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Objective: The heteromodal association
cortex has been hypothesized to be selec-
tively involved in the pathophysiology of
schizophrenia. To test this hypothesis, the
authors measured prefrontal, inferior pa-
rietal, and superior temporal gyrus vol-
umes and examined the pattern of con-
nections among these regions.

Method: Forty-four patients with schizo-
phrenia or schizoaffective disorder and 34
healthy comparison subjects were included
in the study. A spoiled gradient recall acqui-
sition in the steady-state three-dimensional
magnetic resonance imaging sequence was
used for morphometric assessment of the
heteromodal association cortex.

Results: Patients with schizophrenia had
significantly smaller inferior prefrontal re-
gion volumes and significant reversal of
the normal asymmetry of the inferior pa-
rietal cortex. No significant group differ-
ences were found in superior temporal
gyrus volume. The groups differed signifi-
cantly in the correlation between inferior
prefrontal region volumes and angular
gyrus volumes.

Conclusions: The results suggest that pa-
tients with schizophrenia may be charac-
terized by selective abnormalities of the
heteromodal regions involved in the neu-
roanatomy of language.

(Am J Psychiatry 2004; 161:322-331)

’]:w heteromodal association cortex comprises prima-
rily the prefrontal, superior temporal, and inferior parietal
cortices (1). These regions integrate emotional, motor,
and sensory inputs in the evaluation and production of
complex behavioral responses (1). The heteromodal asso-
ciation cortex has been hypothesized to be selectively in-
volved in the neuroanatomy of schizophrenia (2).

Postmortem and functional and structural imaging
studies have supported this hypothesis, with structural
magnetic resonance imaging (MRI) studies suggesting that
several of the heteromodal association cortex components
are characterized by gross structural changes. In particular,
there is general consensus that total prefrontal gray matter
volume is smaller in patients with schizophrenia, relative
to healthy comparison subjects (3). However, there is little
agreement about whether this smaller volume represents a
global deficit or is restricted to the prefrontal subcompo-
nents. Studies that have examined specific prefrontal re-
gions (4, 5) or have parcellated the prefrontal cortex into
subcomponents (6-12) have variously observed smaller
volumes of the dorsolateral, superior/medial, inferior, or
orbital prefrontal regions in patients with schizophrenia.
The lack of consensus among studies is due, in large part,
to variability in the number and definitions of the prefron-
tal regions.

There is also general agreement that superior temporal
gyrus volume is smaller in patients with schizophrenia (3);
however, some studies have had negative findings (8, 13,
14). Moreover, several studies have shown that reduced
superior temporal gyrus volume is associated with halluci-
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nations/delusions or positive formal thought disorder (3).
There are also reports of normal asymmetry reversal of the
planum temporale (3).

In contrast to the large number of studies of the prefron-
tal cortex and the superior temporal gyrus, relatively few
structural MRI studies have examined the inferior parietal
cortex. The inferior parietal cortex comprises the supra-
marginal and angular gyri. Studies of this region have dem-
onstrated smaller gray matter volume of the total inferior
parietal region or one of the component gyri, have shown
reversal of the normal asymmetry of this region, or have
failed to find any structural abnormalities (4, 8, 15, 16).

The very few studies that have concurrently examined
more than one heteromodal association cortex region (4,
5, 16) have examined whether the region’s potential selec-
tive involvement in the neuroanatomy of schizophrenia
results in unique relationships among these structures.
Previous studies of the relationships among heteromodal
association cortex regions have produced divergent re-
sults. In a factor analytic study, measures of the dorsolat-
eral prefrontal cortex and superior temporal gyrus loaded
onto the heteromodal association cortex factor in both pa-
tients with schizophrenia and healthy comparison sub-
jects (17). The inferior parietal cortex did not contribute to
this factor in either group. In a second study, frontal lobe
and superior temporal gyrus volumes were significantly
more correlated with each other in healthy comparison
subjects than in subjects with schizophrenia (5). In con-
trast, Niznikiewicz and colleagues (16) observed that vol-
umes of the right and left inferior parietal cortices were
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FIGURE 1. Boundaries of Regions of Interest in the Prefrontal Cortex Traced for a Morphometric Study of the Heteromodal

Association Cortex in Schizophrenia
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significantly correlated with volumes of the right and left
inferior and orbital, left middle, and right superior pre-
frontal regions in patients with schizophrenia but not in
healthy comparison subjects. In patients with schizophre-
nia, volumes of both the right and the left inferior parietal
regions were significantly correlated with the left anterior
superior temporal gyrus volume (16).

