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bnormal Gyral Complexity in First-Episode
chizophrenia

atherine L. Narr, Robert M. Bilder, Sharon Kim, Paul M. Thompson, Philip Szeszko, Delbert Robinson,
ileen Luders, and Arthur W. Toga

ackground: Abnormalities in the patterns and frequency of cortical folding might help identify temporal and regionally specific
isturbances in normal neurodevelopmental processes that occur in association with schizophrenia. Few studies, however, have
nvestigated gyral complexity in schizophrenia.

ethods: High-resolution magnetic resonance images were used to examine differences in gyral complexity, measured three-
imensionally in five separate hemispheric regions covering the entire cortical surface, in patients with first-episode schizophrenia (n

50) compared with demographically matched healthy comparison subjects (n � 50). The modulating effects of gender and
emisphere were also examined.
esults: Significant increases in cortical folding were observed in the right superior frontal cortex in male schizophrenic patients
ompared with male control subjects, but not between female diagnostic groups. Significant main effects of hemisphere were found in
rontal, parietal, and occipital regions in directions complementary to cerebral torques.
onclusions: Results support previous findings of right frontal hypergyria in male schizophrenic patients and suggest that these
bnormalities predate illness onset and are of neurodevelopmental origin. Therefore, in schizophrenia, sexually dimorphic
evelopmental processes and differences in hemispheric connectivity, which have been shown to influence the organization and/or
requency of cortical folding, seem to be disturbed during gyral formation in utero.
ey Words: Cortical folding, neurodevelopment, gyrification, fis-
urization, magnetic resonance imaging, complexity

he ontogeny and function of gyrification have been stud-
ied since the beginning of the past century, but only
recently have gyral patterns been examined in schizophre-

ia. The normative literature shows that there is a temporal as
ell as a regional organization to gyral development. Gyral

ormation begins at approximately 16 weeks in utero, although
ost cortical folding occurs in the late second and third trimes-

ers of pregnancy (Armstrong et al 1995; Chi et al 1977; Richman
t al 1975). In utero, primary convolutions including the lateral,
entral, and calcarine gyri form first. The formation of secondary
ortical convolutions, including the parieto-occipital, frontal, and
emporal gyri, is followed by the development of tertiary convo-
utions (Armstrong et al 1995; Richman et al 1975). Postnatally,
he ratio between brain growth and gyral complexity remains
elatively stable, although an overshoot in gyral complexity has
een observed shortly after birth (Armstrong et al 1995; Richman
t al 1975).

If the underlying neural connections of specific cerebral
egions are lesioned during neurodevelopment, disturbances in
yrification occur (Rakic 1988). Malformations in gyral complex-
ty might represent either decreases (lissencephaly) or increases
microgyria) in cortical convolutions. These might result from
athophysiologic processes that happen at different develop-
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mental stages and affect different cortical regions (Richman et al
1975). Abnormal patterns of gyrification might thus help establish
the timing of disturbances in early neurodevelopmental events
that might occur in association with disease processes in schizo-
phrenia. Furthermore, gyrification abnormalities in discrete cor-
tical regions might point to disturbances in specific functional
systems in schizophrenia.

A few previous studies have investigated the presence of
disturbed gyrification in schizophrenia. For example, Jakob and
Beckmann (1986) first reported abnormalities in the sulcal/gyral
patterns and underlying cytoarchitecture of temporal lobe re-
gions in schizophrenia. Kikinis et al (1994) also observed gyrifi-
cation abnormalities in temporal cortices: schizophrenic patients
possessed a more vertical and interrupted course of sulci com-
pared with healthy comparison subjects in the left hemisphere.
Differences in the vertical patterns or thinning of the temporal or
frontal gyri, however, were not observed by Noga et al (1996) in
qualitative assessments of gyral geometry between monozygotic
(MZ) co-twins discordant for schizophrenia or between unaf-
fected MZ co-twins of schizophrenic probands compared with
healthy control MZ twins.

Other studies have used a gyrification index (GI), which
computes the ratio between the outer (superficial) and inner
(deep) perimeter of a cortical slice (Zilles et al 1988), to investi-
gate abnormal gyrification and/or cortical complexity in schizo-
phrenia. Magnetic resonance imaging (MRI) data showed lower
GI values, indexing reductions in cortical folding, in both ante-
rior and posterior brain regions of the left hemisphere in male
schizophrenic patients compared with male comparison subjects
(Kulynych et al 1997). These results, however, contrast with
postmortem findings of Vogeley et al (2000), who reported
increased GIs in the prefrontal right hemisphere in male schizo-
phrenic patients compared with male control subjects. The same
group replicated these findings in an imaging study comparing
gyrification differences between affected and unaffected sibling
pairs from families multiply affected with schizophrenia (Vogeley
et al 2001). Results showed that patients possessed right frontal
hypergyria compared with their healthy siblings.

