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Objective: Although well documented,
regional brain structural abnormalities in
schizophrenia are nonspecific, and mor-
phometric parameters show significant
overlapping between patients and healthy
comparison subjects. An increasing num-
ber of studies have focused on supra-
regional models involving abnormalities of
the neuronal circuitry between cortical re-
gions in schizophrenia. The aim of the
present study was to investigate cortical
folding as an index of the neuronal wiring
in different subtypes of schizophrenia.

Method: Magnetic resonance imaging
measures of gyrification index in intervals
of 3.6 mm along the total cerebral cortex
were compared in 40 patients with DSM-
IV schizophrenia and 20 healthy subjects.
Psychopathology was assessed with the
Positive and Negative Syndrome Scale,
Brief Psychiatric Rating Scale, and the
Negative Symptom Rating Scale.

Results: The schizophrenia patients
showed significantly reduced bilateral
cortical folding relative to healthy com-
parison subjects. Such reductions were
more pronounced in those with the disor-
ganized subtype and showed an inverse
correlation with negative symptoms and
a positive correlation with positive symp-
toms. The paranoid subtype showed re-
duced cortical folding that was restricted
to the left hemisphere.

Conclusions: These results from a larger
patient group confirm a previous report
of reduced cortical folding in schizophre-
nia patients. They also suggest a distinct
pattern of abnormality between schizo-
phrenia subtypes regarding the process of
cerebral lateralization and are in agree-
ment with the neurodevelopmental hy-
pothesis of schizophrenia.

(Am J Psychiatry 2003; 160:1606-1613)

In the last decades, accumulating evidence from neu-
roimaging studies has shown that schizophrenia is associ-
ated with brain structural abnormalities (1, 2). These ab-
normalities are already present in first-episode, never
treated patients (3, 4), and the absence of gliosis and other
neurodegenerative abnormalities (1) favors a neurodevel-
opmental hypothesis of schizophrenia. Nevertheless, mor-
phometric parameters based on a region-of-interest ap-
proach are nonspecific, showing significant overlapping
between schizophrenia and other psychiatric conditions
and, even for the most robust findings, there have been a
significant number of studies reporting negative results.
Such inconsistencies raise the question of whether “schizo-
phrenia” is a single disease with different levels of severity
along a pathogenetic continuum (5, 6) or whether the psy-
choses of the schizophrenia spectrum constitute distinct
clinical and etiopathological groups (7, 8). An increasing
number of studies have focused on a supraregional model
involving abnormalities of the neuronal circuitry between
multiple cortical regions in schizophrenia (9-12).

In a postmortem study of 61 normal brains, Zilles et al.
(13) developed the so-called gyrification index from direct
measurements on cortical surfaces as seen in coronal
slices (a ratio between total—including sulcal—and su-
perficially exposed cortical surfaces). The gyrification in-
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dex provides a parameter of interest for schizophrenia,
since alterations in cortical folding may reflect an underly-
ing disorder in neural connectivity during the maturation
of the brain (14, 15). Kulynych et al. (16), in a magnetic
resonance imaging (MRI) study, found gyrification index
reductions in the left hemispheres of nine schizophrenic
patients compared with nine healthy volunteers (the gyri-
fication index was measured in coronal sections at in-
tervals of 4 mm). Conversely, Vogeley et al. (17) reported
gyrification index increases in 12 schizophrenic and schizo-
affective patients relative to 12 unaffected siblings when
investigating five MRI slices of the right prefrontal cortex.
The purpose of this study was to conduct a detailed inves-
tigation of the gyrification index in a series of 50 anterior-to-
posterior MRI slices (at intervals of 3.6 mm) from a larger
schizophrenic patient group (N=40) relative to healthy com-
parison subjects (N=20). We also aimed to study the rela-
tionship between the gyrification index and schizophrenia
symptom scores as well as clinical schizophrenia subtypes.

Method

Subjects

This study was performed at the Institute of Psychiatry of the
University of Sdo Paulo. Forty outpatients were diagnosed and
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classified by schizophrenia subtype according to DSM-1V criteria
on the basis of interviews with the Structured Clinical Interview
for DSM-IV Axis I Disorders, Patient Edition (SCID-P) (18). Ex-
clusion criteria were 1) age lower than 18 or greater than 60 years;
2) history of substance dependence; and 3) history of head
trauma, degenerative neurological disorders, or previous treat-
ment with steroid medication. Schizophrenic patients were com-
pared with a healthy group (N=20) that had no history of physical
or psychiatric disorders, as determined with the SCID-P. After an
explanation of the study, written informed consent was obtained
from all subjects before participation. This study was approved by
the Ethics Committee of the Faculty of Medicine of the University
of Sao Paulo.