We previously reported the development of a reliable
procedure for parcellating the prefrontal cortex into four
subcomponents and found that patients with schizophre-
nia had selective smaller volumes of right and left inferior
prefrontal region gray matter (6). The procedure is based
on the method proposed by Rademacher and colleagues
(18) and utilizes surface sulcal landmarks, information on
the functional organization of the brain, and three-dimen-
sional MRI assessment methods. The current study was
designed to replicate our previous observation of smaller
inferior prefrontal region volumes, extend the evaluation
of heteromodal regions to the superior temporal gyrus
and inferior parietal cortex, and examine the pattern of
correlations among the heteromodal regions. We hypoth-
esized that patients with schizophrenia would be charac-
terized by smaller heteromodal cortical volumes, relative
to healthy comparison subjects, and that the pattern of
volumetric correlations among the heteromodal regions
would differ between the two groups.

Method

Subjects

Forty-four outpatients with DSM-III-R/DSM-IV schizophrenia
or schizoaffective disorder were selected for study entry. Patients’
diagnoses were based on the Structured Clinical Interview for
DSM-III-R/DSM-1V (SCID) (19, 20), interviews with family infor-
mants, and past medical records. Thirty-four healthy comparison
subjects were recruited from a group of community volunteers.
Comparison subjects were excluded if they had a history of a
DSM-III-R/DSM-1V axis I or axis II disorder on the basis of a SCID
interview. Patients and comparison subjects were excluded if they
had a history of neurological disorder, mental retardation, head
injury with loss of consciousness for greater than 30 minutes, or a
diagnosis of substance abuse or dependence within the last 12
months. Forty-one patients and 33 comparison subjects were
right-handed. Fifteen patients were treated with conventional an-
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tipsychotics, seven patients were treated with new-generation
antipsychotics other than clozapine, and 16 patients were treated
with clozapine. Medication data were missing for six patients. All
subjects provided written informed consent before study entry.

MRI Protocol

MRI studies were performed on a 1.5-T Signa GE Scanner
(General Electric, Milwaukee). The whole brain was evaluated in
the coronal plane by using a spoiled gradient recall acquisition in
the steady-state three-dimensional imaging sequence, with the
following imaging parameters: TR=35 msec, TE=5 msec, flip an-
gle=45°, number of excitations=1, field of view=24 cm, matrix
size=256 x256, and 1.5-mm slice thickness.

Image Processing and Measurement

The MEASURE system was used to process and analyze images
(6,21). Individual coronal MRI images are stripped of all nonbrain
tissue and combined to form a three-dimensional representation
of the brain. The three-dimensional representation and the three
MRI image orthogonal views (coronal, axial, and sagittal) are dis-
played on the computer screen. The surface sulcal landmarks for
each region are identified and painted on the three-dimensional
representation of the brain (see figure 1 in reference 6). The de-
marcated regions are then painted with different colors, with
each paint color defining the set of voxels used to calculate corti-
cal region volume. The paint colors are depicted on the orthogo-
nal views. The painted orthogonal views and three-dimensional
brain representation are used in an iterative manner to identify
the voxels of each brain region. A stereological method is used to
count the gray matter and white matter voxels (21, 22). In this
method, a three-dimensional grid of predetermined size is super-
imposed on the MRI images; the individual grid points were rep-
resented by small rotated “L” shapes (see figure 3 in reference 6).
Optimal grid size is based on the Cavalieri principle and was cal-
culated by using the formula developed by Gunderson et al. (22).
Gray matter volume is calculated by counting the number of Ls
that contain a gray matter voxel along the diagonal defined by the
angle of the L; white matter volume is calculated by counting the
number of remaining L's within the region of interest (22).