In an earlier study, we applied a semiautomated three-
BIOL PSYCHIATRY 2004;55:859–867
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imensional (3D) approach to measure the frequency of sulcal/
yral convolutions relative to the surface area of discrete cortical
egions in patients with chronic schizophrenia compared with
ealthy subjects (Narr et al 2001). A significant reversal of
symmetry in gyral complexity was observed in superior frontal
egions in schizophrenia, and patients exhibited mean increases
n cortical folding. To estimate differences in hemispheric folding
n schizophrenia, Yucel et al (2002) used a fissurization index
FI). The FI uses thresholding and edge detection techniques to
ompute the ratio of surface voxels to total brain voxels in MR
ata, thus also providing a semiautomated estimate of cortical
olding. Results also showed a significant hemisphere � diag-
ostic group interaction for fissurization, although this effect was
ttributable to reduced cortical folding in the left hemisphere (as
pposed to increased right hemisphere folding) in schizophrenic
atients compared with control subjects. Although the FI was
sed to assess disturbances in the anterior cingulate cortex, more
egional differences in cortical folding were not examined on the
ateral surfaces of the cerebral hemispheres.

Although relatively few studies have examined regional cor-
ical folding abnormalities in schizophrenia, disturbances in the
ight frontal (Narr et al 2001; Vogeley et al 2000, 2001) and left
emporal lobes (Jakob and Beckmann 1986; Kikinis et al 1994)
eem most implicated. Small sample sizes and methodologic
ifferences, however, make comparisons between previous
tudies tenuous. For example, some investigators have relied on
ualitative assessments of gyrification, whereas others have
ompared gyrification patterns within only a single set of sec-
ioning planes and/or from only a few brain slices in one cortical
egion. Furthermore, several existing studies have compared
nly male subjects. Enormous variation exists in normal brain
tructure that has been linked with individual differences, includ-
ng gender, age, and handedness, as well as the unique contri-
utions of genes and environment (Geschwind et al 2002; Narr et
l 2003; Thompson et al 2001a). Furthermore, changes in gyrifi-
ation that might be associated with these factors might also
nteract with the pathophysiologic mechanisms contributing to
chizophrenia. Larger sample sizes and the investigation of
elationships with other demographic variables might thus be
ecessary to better characterize gyrification abnormalities in
chizophrenia.

To clarify previous findings of disturbed cortical complexity in
chizophrenia, we measured gyral complexity in 3D, using
ortical surface models extracted from high-resolution MRI vol-
mes obtained from each subject (Blanton et al 2001; Narr et al
001). Gyral complexity, defined as the frequency of sulcal/gyral
onvolutions relative to the surface area measured from five
istinct hemispheric regions, was then compared between pa-
ients with first-episode schizophrenia and healthy control sub-
ects similar in age. Previous evidence suggests that cortical
omplexity increases in association with brain growth until late
dolescence but remains relatively stable in adulthood (Arm-
trong et al 1995; Blanton et al 2001; Chi et al 1977). We therefore
redicted that gyrification abnormalities, if present, would pre-
ate the onset of schizophrenia and manifest in patients experi-
ncing their first episode. Furthermore, on the basis of findings of
t least four prior investigations (Kikinis et al 1994; Narr et al
001; Vogeley et al 2000, 2001), we hypothesized that schizo-
hrenia patients would exhibit increased gyral complexity pri-
arily in right frontal and left temporal lobe regions. As a second
ajor goal, we sought to assess whether the pathophysiologic
echanisms contributing to gyrification abnormalities in schizo-
hrenia are associated with sexually dimorphic developmental
ww.elsevier.com/locate/biopsych
processes (Davatzikos and Resnick 1998; Good et al 2001;
Harasty et al 1997; Yucel et al 2001) and hemispheric asymme-
tries (Beaton 1997; DeLisi et al 1997; Falkai et al 1995).

Methods and Materials

Subjects
Subjects included 50 patients (33 male, 17 female) experienc-

ing their first episode of schizophrenia and 50 healthy compari-
son subjects (33 male, 17 female), group-matched for age
(patients: 25.5 � 4.5 years [mean � SD]; control subjects: 27.8 �
7.3 years). A structured diagnostic interview, the Schedule for
Affective Disorders and Schizophrenia (Spitzer and Endicott
1978) and the Structured Clinical Interview for Axis I DSM-IV
Disorders (SCID; Spitzer et al 1995) were used to determine
patients’ diagnostic status. Patients were assessed longitudinally
to confirm diagnoses made at the initial episode. Before the
initial episode, age of presentation of first psychotic symptoms
for patients was 22.1 � 4.3 years (this information was unavail-
able for three subjects). Psychopathology was assessed accord-
ing to the Schedule for Affective Disorders and Schizophrenia
Change Version and the Scale for the Assessment of Negative
Symptoms (Andreasen 1984). The interval between admission
into the study and date of scanning for all subjects was 11.7 �
35.7 days. Thirty-two patients were drug-free at the time of
scanning. The median number of weeks of antipsychotic medi-
cation received by the remaining 18 patients before scanning was
1 (range: �1–26 weeks).