Demographic and clinical data from the two groups are pro-
vided in Table 1. Patients and comparison subjects did not differ
significantly in terms of gender, age, handedness, and years of ed-
ucation.

Clinical Assessments

Current symptom severity was measured by using the Positive
and Negative Syndrome Scale (19), the anchored version of the
Brief Psychiatric Rating Scale (BPRS) (20, 21), and the Negative
Symptom Rating Scale (22). All patients were receiving antipsy-
chotic medication at the time of the study.

MRI Acquisition and Measurements

Structural MRI scans of the entire brain were obtained by using
a 1.5-T Philips Gyroscan S15-ACS scanner (Philips Medical Sys-
tems, Andover, Mass.), with T;-weighted fast-field echo continu-
ous coronal slices (thickness=1.2 mm, field of view=240, matrix=
256x256). The orientation of the brain was standardized during
the acquisition process, with coronal images oriented perpendic-
ularly to the anterior-to-posterior commissural axis. Images were
transferred to a SUN workstation and measured manually with the
software Gyroview-HR 2.1, with investigators blind to diagnosis.

Gyrification index. The gyrification index was determined ac-
cording to the method of Zilles et al. (13) as the ratio between the
total (including sulcal, inner contour) and the superficially ex-
posed (outer contour) cortical surface, as determined from linear
measurements of the coronal lengths for each section/slice at
equally spaced intervals along the cerebral cortex. Considering
that Zilles et al. calculated the mean gyrification index margin er-
ror to be lower than 4% at 4-mm intervals, for practical purposes
we have measured gyrification index at 3.6-mm instead of 1.2-
mm intervals. The contours were traced externally along the ana-
tomic boundaries of the cortex (outer contour along the superfi-
cially exposed cortex; inner contour including sulcal surfaces). In
the middle segment of the brain, a line was traced from the curva-
ture of the parahippocampal gyrus to the inferior border of the
third ventricle that then followed a midsagittal line until the cor-
pus callosum. Therefore, subcortical and midsagittal structures
were not included in gyrification index measurements (Figure 1).
Right and left gyrification indexes were calculated as the averages
of approximately 50 slices on the right and left hemispheres, re-
spectively. In order to investigate regional differences, an arith-
metic mean of the gyrification index was separately calculated for
the frontal and for the posterior (temporal-parietal-occipital) re-
gions. Both for this separation and for the comparative superpo-
sition of slices between subjects, an index section (cutoff) was
used that corresponded to the point at which the temporal lobe
becomes attached to the remainder telencephalon, as seen in the
coronal plane (the anterior temporal lobe was not included). The
following algorithm was used to calculate the asymmetry coeffi-
cient of the gyrification index:

(Right GI - Left GI)/0.5 x (Right GI + Left GI)
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TABLE 1. Demographic and Clinical Characteristics of
Schizophrenia Patients and Healthy Comparison Subjects
Who Underwent MRI Scans for Measurement of Cortical
Folding

Schizophrenia Healthy

Characteristic Patients (N=40) Subjects (N=20)

N % N %
Gender
Male 24 60.0 12 60.0
Female 16 40.0 8 40.0
Handedness
Right 36 90.0 16 80.0
Left 4 10.0 4 20.0
Mean SD Mean SD
Age (years) 34.0 8 31.5 10.8
Education (years) 8 3 1 8
Duration of illness (years) 15.8 8.4

Age at onset of psychosis (years)  18.0 4.2
Positive and Negative Syndrome

Scale score 73.1 12.5
BPRS score 24.6 12.5
Negative Symptom Rating Scale

score 14.2 9.2

Brain volume. Brain volume was obtained by the sum of vol-
umes of the hemispheres, whose boundaries matched the outer
contour of the gyrification index; consequently, the temporal
pole, part of the midbrain, the pons, and the cerebellum were ex-
cluded from measurements (Figure 1).