Anatomical Boundaries

Anatomical boundaries for each region are described in Ap-
pendix 1 and illustrated in Figure 1, Figure 2, and Figure 3. The
boundaries are based on surface sulcal landmarks (23). Prefrontal
total gray matter volume is the sum of the four prefrontal region
gray matter volumes. Prefrontal total white matter comprises the
white matter on each coronal slice identified by the surface paint.
If gyri represented on a coronal slice are not part of the prefrontal
cortex, then the white matter, defined by the cortical strip and a
straight line that connects the apex of each sulcus used to delin-
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FIGURE 2. Boundaries of the Superior Temporal Gyrus
Traced for a Morphometric Study of the Heteromodal
Association Cortex in Schizophrenia

[ superior temporal gyrus

TABLE 1. Characteristics of Patients With Schizophrenia
and Healthy Comparison Subjects in an MRI Morphometric
Study of the Heteromodal Association Cortex

Healthy
Patients With Comparison
Schizophrenia Subjects
Characteristic (N=44) (N=34)
N % N %
Gender
Male 32 73 17 50
Female 12 27 17 50
Race
White 33 75 23 68
Black 11 25 11 32
Mean SD Mean SD
Age at time of MRI (years) 39.0 5.6 34.7 7.2
Age at illness onset (years)? 21.6 6.2
Duration of illness (years)? 17.3 7.6
Total brain volume (mm?3) 1273.2 19.0 1286.1 20.5
Total cranial volume (mm3) 1413.4 22,7 14030 232

a4 N=38.

eate this region from a prefrontal region, is not included in the
prefrontal total white matter volume measurement (6). Superior
temporal gyrus white matter volume includes all white matter be-
tween the cortical strip and the medial border of the region. The
inferior parietal total gray matter volume is the sum of the supra-
marginal and angular gyri volumes. Inferior parietal white matter
includes all white matter within the cortical strip and the borders
of each gyrus.

Total cranial volume includes the cerebrum, cerebellum, sulcal
and ventricular CSE and brainstem. The inferior boundary of the
brainstem is defined by a straight line from the posterior margin
of the foramen magnum (most inferior and anterior point in the
occipital bone) and the anterior margin of the foramen magnum
(most posterior and inferior of the basiocciput). Total brain vol-
ume includes all brain structures that define the total cranial vol-
ume but excludes the sulcal and ventricular CSE

Interrater reliability for the prefrontal region, superior tempo-
ral gyrus, and inferior parietal region was based on the indepen-
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FIGURE 3. Boundaries of Regions of Interest in the Inferior
Parietal Cortex Traced for a Morphometric Study of the
Heteromodal Association Cortex in Schizophrenia
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dent measurement of each region in five brains. The intraclass
correlation coefficients were 0.95 for the superior prefrontal re-
gion, 0.93 for the middle prefrontal region, 0.91 for the inferior
prefrontal region, 0.93 for the orbital prefrontal region, 0.89 for
the superior temporal gyrus, 0.93 for the supramarginal gyrus,
0.86 for the angular gyrus, 0.99 for the total brain volume, and 0.99
for the total cranial volume.

Statistical Analyses

To examine effects of diagnosis, gender, and hemisphere, we
fitted a mixed analysis of covariance model for repeated measures
within each brain region by using the PROC MIXED procedure in
SAS Version 8.2 (SAS, Inc., Cary, N.C.), with volumes for the two
hemispheres as the repeated measure within subjects. All models
were adjusted for age. We used backward hierarchical selection to
remove nonsignificant (p>0.05) interaction terms, starting with
the following initial model for volume:

volume = age + diagnosis + gender + hemisphere + diagnosis-
by-gender + diagnosis-by-hemisphere + gender-by-hemisphere +
gender-by-diagnosis-by-hemisphere.

In this procedure, selection began by testing the three-way in-
teraction, dropping that term if it was nonsignificant, then drop-
ping in order the least significant two-way interactions, until only
significant interactions and main effects remained. All main ef-
fects were retained in the final model. Least squares means and
their standard errors were estimated for brain volumes within lev-
els of one factor, averaging over the other terms in the model;
where significant interactions were present, least squares means
were estimated for all combinations of levels of the factors in-
volved in the interaction. The p values were not adjusted for mul-
tiple comparisons. Neither total brain volume nor total cranial
volume was included in these models, since there were no signif-
icant effects for these measures other than gender differences.