Healthy comparison subjects had no history of psychiatric
illness as determined by clinical interview with the SCID (non-
patient version). Exclusion criteria for all subjects included
serious neurologic or endocrine disorders, any medical condition
or treatment known to affect the brain, or meeting DSM-IV
criteria for mental retardation. The North Shore-Long Island
Jewish Health System institutional review board approved all
procedures, and written informed consent was obtained from all
subjects.

Image Acquisition and Preprocessing
High-resolution 3D spoiled gradient MR images were ob-

tained on a GE 1.5 Tesla scanner (General Electric, Milwaukee,
Wisconsin) as a series of 124 contiguous 1.5-mm coronal brain
slices (256 � 256 matrix, .86 mm � .86 mm in-plane resolution).
Image volumes were corrected for magnetic field inhomogene-
ities (Sled and Pike 1998; Zijdenbos and Dawant 1994), and
nonbrain tissue, including the scalp, bone, and meninges were
manually removed from each brain slice (interrater reliability for
scalp editing procedures, rI � .99). Measures of total brain
volume were obtained from the scalp-edited brain volumes in
native scanner space. Image volumes were then resampled into
1-mm isotropic voxels and placed into the standard coordinate
system of the ICBM-305 average brain (Mazziotta et al 1995) with
a three-translation and three-rotation rigid-body transformation
with no scaling (Narr et al 2002a; Sowell et al 1999). This
procedure corrects for differences in head alignment (but not
size) between subjects.

Cortical surfaces representing the gray matter/external cere-
brospinal fluid boundaries were extracted from each MR volume
with a 3D active surface algorithm that successively deforms a
spherical mesh onto the cortex, thus resolving the gyral pattern
of each individual (MacDonald et al 1994). The parametric
models of the cortex, consisting of a mesh of discrete triangular
elements, were then used to outline the primary cortical sulci/
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yri in each hemisphere according to validated anatomic delin-
ation protocols (www.loni.ucla.edu/�esowell/new_sulcvar-
html) (Narr et al 2001; Sowell et al 2002; Thompson et al 2001b).
nterrater reliability of manual outlining was measured as the 3D
oot mean square difference in millimeters between 100 equidis-
ant points from each sulcal landmark in six test brains that were
raced by one rater (SK) and compared with a gold standard
rrived at by a consensus of raters. The 3D root mean square
istance was �2 mm, and on average �1 mm, for all landmarks
elative to the gold standard.

Sulcal/gyral landmarks and the cortical surface models were
hen used to compute a 3D vector deformation field, relating the
mount of x, y, and z coordinate shift (or deformation) between
quivalent surface locations on the cortical surface of each
ndividual to homologous point locations on a cortical surface
odel averaged for the entire sample. Cortical pattern-matching
rocedures, used to spatially relate cortical folding patterns
etween subjects, have been detailed previously (Thompson et
l 2000, 2001a, 2001b). Cortical matching is necessary to make
he cortical surface meshes uniform and spatially homologous
ut to leave the configuration of gyral anatomy intact in each
ndividual. The group-averaged cortical surface, composed of a
arametric mesh, is used only to reference the same cortical

ocations between cortical surface meshes from each individual
hat remain in native scanner space. The main reason that the
ortical matching is performed is so that, in every subject, an
dentical parametric mesh with the same number of nodes can be
dapted to the lobar anatomy of each subject. Certain manually
elineated sulcal landmarks were then chosen to divide the
ortex into five separate surface meshes per hemisphere, to
llow gyral complexity to be measured in five distinct neuroana-
omic regions. The matching of sulcal features at the boundaries
f the lobes also allows the parametric meshes to be adjusted
recisely to fit the anatomic boundaries of each subject, which
re highly variable across subjects.