Reliability. All the aforementioned measurements were per-
formed blind to diagnosis by the same rater (P.C.S.). One other
rater (E.S.) carried out independent measurements in five ran-
domly selected brains (approximately 50 slices on each hemi-
sphere). The interrater agreement (average measure ICC) was
0.84 for the right gyrification index and 0.87 for the left gyrifica-
tion index.

Statistical Analysis

Between-group differences were assessed using parametric
tests (t tests, one-way analyses of variance) or nonparametric
tests (Mann-Whitney, Kruskal-Wallis) depending on the normal-
ity distribution. Second, we used a general linear model that con-
trolled for brain volume and sociodemographic variables (gender,
age, handedness, and years of education), with Bonferroni cor-
rection for multiple comparisons. Correlations between gyrifica-
tion index and rating scale scores were also calculated, first by
bivariate correlation (Spearman correlation), then with partial
correlations after we controlled for brain volume and sociodemo-
graphic differences.

Results

Schizophrenia Patients Versus Healthy Subjects

The results are summarized in Table 2. Patients showed
bilateral gyrification index reductions relative to the
healthy subjects, the values of whom matched very closely
the results presented by Zilles et al. (right gyrification in-
dex: mean=2.55, SD=0.02; left gyrification index: mean=
2.57, SD=0.02) (13). After we controlled for demographic
variables and brain volume, a significant reduction of the
left gyrification index was maintained (F=9.05, df=1, 53, p=
0.004), but the right gyrification index reduction in the
group of schizophrenic patients was no longer significant
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FIGURE 1. Gyrification Index Measurement in a Schizophrenic Patient?

Inner cortical contour
Outer cortical contour

Anterior Segment

Posterior Segment

2 The anterior segment shows the gyrification index for the left frontal region. The posterior segment shows the gyrification index for the left
temporal-parietal-occipital region. The gyrification index is the length of the inner cortical contour (yellow line) divided by the length of the

outer cortical contour (white line).

(F=3.06, df=1, 53, p<0.09). Although the between-group
differences were more pronounced in the posterior (tem-
poral-parietal-occipital) regions, we found an overall bi-
lateral reduction of cortical folding in the schizophrenic
group. However, as seen in Figure 2, the gyrification index
values show that patients had higher cortical folding in the
first (anterior) five slices along the right hemisphere. In-
deed, calculating right gyrification index in slices 3, 4, and
5, such as Vogeley and colleagues did in their postmortem
study (23), we confirmed their findings: the right gyrifica-
tion index of patients (mean=2.03, SD=0.07) in this cir-
cumscribed area was significantly higher than the right
gyrification index of the comparison subjects (mean=1.81,
SD=0.1) (t=-3.28, df=4, p=0.03).

Within the schizophrenic group, significant reductions
of cortical folding were seen in the left hemisphere in com-
parison to the right hemisphere (t=-2.86, df=39, p=0.007).
No such laterality differences were found in healthy com-
parison subjects. Mean brain volumes of patients and
comparison subjects were not significantly different from
each other (t=1.28, df=58, p<0.21).

Comparison by Schizophrenia Subtype

The patients with the disorganized subtype of schizo-
phrenia (N=8) showed significant right gyrification index
reductions compared with both healthy comparison sub-
jects (F=5.43, df=3, 56, p=0.001) and patients with the para-
noid subtype (F=5.43, df=3, 56, p=0.003). The right gy-
rification index of patients with the residual subtype of
schizophrenia tended to be lower than that of the healthy
comparison subjects, but the difference was nonsignifi-
cant (F=5.43, df=3, 56, p=0.07). After Bonferroni correction
and after gender, age, handedness, education, and brain
volume were controlled, only the difference between the
healthy subjects and patients with the disorganized sub-

1608 http://ajp.psychiatryonline.org

type of schizophrenia remained statistically significant (F=
2.91, df=3, 51, p<0.04).

For the left hemisphere, significant gyrification index re-
ductions relative to healthy comparison subjects were seen
in the patients with the disorganized (F=6.53, df=3, 56, p=
0.001) and paranoid (F=6.53, df=3, 56, p<0.02) schizophre-
nia subtypes. Only the difference between patients with
the disorganized subtype and healthy comparison subjects
retained statistical significance after demographic vari-
ables were controlled (F=4.52, df=3, 51, p=0.006).