To examine patterns of association among heteromodal re-
gions within each hemisphere, Pearson’s partial correlations
were computed between the different gray matter volumes.
Each pairwise correlation was adjusted for all other volumes
considered, to examine the independent association of the two
volumes. These correlations were calculated separately for the
comparison subjects and for the patients with schizophrenia. To
compare the magnitude of correlations between the two groups,
Fisher’s z transformation, z(r)=0.5xlog[(1+r)/(1-1)], was applied
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TABLE 2. Volume of Heteromodal Association Cortex Regions in Patients With Schizophrenia and Healthy Comparison

Subjects?

Volume (mm?3)

Patients With Schizophrenia

Healthy Comparison Subjects

(N=44) (N=34) Analysis
Region, Hemisphere, and Group Mean SE Mean SE t df p
Prefrontal cortex
Total gray matter 59.6 1.1 61.3 1.2 1.05 74 0.30
Total white matter 44.3 1.0 44.8 1.1 0.33 73 0.74
Superior region
Left 229 0.6 22.8 0.6 -0.06 74 0.95
Right 23.0 0.5 241 0.5 1.43 74 0.16
Inferior region®
Female subjects 9.5 0.5 9.4 0.4 -0.16 73 0.87
Male subjects 9.9 0.3 11.5 0.4 -3.10 73 0.003
Middle 16.0 0.6 16.1 0.6 0.10 74 0.92
Orbital 11.2 0.2 111 0.2 -0.24 74 0.81
Superior temporal gyrus
Total gray matter 14.2 0.4 14.3 0.4 0.35 74 0.73
Total white matter 6.0 0.2 5.5 0.3 -1.45 74 0.15
Inferior parietal cortex
Total gray matterd
Left 9.4 0.3 10.5 0.4 2.10 74 0.04
Right 10.5 0.4 10.0 0.4 -0.78 74 0.44
Total white matter®
Left 6.1 0.2 6.4 0.2 0.91 74 0.36
Right 6.6 0.2 6.1 0.3 -1.34 74 0.18
Angular gyrus 4.3 0.2 4.7 0.2 1.38 74 0.17
Supramarginal gyrusf
Left 5.3 0.2 6.0 0.3 1.82 74 0.07
Right 5.9 0.3 5.1 0.3 -2.06 74 0.04

@ Least squares means from the following model: volume = age + gender + hemisphere + diagnosis + (significant two-way interactions among

diagnosis, gender, and hemisphere).

b Significant diagnosis-by-hemisphere interaction (F=4.22, df=1, 74, p<0.05).

¢ Significant diagnosis-by-gender interaction (F=4.67, df=1, 73, p<0.04).

dSignificant diagnosis-by-hemisphere interaction (F=9.28, df=1, 74, p=0.003).
€ Significant diagnosis-by-hemisphere interaction (F=5.19, df=1, 74, p=0.03).
f Significant diagnosis-by-hemisphere interaction (F=14.04, df=1, 74, p=0.0004).

to each of the compared correlations. The significance of the
difference between correlations was then tested by using the
asymptotically normal statistic T=(Zpatients = Zcomparison subjects)/
[(Unpatiems - 3)+(1 /ncomparison subjects — 3)]2 (24).

Results

Demographic and clinical characteristics and global
brain measurements are presented in Table 1. The com-
parison group had a greater percentage of female subjects
(x?=4.24, df=1, p=0.04) and was significantly younger (t=—
2.88, df=76, p=0.005) than the schizophrenia group. The
main effect for diagnosis was not significant for total brain
volume (F=0.20, df=1, 74, p=0.65) or total cranial volume
(F=0.11, df=1, 74, p=0.74). Male subjects had a larger mean
total brain volume (F=38.2, df=1, 74, p=0.0001) and total
cranial volume (F=37.7, df=1, 74, p=0.0001). The main ef-
fect for age and the gender-by-diagnosis interactions were
not significant.

Between-Group Comparisons
of Brain Region Volumes

Group mean volumes are presented in Table 2. If there
was a statistically significant diagnosis-by-gender or diag-
nosis-by-hemisphere interaction (p<0.05), then least
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square means by diagnosis are reported separately within
each level of the factor involved in the interaction.