The five hemispheric meshes included 1) superior frontal
dorsolateral); 2) inferior frontal (orbitofrontal); 3) temporal; 4)
arietal; and 5) occipital regions in each hemisphere (Figure 1).
uperior frontal regions included cortex anterior to the central
ulcus. Inferior boundaries extended from the intersection of the

igure 1. The termination points of specific sulci (shown in white) were used
egions in each individual. The five cortical surface meshes are shown in co
central sulcus and Sylvian fissure to the inferior points of the
inferior frontal and frontomarginal sulci. Inferior frontal regions
included orbitofrontal cortices bordered by superior frontal
region boundaries. Temporal regions were defined to include
cortex inferior to the Sylvian fissure. Posterior boundaries fol-
lowed a line from the posterior extrema of the Sylvian fissures
(horizontal ramus) to the posterior extrema of the inferior
temporal sulci and the collateral sulci on the inferior surface of
the brain. The occipital notch was not included as a landmark
because it is not reliably distinguishable on the hemispheric
surfaces. Parietal regions were defined to include cortices pos-
terior to the central sulci and anterior to the parietal–occipital
fissure. Temporal region boundaries were used as the inferior
boundaries. Occipital regions included cortex bordered by pari-
etal and temporal regions anteriorly.

Gyral Complexity
Gyral complexity (and/or fractal dimension) was defined as

the rate at which the surface area of the cortical surface increases
relative to increases in the spatial frequency of the surface used
to represent it (Thompson et al 1996). The frequency of cortical
folding was estimated in 3D, whereby the rate of gyrification was
computed by gridding each of the hemispheric surface meshes at
many different resolutions. Ordered hierarchies of parametric
meshes were thus obtained for each cortical region with variable
resolution, where each cortical mesh is represented as I � J mesh
points. Resolution was varied by allowing I to range from 2 to 100
while holding J fixed. If A{MIJ} represents the surface area of the
cortical surface mesh MIJ, the fractal dimension or complexity is
computed by DimF � 2�{� ln A{MIJ}/� ln (1/I)}. The gradient of
the multifractal plot is obtained by the least squares regression of
the function ln A{MIJ} against ln (1/I), over the range 2 � I � 100
(Thompson et al 1996). The highest resolution of the surface
mesh sampling is similar to the image resolution (1 mm3) and
sufficient to capture the details of cortical surface folding pat-
terns. The average area per mesh node on the brain surface at the
highest mesh resolution � 1.63 mm2, range .71–2.29 across all
cortical regions. Therefore, to obtain complexity measures for
each hemispheric subregion, the logarithmic least squares re-
gression of surface area was plotted against the log of spatial

ides to divide the hemispheric surface meshes into five homologous cortical
the right and left hemispheres.
as gu
www.elsevier.com/locate/biopsych
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requency for regional surface meshes. The slopes of these plots
ere derived and added to 2.00. For a flat surface, the slope is

ero and the dimension is 2.00, with no additional detail added
y representing the surface at a higher spatial frequency. Com-
lexity values larger than 2.00 indicate more cortical convolu-
ions; a surface with a complexity value of 3.00 would fill nearly
ll of 3D space. Gyral complexity measures thus range between
.00 and 3.00.

tatistical Analyses
To examine differences in gyral complexity, 2 (gender) � 2

diagnosis) � 2 (hemisphere) analyses of variance (ANOVAs)
ere used. Gender and diagnosis were treated as between-

ubject variables, and right and left hemispheric measures from
he five cortical subregions were used as repeated measures
within-subject variables). All main effects and interactions were
ncluded in the model. Effects of hemisphere (asymmetries) and
nteractions between hemisphere and gender and diagnosis were
hus also included. Type I error was controlled by adopting
onferroni corrections for the five separate ANOVAs (p � .01).
imple interactions and/or univariate tests of simple effects were
erformed only in the presence of significant omnibus results.
ependent measures were not corrected for brain size because

he frequency of gyral folding is computed relative to the surface
rea of the subregion, so the magnitude of the surface area is
lready factored out of the measure. A previous study using
imilar methodology, however, found raw brain volumes to be
ignificantly associated with complexity measures as a biological
ffect in scaled brain volumes (Narr et al 2001). Therefore, to
nsure that brain volume did not contribute significantly to the
ariance, we examined relationships between brain volume and
omplexity measures. Finally, to examine whether the groups
efined by gender and diagnosis differed with respect to global
rain volumes, we used a 2 (gender) � 2 (diagnosis) ANOVA.

esults

A significant gender effect was found for raw brain volume
F (1,96) � 38.68, p � .001], with men exhibiting greater brain
olumes than women. No significant effects of diagnosis [F (1,96)
.96, p � .1] or gender � diagnosis interactions [F (1,96) � .43,
� .1] were detected. Means and SDs for raw brain volume
ithin each group are shown in Table 1. Significant relationships
ere absent between gyral complexity and raw brain volume
cross all groups (median Pearson’s r � .07; range �.1 to .19, p

Table 1. Brain Volumes (cm3) and Gyral Complexity Me

First Episode Pati

Male
(n � 33)