For the asymmetry coefficient of the gyrification index,
patients with the paranoid subtype showed significantly
greater right than left gyrification index values relative to
the healthy subjects (F=2.17, df=3, 56, p<0.04). No other
significant differences in laterality indices were detected.

Gyrification Index Correlations
With Demographic Variables and Symptoms

Both right and left gyrification index values showed
significant negative correlations with age in the total
study group (r=-0.29, df=58, p<0.03 and r=-0.32, df=58,
p<0.02, respectively). This effect was more pronounced
for the left gyrification index of the comparison subjects
(r=—-0.51, df=18, p<0.03) and the right gyrification index of
patients (r=—0.24, df=38, p<0.16). On the other hand,
brain volume was directly correlated with the right gyrifi-
cation index (r=0.31, df=58, p<0.02), with the largest effect
in the group of patients (r=0.28, df=38, p=0.09). Gender,
handedness, years of education, duration of illness, and
family history of psychosis showed no significant correla-
tions with gyrification index.

The gyrification index showed positive correlations with
the severity of symptoms (total scores of Positive and Neg-
ative Syndrome Scale and BPRS), especially with paranoid
symptoms (delusions, hallucinations, suspiciousness,

Am | Psychiatry 160:9, September 2003



SALLET, ELKIS, ALVES, ET AL.

TABLE 2. Brain Volume and Gyrification Index Measures of Healthy Comparison Subjects and Schizophrenic Patients Who
Underwent MRI Scans for Measurement of Cortical Folding

Gyrification Index

Right Hemisphere Left Hemisphere

Temporal- Temporal-
Brain Parietal- Parietal-
Volume Frontal Occipital Frontal Occipital Asymmetry
(mm?3) Total Region Region Total Region Region Coefficient
Group Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Healthy comparison subjects
(N=20) 1113 102 2,56 0.11 220 013 270 0.10 256 0.09 219 0.11 2.71 0.1 0.003 0.02
Schizophrenic patients (N=40)2 1069 136 2.48 0.15 212 0.15 260 0.17 244 0.13 2.08 0.15 258 0.14 0.014 0.03
Paranoid Subtype(N:27)b 1096 125 252 0.17 216 015 264 0.12 247 0.12 211 0.14 261 013 0.021 0.03
Disorganized (N=8)¢ 938 75 236 0.17 201 0.15 248 019 235 0.14 200 0.17 247 015 0.004 0.04
Residual (N=5) 1061 127 245 0.12 208 0.07 259 013 245 0.12 209 0.12 260 0.12 -0.004 0.02

a Significant gyrification index differences relative to the healthy comparison subjects (determined through t tests) were seen in the right hemi-
sphere (total, p<0.03; temporal-parietal-occipital region, p=0.006) and the left hemisphere (total, p=0.001; frontal region, p=0.007; tempo-
ral-parietal-occipital region, p=0.003 [per Mann-Whitney U test due to nonnormal distribution in the healthy comparison subjects]). After
Bonferroni correction and after brain volume, age, gender, handedness, and years of education were controlled (general linear model), sig-
nificant gyrification index differences remained in the left hemisphere (total, p=0.004; frontal region, p<0.02; temporal-parietal-occipital re-
gion, p=0.002).

b Significant gyrification index differences relative to the healthy comparison subjects (ANOVA with least significant difference) were seen in the
left hemisphere (total, p<0.001; frontal region, p=0.002; temporal-parietal-occipital region, p=0.004 [per Kruskal-Wallis H test due to nonnor-
mal distribution in the healthy comparison subjects]). A significant difference relative to the healthy comparison subjects was also seen for
the asymmetry coefficient (p<0.04).