Prefrontal region. There were no significant group dif-
ferences for either the prefrontal total gray or white mat-
ter, the middle prefrontal cortex, and the orbital prefron-
tal cortex. There was a statistically significant diagnosis-
by-hemisphere interaction for superior prefrontal cortex
gray matter volumes (F=4.22, df=1, 74, p<0.05). However,
group differences were not significant for either hemi-
sphere. There was also a statistically significant diagno-
sis-by-gender interaction for inferior prefrontal cortex
gray matter volume (F=4.67, df=1, 73, p<0.04). The male
comparison subjects had significantly larger inferior
prefrontal cortex volumes than the male patients with
schizophrenia. There were no significant differences be-
tween the female comparison subjects and the female pa-
tients with schizophrenia.

Superior temporal gyrus. There were no significant
group differences, diagnosis-by-hemisphere, or diagno-
sis-by-gender interactions for either superior temporal gy-
rus gray or white matter volume.

Inferior parietal cortex. There were statistically signifi-
cant diagnosis-by-hemisphere interactions for inferior pa-
rietal cortex total gray matter (F=9.28, df=1, 74, p=0.003),
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TABLE 3. Volume of Heteromodal Association Cortex Regions in Male and Female Subjects From Combined Group of
Patients With Schizophrenia and Healthy Comparison Subjects?

Volume (mm3)

Female Subjects (N=29) Male Subjects (N=49) Analysis
Region and Group Mean SE Mean SE t df p
Prefrontal cortex
Total gray matter 57.2 1.3 63.7 1.0 -3.90 74 0.0002
Total white matter 41.2 1.2 47.9 09 —4.55 73 <0.0001
Superior region 21.7 0.6 24.7 0.4 -4.05 74 0.0001
Inferior regionP
Healthy comparison subjects (N=34) 9.4 0.4 11.5 0.4 -3.67 73 0.0005
Patients with schizophrenia (N=44) 9.5 0.5 9.9 0.3 -0.64 73 0.52
Middle region 15.2 0.6 17.0 0.5 -2.33 74 0.02
Orbital region 10.7 0.2 11.5 0.2 -2.63 74 0.01
Superior temporal gyrus
Total gray matter 13.4 0.4 15.1 03 -3.26 74 0.002
Total white matter 5.3 03 6.2 0.2 -2.45 74 0.02
Inferior parietal cortex
Total gray matter 9.7 0.4 10.5 0.3 -1.58 74 0.12
Total white matter 6.1 0.2 6.5 0.2 -1.22 74 0.23
Angular gyrus 43 0.2 4.8 0.2 -1.83 74 0.07
Supramarginal gyrus 5.4 0.2 5.7 0.2 -0.76 74 0.45

@ Least squares means from the following model: volume = age + gender + hemisphere + diagnosis + (significant two-way interactions among

diagnosis, gender, and hemisphere).

b Significant diagnosis-by-gender interaction (F=4.67, df=1, 73, p<0.04).

inferior parietal cortex total white matter (F=5.19, df=1, 74,
p=0.03), and supramarginal gyrus (F=14.0, df=1, 74, p=
0.0004) volumes. Left inferior parietal cortex gray matter
volume was significantly larger in the comparison sub-
jects than in the patients with schizophrenia. No signifi-
cant group difference was found for right inferior parietal
cortex gray matter volume. No significant group differ-
ences were found for either left or right inferior parietal
cortex white matter volume. The right supramarginal gy-
rus was significantly larger in patients with schizophrenia.
Comparison subjects had larger left supramarginal gyrus
volumes, but the difference between groups only ap-
proached significance. There were no significant group
differences and no significant diagnosis-by-hemisphere
or diagnosis-by-gender interactions for the angular gyrus.

Brain Region Volumes by Age and Gender

In the combined group of patients and comparison sub-
jects, significant age effects were found for prefrontal total
gray matter (F=5.05, df=1, 74, p=0.03) and superior pre-
frontal cortex (F=9.71, df=1, 74, p=0.003) (Table 3). All other
age effects were nonsignificant (p>0.10). In general, brain
region volumes were significantly larger in male subjects
than in female subjects, although this difference was not
statistically significant for the inferior prefrontal cortex, in-
ferior parietal cortex total gray matter, inferior parietal cor-
tex total white matter, or supramarginal regions.