Intracranial Volume 1267.1 (132.7) 11
Left Temporal 2.156 (.0046) 2
Right Temporal 2.155 (.0045) 2
Left Superior Frontal 2.174 (.0093) 2
Right Superior Frontal 2.173 (.0326) 2
Left Occipital 2.165 (.0042) 2
Right Occipital 2.171 (.0146) 2
Left Parietal 2.162 (.0046) 2
Right Parietal 2.166 (.0062) 2
Left Inferior Frontal 2.159 (.0078) 2
Right Inferior Frontal 2.162 (.0087) 2

Data are presented as mean (SD).
ww.elsevier.com/locate/biopsych
� .1). Overall, these relationships were also absent within
groups defined by gender (men: median r � �.03; range �.16 to
.02; women: median r � .08; range �.06 to .41) or diagnosis
(patients: median r � .01; range �.18 to .23; control subjects:
median r � .14; range �.26 to .19). Brain volume was thus not
included as a covariate in subsequent analyses.

Main effects of diagnosis were absent for all of the regional
complexity measures. A significant diagnosis � gender � hemi-
sphere interaction, however, was present for the superior frontal
region [F (1,96) � 5.71, p � .01]. Follow-up analyses showed
significant diagnosis [F (1,64) � 6.87, p � .01] and diagnosis �
hemisphere effects in comparisons between male subjects for
superior frontal gyral complexity [F (1,64) � 5.21, p � .02] but not
between female diagnostic groups. Examination of simple effects
revealed that gyral complexity was increased in the right hemi-
sphere [F (1,64) � 6.98, p � .01] in male schizophrenic patients
compared with male comparison subjects but not in the left
hemisphere [F (1,64) � 1.04, p � .1].For right superior frontal
complexity, however, the male patient group variance divided by
the male control within-group variance � 3.32 (Fmax). Levene’s
equality of variance test showed that variances between the two
male groups were significantly different [F (1,64) � 19.36, p �
.001]. Importantly, comparisons of right hemisphere superior
frontal complexity between male patients and male control
subjects remained significant after the use of unequal variance
assumptions in the univariate test [F (1,37.8) � 2.64, p � .01].
Figure 2 shows brains exhibiting increased and decreased gyral
complexity in the right superior frontal cortices as compared with
the mean gyral complexity. Figure 3 plots gyral complexity
measures from the superior frontal lobe in both hemispheres in
groups defined by gender and diagnosis.

No additional interactions with diagnosis were significant for
any of the remaining regional gyral complexity measures; how-
ever, a trend toward a significant diagnosis � gender � hemi-
sphere interaction was observed for occipital lobe gyral com-
plexity [F (1,96) � 4.0, p � .05], but this effect did not survive
Bonferroni correction. Means for the five gyral complexity mea-
sures are shown in Table 1 for each hemisphere in groups
defined by gender and diagnosis. Table 2 shows the magnitude
of diagnostic group effects (Cohen’s d) within groups defined by
gender for each hemisphere. Cohen’s d (Cohen 1988) is the
standardized mean difference between groups, by which effect
sizes can be categorized as small (d � .2), medium (d � .5), or
large (d � .8). Effect sizes show that diagnostic group differences

s in Groups Defined by Diagnosis and Gender

Normal Control Subjects

ale
17)

Male
(n � 33)

Female
(n � 17)

(134.9) 1274.8 (93.7) 1142.9 (68.4)
(.0027) 2.155 (.0044) 2.154 (.0034)
(.0042) 2.156 (.0059) 2.170 (.0644)
(.0058) 2.170 (.0097) 2.166 (.0065)
(.0102) 2.157 (.0098) 2.162 (.0155)
(.0071) 2.163 (.0063) 2.163 (.0048)
(.0084) 2.164 (.0046) 2.181 (.0593)
(.0072) 2.162 (.0047) 2.164 (.0061)
(.0088) 2.165 (.0047) 2.167 (.0058)
(.0090) 2.159 (.0068) 2.157 (.0062)
(.0091) 2.159 (.0079) 2.156 (.0060)
asure

ents

Fem
(n �

04.2
.154
.155
.170
.159
.165
.167
.164
.165
.158
.158
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etween men for the right occipital region are only slightly
maller in magnitude compared with the significant result ob-
erved for the right superior frontal region. Left hemisphere

igure 2. Cortical surface models highlighting the right superior frontal
egion to illustrate interindividual differences in gyral complexity. Examples
f brains exhibiting increased (left) and decreased (right) gyral complexity in
uperior frontal cortices as compared with the mean. Gyral complexity
ndices are shown below each cortical surface model.

igure 3. Gyral complexity indices and standard errors for the right and left
uperior frontal cortex in groups defined by gender and diagnosis. The left
emisphere is more complex overall (p � .002), although gyral folding is

ncreased in male patients compared with male control subjects in the right
emisphere (p � .01).
superior frontal complexity also shows a medium effect size
when female diagnostic groups are contrasted (Cohen 1988).