¢ Significant gyrification index differences relative to the healthy comparison subjects (ANOVA with least significant difference) were seen in the
right hemisphere (total, p<0.001; frontal region, p=0.002; temporal-parietal-occipital region, p=0.001) and the left hemisphere (total,
p<0.001; frontal region, p=0.002; temporal-parietal-occipital region, p=0.004 [per Kruskal-Wallis H test due to nonnormal distribution in the
healthy comparison subjects]). After Bonferroni correction and after brain volume, age, gender, handedness, and years of education were
controlled (general linear model), significant gyrification index differences remained in the right hemisphere (total, p<0.04) and left hemi-
sphere (total, p=0.006; temporal-parietal-occipital region, p=0.004). A significant difference relative to the healthy comparison subjects was

also seen for brain volume (p<0.02) and remained with the general linear model (p<0.04).

grandiosity, and somatic concern). There were also signif-
icant negative correlations with the deficit symptoms of
disorientation and poor attention (Table 3, Figure 3). After
age, gender, and brain volume were controlled, the posi-
tive correlations of the gyrification index with the BPRS
symptoms of suspiciousness, somatic concern, and gran-
diosity retained statistical significance, but the same did
not occur with the correlations with hallucinatory behav-
ior and delusions, which lost statistical significance. Nega-
tive symptoms (attention, orientation, and motivation) re-
tained only trends to association with lower gyrification
index, even though the negative correlations between gy-
rification index and total score on the Negative Symptom
Rating Scale became more consistent (Table 3).

Discussion

Between-Group Differences

Relative to healthy subjects, schizophrenic patients
showed significant left gyrification index reductions (-4.5%)
and, to a lesser extent, right gyrification index reductions
(-3.3%). Such findings are in agreement with the reduction
of cortical folding in left hemispheres of nine male schizo-
phrenic patients as reported by Kulynych et al. (16). On the
other hand, in a postmortem study, Vogeley et al. (23)
found a prefrontal “hypergyria” in the right hemispheres
of 11 male schizophrenic patients. This finding was repli-
cated by the same group (17) in an in vivo MRI study with
12 patients. In the first study (23), the calculation of the
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mean gyrification index of the prefrontal cortex was re-
stricted to three sections (20 um in thickness, intervals of 2
mm). In the second study (17), they included three slices
of similar topography as well as two other slices 20 and 10
mm anterior to the genu of the corpus callosum. Differ-
ences in method make it difficult to compare those results
with the findings of our study, since we measured slices at
intervals of 3.6 mm along the whole cortex (about 50 slices
in each hemisphere). In order to allow a more direct com-
parison of our data with the postmortem study of Vogeley
etal. (23), we repeated our between-group comparison re-
stricting the gyrification index measurement to slices 3, 4,
and 5. Like these authors, we found “hypergyria” cir-
cumscribed to this right prefrontal area. There is some
evidence that schizophrenic patients have the normal
counterclockwise torque of the cerebral hemispheres di-
minished or absent in comparison with healthy individu-
als (with the right frontal and left occipital lobes more
protruding than their counterparts in the opposite hemi-
sphere) (24). According to this view, the apparent right
prefrontal hypergyria reported by Vogeley et al. and our-
selves could be seen as an artifact of differences in the to-
pographic positioning of the slices of patients and com-
parison subjects.

In our study, the left hemisphere gyrification index of
the schizophrenia patients was significantly lower than
the right hemisphere gyrification index. Moreover, except
for the disorganized subtype, all statistically significant
differences between schizophrenic subgroups and healthy
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TABLE 3. Correlations Between Gyrification Index and Clinical Symptoms in Schizophrenic Patients (N=40) Who Underwent

