect did not survive the
stringent correction for multiple comparisons in the present
study, but bilateral frontomarginal hypergyria emerged when
the statistical threshold was more lenient (Table 3). According
to the tension-based morphogenesis model, if the axonal ten-
sion is the primary determinant of gyrification, then a weak-
ening of connectivity affecting specific pathways may result
in relatively greater tension in other pathways leading to local
hypergyria.10 Despite the limited power to detect small effects,
the findings indicate that the most extensive diminution of
gyrification in patients with schizophrenia occurs in the multi-
modal association and paralimbic cortex, especially in the left
frontoinsular region.

Limitations

Sex differences have been noted in some14,53 but not all15,37

studies investigating gyrification in patients with schizophre-
nia. Our sample was predominantly male, precluding a
meaningful analysis of sex effects on gyrification in these pa-
tients. Hence the results presented here must be interpreted
with caution for mixed samples. All patients in our study
were taking antipsychotic medications. The effect of antipsy-
chotics on brain structure is a matter of debate but, similar to
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Cachia and colleagues,37 we found no correlation between
gyrification and antipsychotic dose in the 6 weeks preceding
the study. It is possible that earlier treatments could have af-
fected the brain structure. Our results should be interpreted
cautiously until replicated in unmedicated samples.

Conclusion

We identified a significant abnormality in cortical gyrification
in patients with schizophrenia. The localization of these
changes to the insula and regions of the multimodal associa-
tion cortex and the observed relationship of insular hypo -
gyria with reduced cortical thickness in patients suggest a
prominent role for a developmental abnormality of connect -
ivity of the insula and the multimodal cortex in the patho-
physiology of schizophrenia. Future studies focusing on the
interaction between the insula and the multimodal associa-
tion regions are required to test the functional consequences
of these gyrification defects.
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