Finally, significant main effects of hemisphere (asymmetry)
were observed in the omnibus ANOVAs performed for the five
hemispheric cortical complexity measures. Main effects of asym-
metry were detected for the superior frontal cortices [F (1,96) �
10.06, p � .002], with the left hemisphere showing increased
gyral complexity across all groups (Figure 3). Occipital [F (1,96)
� 5.68, p � .01] and parietal regions [F (1,96) � 20.35, p � .001]
also showed significant hemisphere effects, with increased gyral
complexity in the right compared with the left hemisphere. No
main effects of gender were observed for any of the complexity
measures after Bonferroni correction.

Discussion

Gyral complexity reflects whether a cortical region of interest
contains more sulcal bifurcations and captures differences in the
patterns of gyral geometry as might occur during neurodevelop-
ment and/or in association with disease (Armstrong et al 1995;
Blanton et al 2001; Narr et al 2001; Thompson et al 1996, 1998).
Sexually dimorphic developmental processes and differences in
hemispheric connectivity contribute to the organization and/or
frequency of gyrification (Bilder et al 1994; Narr et al 2001; Van
Essen 1997; Yucel et al 2001, 2002). Furthermore, individual
differences in the patterns of cortical folding seem to be driven
by both genetic and epigenetic factors (Bartley et al 1997; Biondi
et al 1998; Lohmann et al 1999; Steinmetz et al 1995; Thompson
et al 2001a). By studying disturbances in gyrification, which
occur after neuronal migration is complete (Beaton 1997), the
temporal patterns and the biological mechanisms contributing to
schizophrenia neuropathology, as well as the modulating effects
of gender and hemisphere, might be elucidated (DeLisi et al
1997; Falkai et al 1995).

To confirm the presence of gyrification abnormalities in
schizophrenia and to investigate interactions with gender and
hemisphere, we examined gyral complexity in patients experi-
encing their first episode of schizophrenia compared with demo-
graphically matched healthy comparison subjects. Patients were
studied at first episode and had received little or no prior
medication exposure. Therefore, any observed alterations in
gyrification would suggest the presence of early neurodevelop-
mental rather than progressive neurodegenerative disturbances.
Furthermore, although some regional brain abnormalities are
well replicated in schizophrenia, global changes in brain struc-
ture appear largely below the threshold of significance. These
observations suggest that some functional systems are more
susceptible than others to disease processes in schizophrenia
(Shenton et al 2001). Relationships have been demonstrated
between cortical folding patterns and the underlying cytoarchi-
tectonic and connectional characteristics of cortical regions
(Caviness 1975; Rademacher et al 1993; Rakic 1988; Shapleske et
al 1999; Watson et al 1993). We therefore divided the cortex into
five functionally relevant cortical regions on the lateral surface of
each hemisphere to examine regional differences in 3D gyral
complexity in schizophrenia.

As consistent with the results of two earlier investigations that
used the GI to investigate abnormal gyrification in schizophrenia,
male patients were shown to exhibit significant increases in gyral
complexity in right superior frontal cortices, compared with
healthy male subjects (Vogeley et al 2000, 2001). Results are also
compatible with the mean gyral complexity increases reported
for this region in chronic schizophrenia (Narr et al 2001),
www.elsevier.com/locate/biopsych
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lthough interactions between diagnosis and gender were below
he threshold of significance. Results, however, contrast with
indings of significant decreases in left hemisphere GIs in ante-
ior (cortex rostral to the coronal section where the temporal
obe first appears) and posterior brain regions in male patients
ith schizophrenia (n � 9) compared with male control subjects

n � 9) (Kulynych et al 1997). Right hemisphere effects and
elationships with gender (only male subjects were examined)
ere not assessed, however, which prevented comparisons of

ight hemisphere findings. Furthermore, the GI was quantified in
oronal sections that were 4 mm apart, perhaps accounting for
ifferences in left hemisphere findings. Our results also differ
rom those of Yucel et al (2002), who used the FI to determine
he rate of cortical folding in each hemisphere as well as in
nterior cingulate regions. Findings included decreased fissuriza-
ion in the left hemisphere and within anterior cingulate cortices
n male schizophrenic patients compared with male control
ubjects. Yucel et al (2002), however, did not examine regional
ifferences in gyral complexity on the lateral hemispheric sur-
aces, and gyral complexity was not measured on the medial
emispheric surfaces in our investigation.