MRI Scans for Measurement of Cortical Folding

Correlation
Right Gyrification Index Left Gyrification Index
Bivariate Partial? Bivariate Partial®
Symptom Measure r p rs p r p rs p
Positive and Negative Syndrome Scale, total score 0.32 0.05 0.08 0.64 0.27 0.10 0.06 0.71
Positive symptom subscale, total score 0.40 0.01 0.23 0.18 0.36 0.03 0.19 0.25
Delusions 0.33 0.04 0.15 0.37 0.31 0.05 0.18 0.28
Hallucinatory behavior 0.50 0.001 0.17 0.33 0.39 0.02 0.10 0.55
Suspiciousness 0.50 0.001 0.42 0.009 0.43 0.006 0.36 0.03
Negative symptom subscale, total score 0.11 0.53 -0.02 0.92 0.09 0.58 -0.02 0.93
General psychopathology subscale, total score 0.33 0.04 0.04 0.80 0.28 0.09 0.02 0.90
Somatic concern 0.30 0.07 0.31 0.06 0.38 0.02 0.30 0.07
Anxiety 0.33 0.03 0.22 0.20 0.26 0.11 0.19 0.26
Disorientation -0.30 0.06 -0.41 0.02 -0.25 0.12 -0.30 0.07
Concern 0.45 0.004 0.30 0.08 0.39 0.02 0.24 0.15
Social withdrawal 0.33 0.04 0.09 0.58 0.20 0.23 0.04 0.80
BPRS, total score 0.35 0.03 0.16 0.33 0.32 0.05 0.18 0.30
Somatic concern 0.33 0.04 0.33 0.05 0.40 0.02 0.33 0.05
Grandiosity 0.51 0.003 0.44 0.02 0.48 0.007 0.39 0.04
Suspiciousness 0.51 0.001 0.42 0.008 0.43 0.006 0.37 0.03
Hallucinatory behavior 0.46 0.003 0.11 0.51 0.36 0.03 0.07 0.70
Unusual thought content 0.32 0.05 0.23 0.23 0.29 0.07 0.27 0.15
Disorientation -0.31 0.06 -0.63 0.0001 -0.25 0.13 -0.50 0.006
Negative Symptom Rating Scale, total score -0.21 0.20 -0.29 0.08 -0.14 0.39 -0.25 0.14
Attention -0.43 0.005 -0.28 0.10 -0.38 0.02 -0.32 0.05
Orientation -0.39 0.02 -0.27 0.10 -0.30 0.07 -0.22 0.18
Motivation -0.16 0.34 -0.31 0.07 -0.16 0.34 -0.30 0.07

2 Brain volume and demographic variables (age and gender) were controlled.

FIGURE 2. Anterior-to-Posterior Gyrification Index Values in Schizophrenic Patients and Healthy Comparison Subjects Who
Underwent MRI Scans for Measurement of Cortical Folding
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comparison subjects were restricted to the left hemi-
sphere, suggesting that the gyrification index abnormali-
ties have a main effect of left lateralization. Supposing that
the reduction of the cortical folding reflects an underlying
abnormality of neuronal connectivity, as suggested by
some authors (13-15), our results are in agreement with a
vast number of studies that have shown a predominance
of abnormalities in the left hemisphere of schizophrenic
patients (24, 25).

In both groups, we found significant bilateral inverse
correlations of the gyrification index with age. In addition,
the right gyrification index showed a positive correlation
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with brain volume. Such results are in disagreement with
results reported by previous studies, where no significant
correlations were observed between the cortical folding
measures and demographic variables (13, 16).

The overall “hypogyria” reported in the present study
can be discussed in view of the theories on cortical mor-
phogenesis. The biomechanical hypothesis (26, 27) sug-
gests that cortical folding results from different tensions of
growth between the supragranular (layers, II, and III) and
infragranular (layers IV, V, and VI) strata. In a complemen-
tary way, the tension-based theory of cortical morphogen-
esis (28) argues that the mechanical tension along with ax-
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FIGURE 3. Correlations of Right and Left Gyrification Index Values to Clinical Symptom Scores in Schizophrenic Patients (N=
40) and Healthy Comparison Subjects (N=20) Who Underwent MRI Scans for Measurement of Cortical Folding
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ons, dendrites, and glial processes exerts a main force in
the cortical folding. During corticogenesis, the cortical
laminae, initially tethered only by radial glial process, be-
come subsequently anchored by corticocortical and corti-
cosubcortical connections. Considering the viscoelastic
properties of axons, areas with more compact corticocor-
tical wiring (larger approximative tension) tend to get to-
gether, originating an outward fold (gyrus); on the other
hand, regions with poor circuitry (lesser cohesive force)
tend to stretch the neuronal fibers, giving rise to inward
folds (sulcus). The subplate, a transient fetal structure,
contains neuronal populations previous to the migrant
neurons to which they establish transient synapses involv-
ing neurotransmitters and neuromodulators; these con-
nections are still poorly known but are certainly important
for the understanding of corticogenesis (14). Armstrong et
al. (15) drew attention to the chronological similarity be-
tween subplate and cortical folding. The subplate changes
from a bilaminar to a single structure around the 21st on-
togenetic week (when the cortex begins its rapid convolu-
tional development) and diminishes in size after birth
(when the cortical folding reaches its adult values). Hence,
the subplate (whose cells project primarily to middle and
superficial layers of cortical plate) could provide the me-
chanical forces responsible for the cortical folding, formed
mainly as a consequence of the corticocortical circuitry.
Previous neuropathologic findings in schizophrenia add
evidence in agreement with the above model. With regard
to cytoarchitectural features in schizophrenia (see Harri-
son [1] for a critical review), the pyramidal neurons of the
prefrontal cortex and limbic system have been shown to be
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smaller and more densely packed. The cortex is thinner, es-
pecially in laminae II and III, and the reduced volume in
superficial layers suggests less extensive or aberrant synap-
tic connections formed by incoming corticocortical fibers,
which are modulated by interaction with subplate cells
during corticogenesis.