In contrast to previous findings of increased gyral vertical
rientation and sulcal interruptions in left temporal cortices in
chizophrenia (Kikinis et al 1994), we failed to detect significant
hanges in gyral complexity in temporal lobe regions in first-
pisode patients. Different features of gyral anatomy were stud-
ed, however, which perhaps explains discrepancies in results.
ur findings suggest that gray matter deficits, as widely observed

n lateral and medial temporal lobe regions in schizophrenia
Narr et al 2002b; Narr et al, in press; Shenton et al 2001), are not
ccompanied by changes in gyral frequency; however, the
ortical surfaces, obtained from deforming a spherical mesh to fit
he signal intensity thresholds between cortical gray matter and
xtracortical cerebrospinal fluid, do not extend into the deep
urfaces of individual sulci (or into insula cortex). Therefore,
bnormalities in the folding patterns of Heschl’s gyri and/or the
lanum temporale (Gur and Chin 1999; Kwon et al 1999) might
ave remained undetected. Furthermore, the width and depth of
ortical sulci might influence the complexity metric, such that
ore atrophied brains might exhibit increases in gyral complex-

ty. In our study, groups were similar in age, and brain sizes were
ot significantly different in schizophrenic patients. Therefore,
iagnosis-specific reductions in global brain tissue do not ex-
lain the increased gyral complexity observed in patients; how-
ver, it is possible that focal areas of atrophy might affect
omplexity measurements made at the regional level, such as in
uperior frontal cortices. Although gender � diagnosis interac-

Table 2. Magnitude of Diagnostic Group Effects (Cohen
Defined by Gender

Male Patients (n � 33)
Male Control Subjects (

Right
Hemisphere H

Temporal �.19
Superior Frontal .67
Occipital .64
Parietal .18
Inferior Frontal .36

Positive values indicate increases in gyral complexit
son subjects. Negative values indicate increases in gy
patients.
ww.elsevier.com/locate/biopsych
tions were absent for the four remaining cortical regions studied,
a trend also suggested increased right hemisphere gyral com-
plexity in male patients for the occipital region (Table 2).
Additionally, left superior frontal complexity was larger in female
patients compared with female control subjects (Table 2), al-
though this effect was not identified as significant in statistical
tests.

Structural asymmetries are shown to occur before gyrification
during neurodevelopment (Beaton 1997). That is, volumetric
asymmetries occur early in the second trimester, whereas gyrifi-
cation seems to commence toward the end of the second and
during the third trimester (Armstrong et al 1995; DeLacoste et al
1991; Hering-Hanit et al 2001). Disturbances in the hemispheric
patterns of gyral folding suggest that harmful environmental
events and/or genetic factors contribute to interrupt neurodevel-
opmental processes before gyrification is complete. Reversals in
the direction of asymmetry for the frequency of gyral folding in
superior frontal cortices were previously documented in chronic
schizophrenia (Narr et al 2001). Patients showed leftward asym-
metries (i.e., increased gyrification in the left hemisphere),
whereas control subjects showed rightward asymmetries. Such
effects were absent in the current investigation, in which leftward
asymmetries were observed in both patient and healthy compar-
ison groups. The asymmetry of gyral frequency in control
subjects and not schizophrenia patients therefore differed be-
tween studies. Discrepancies in findings might be attributable to
differences in demographic characteristics or might perhaps
illustrate the pitfalls of using smaller sample sizes; in the Narr et
al (2001) study, the sample size was half that of the current
investigation.

Main effects of hemisphere were shown in occipital and
parietal regions (right GI larger than left), as well as the superior
frontal lobe (left larger). Two previous investigations using the FI
showed significant asymmetries in hemispheric fissurization (left
larger) that were pronounced in male compared with female
subjects (Yucel et al 2001, 2002). In contrast, Zilles et al (1988),
who used the GI to quantify gyral frequency, did not detect
significant hemispheric asymmetries in cortical folding. In a
normative sample of young adults, hemispheric complexity
differences were demonstrated in the same cortical regions as in
our study (i.e., frontal, parietal, and occipital regions) (Luders et
al, unpublished data). Given the direction of asymmetries ob-
served for gyral folding, it is possible that increases in cortical
surface area occur to compensate for the right frontal and left
occipital petalias documented in human and nonhuman primates
(Chiu and Damasio 1980; Hopkins and Marino 2000; Zilles et al
1996). That is, because brain growth is restricted by the size of

for Regional Gyral Complexity Measures Within Groups

s
3)

Female Patients (n � 17) Versus
Female Control Subjects (n � 17)

t
here

Right
Hemisphere

Left
Hemisphere

�.32 �.02
�.22 .64
�.33 .33
�.26 �.10

.25 .12

hizophrenia patients compared with healthy compari-
omplexity in healthy comparison subjects relative to
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n � 3
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emisp
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he intracranial cavity, and the inner skull forms asymmetries
omplementary to petalias (Daniel et al 1989; Faglioni and Scarpa
989; Gundara and Zivanovic 1968; Holloway 1981), increased
urface area caused by increased folding might occur in regions
ith smaller hemispheric volumes (left frontal and right occipital

egions).
There is some evidence to suggest that gender differences

xist in the frequency of cortical folding (Yucel et al 2001),
lthough others disagree (Nopoulos et al 2000; Zilles et al 1988).
ignificant main effects of gender were not detected in this
nvestigation. Gender differences, however, were not examined
xclusively within healthy subjects, and the numbers of male and
emale subjects were not equally matched (Table 1). Using the
ame methodological approach, Luders et al (unpublished data)
howed significant increases in gyral complexity in female
ubjects in parietal and superior frontal cortices bilaterally, and in
eft inferior frontal cortex. In our study, mean differences in the
requency of right superior frontal gyral folding were greater in
ale patients compared with male control subjects but larger in
ormal female subjects compared with female patients (Figure
). This might support previous data suggesting that mechanisms
roducing normal sexual dimorphisms are disturbed in schizo-
hrenia, particularly at the cortex (Goldstein et al 2002; Yucel et
l 2002). Two prior studies using the GI failed to detect gender
ifferences in gyral frequency between the hemispheres (Nopou-
os et al 2000; Zilles et al 1988), although regional differences in
yral frequency were not examined in these prior investigations.

The hypothesis that schizophrenia is of neurodevelopmental
rigin is now the most widely accepted explanation for schizo-
hrenia pathophysiology. From the neurodevelopmental per-
pective, schizophrenia is assumed an ongoing process resulting
rom a combination of genetic and harmful environmental factors
ccurring sometime between conception and adulthood, rather
han the result of a specific static event (Harrison 1999; Woods
998). Interestingly, both genetic and environmental factors have
een shown to influence cortical folding patterns. For example,
ypoxia in the second trimester might lead to lissencephaly and
achygyria (incomplete lissencephaly) (Stewart et al 1975),
hereas several families of genes seem to control the production
nd migration of neurons toward their positions in the cortex
uring gyral formation (Rakic 2000). Our observations of gyrifi-
ation abnormalities in first-episode schizophrenia suggest that
ortical folding disturbances predate the onset of illness. More
mportantly, the presence of gyrification abnormalities in schizo-
hrenia suggests that pathophysiologic mechanisms interfere
ith normal neurodevelopmental processes during the second
nd third trimester of pregnancy, when the majority of cortical
olding occurs (Chi et al 1977; Huang 1991; Naidich et al 1994).
andidate mechanisms for altered gyrification might include
isturbances in neurogenesis, neuronal migration, differentia-
ion, and synaptogenesis (Jakob and Beckmann 1986). Early
enetic or environmental insults, however, might lead to de-
reased, as opposed to increased gyrification. The events con-
ributing to increased gyral complexity in schizophrenia might
herefore occur slightly later during neurodevelopment. That is,
ecause there seems to be a brief overshoot in cortical folding
hortly after birth, mechanisms that might involve neuron and
ynaptic pruning and myelination (Arnold 1999) might underlie
he apparent patterns of increased gyral frequency in selective
ortical regions in schizophrenia.

There are many proposed models of gyrification, with some
ore strongly supported (Rakic 2000; Richman et al 1975; Todd
1982; Van Essen 1997; Welker 1990). Recent evidence, however,
suggests that the patterns of cortical folding are influenced by
functional connectivity (Van Essen 1997; Welker 1990). There-
fore, misconnections in some cortical areas might lead to focal
hypergyrification as was observed in the superior frontal cortices
in schizophrenia (Vogeley et al 2000, 2001). Hemispheric and
gender differences in the rates of normal brain maturation
(Geschwind and Galaburda 1985; Yucel et al 2001) might also
explain why male and not female patients show increases in
gyral frequency that are hemisphere specific. For example, in the
developing fetal brain, prefrontal and striate cortices seem to be
the most asymmetric brain regions, with increased asymmetry in
male fetuses favoring the right hemisphere. Female fetuses are
likely to have two hemispheres of the same size or to exhibit
subtle leftward asymmetries, which suggests that testosterone in
utero might lead to a more rapid growth of the right hemisphere
or, alternatively, retard the growth of the left hemisphere (DeLa-
coste et al 1991; Wisniewski 1998). Similar neurobiological
mechanisms occurring in utero might be disturbed in schizophre-
nia and account for the hemisphere � gender interactions
observed for gyral complexity. Only systematic investigation of
the factors contributing to altered gyrification patterns, however,
might help clarify exactly what neuropathologic processes are
linked with this structural abnormality in schizophrenia.
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