Gyrification Index: Relationship
With Clinical Subtypes and Symptoms

The patients with the DSM-IV disorganized subtype of
schizophrenia showed the smallest indexes of cortical
folding. However, left gyrification index reduction was not
exclusive to this subtype, since the paranoid and residual
subtypes also showed left gyrification index reductions
that reached statistical significance.

Schizophrenia patients with the paranoid subtype
showed similar right gyrification index values to healthy
comparison subjects. Indeed, symptom scores that tend
to cluster around the paranoid dimension (suspicious-
ness, delusions, hallucinations, and grandiosity) were as-
sociated with an increased gyrification index in our study.
On the other hand, the severity of the negative symptoms
such as deficits of attention, orientation, and motivation
were inversely related to the values of cortical folding. This
may be related to the fact that, within the schizophrenic
group, the disorganized subtype showed a lower gyrifica-
tion index, mainly due to reductions in the left hemi-
sphere. However, this interpretation must be made with
caution, since the correlation coefficients were relatively
modest (rs around —0.35 and p<0.05) and the elevated
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number of correlations increased the risk of false-positive
results.

Several previous neuroimaging studies have found re-
duced white matter in schizophrenic patients (12, 29-31).
Wible et al. (29) and Sanfilipo et al. (31) reported an asso-
ciation between a decreased volume of frontal white mat-
ter and the severity of negative symptoms, and Sigmunds-
son et al. (12) found reduced white matter in the left
hemisphere of patients with prominent negative symp-
toms. Our study showed that the patients with a high prev-
alence of deficit symptoms (disorganized subtype) had a
lower gyrification index. Supposing that a volumetric re-
duction in the white matter corresponds to a reduced
number of axons, lower viscoelastic tension, and therefore
alower cortical folding, our results are in consonance with
the findings reported by those authors.

In summary, the hypothesis that abnormalities in cortical
folding represent underlying disturbed neuronal connec-
tivity is based on morphogenetic and neuropathologic
studies involving the subplate in the genesis of corticocorti-
cal and corticothalamic connections as determinant factors
of viscoelastic tension responsible for cortical folding.
Therefore, the reduced gyrification index observed in
schizophrenic patients may reflect abnormalities in corti-
cogenesis and may be related to negative symptoms (e. g.,
deficits in attention, orientation, and motivation).

However, gyrification index is only an indirect measure
of a neuropathological process that is still poorly under-
stood. Additional empirical investigations are needed in
order to clarify how the gyrification index could be af-
fected by neurodevelopmental disturbances in humans
and to ascertain what kind of cytoarchitectural abnormal-
ities could be related with disturbances in cortical folding.

Our study had limitations that need to be acknowledged.
Not all the subtypes of schizophrenia were represented in
the study (e.g., the catatonic subtype), and the relatively
small number of subjects made the statistical analysis of
subgroups problematic. On the other hand, the symptom-
based subtypes of DSM have a very modest stability along
the course of illness. Patients initially diagnosed as one
subtype may display a combination of symptoms that
changes over time to another subtype (5), thereby making
it difficult to establish the homogeneity of subgroups of
schizophrenia.

In conclusion, we found a pattern of reduced cortical
folding in patients with schizophrenia that may reflect cy-
toarchitectonic abnormalities in the neurodevelopmental
process. This phenomenon was mainly pronounced in pa-
tients with the disorganized subtype, with predominance
of negative symptoms. On the other hand, the paranoid
subtype showed a relatively preserved gyrification index
that correlated positively with the severity of positive
symptoms.

In addition, schizophrenic patients showed signifi-
cantly reduced cortical folding in the left hemisphere
compared with the right hemisphere. Such a result may
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indicate a main effect of left lateralization in schizo-
phrenic patients, a finding that is also in line with abnor-
mal neurodevelopment.
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