Brain Region Volumes by Hemisphere

In the combined group of patients and comparison sub-
jects, brain region volume differences between hemi-
spheres were similar in male subjects and female subjects
for all regions examined (minimum p value >0.085 for gen-
der-by-hemisphere interactions).
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Prefrontal region. A significant diagnosis-by-hemi-
sphere interaction was found for the superior prefrontal
cortex (see earlier discussion). The comparison subjects
had larger right versus left superior prefrontal cortex vol-
umes (right: mean=24.1, SD=0.5; left: mean=22.8, SD=0.6)
(t=—3.67, df=73, p=0.0005), but the patients with schizo-
phrenia showed no hemispheric differences (t=-0.26, df=
74, p=0.80). In the combined group of patients and com-
parison subjects, a significant main effect of hemisphere
was found for orbital prefrontal cortex volume (right:
mean=11.3, SD=0.3; left: mean=11.0, SD=0.2) (t=-2.57, df=
74, p<0.02). There were no main hemisphere effects for the
other two prefrontal regions (p>0.12).

Superior temporal gyrus. In the combined group of
patients and comparison subjects, no main effect of hemi-
sphere was found for superior temporal gyrus gray matter
volume. A significant main effect of hemisphere was
found for superior temporal gyrus white matter volumes,
with right white matter volumes greater than left white
matter volumes (right: mean=5.6, SD=0.4; left: mean=5.5,
SD=0.2) (t=—2.04, df=74, p=0.04).

Inferior parietal cortex. Significant diagnosis-by-hemi-
sphere interactions were found for inferior parietal cortex
total gray matter, inferior parietal cortex total white matter,
and supramarginal gyrus volumes (see earlier discussion).
The patients with schizophrenia had larger right than left
inferior parietal cortex total gray matter volumes (right:
mean=10.5, SD=0.4; left: mean=9.4, SD=0.3) (t=-3.10, df=
74, p=0.003) and larger right than left inferior parietal cor-
tex total white matter volumes (right: mean=6.6, SD=0.2;
left: mean=6.1, SD=0.2) (t=-2.05, df=74, p=0.04). The hemi-
spheric effect was nonsignificant in the comparison sub-
jects for inferior parietal cortex total gray matter volume
(right: mean=10.0, SD=0.4; left: mean=10.5, SD=0.4) (t=
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1.33, df=74, p=0.18) and for inferior parietal cortex total
white matter volume (right: mean=6.1, SD=0.3; left:
mean=6.4, SD=0.2) (t=1.23, df=74, p=0.22). The laterality
index for the combined volumes of the inferior parietal
cortex total gray and total white matter for each study sub-
ject is presented in Figure 4.

The comparison subjects had larger left than right su-
pramarginal volumes (right: mean=5.1, SD=0.3; left:
mean=6.0, SD=0.3) (t=3.14, df=74, p=0.002), whereas the
patients with schizophrenia had larger right than left su-
pramarginal volumes (right: mean=5.9, SD=0.3; left:
mean=5.3, SD=0.2) (t=-2.10, df=74, p=0.04).

A significant main effect of hemisphere was found for
angular gyrus volume, with the right volume greater than
the left volume in the combined group of patients and
comparison subjects (right: mean=4.8, SD=0.2; left:
mean=4.3, SD=0.1) (t=-3.21, df=74, p=0.002).

Relationships Among Heteromodal Regions

The correlations among the heteromodal region vol-
umes in the comparison subjects and the patients with
schizophrenia are presented in Table 4 and Table 5.

Left hemisphere. The volumes of the superior prefron-
tal cortex and orbital prefrontal cortex were significantly
correlated in both the healthy comparison subjects (par-
tial r=0.39, df=76, p<0.05) and the patients with schizo-
phrenia (partial r=0.36, df=76, p<0.05) (Table 4). In the
comparison subjects, a significant relationship was found
between orbital prefrontal cortex and superior temporal
gyrus volumes (partial r=0.50, df=76, p<0.01). The correla-
tion was not significantly different from that observed in
the patients with schizophrenia.

In the patients with schizophrenia, significant correla-
tions were found between the inferior prefrontal cortex
and angular gyrus volumes (partial r=0.34, df=76, p<0.05)
and between the supramarginal and angular gyri volumes
(partial r=0.34, df=76, p<0.05). The correlation between
the inferior prefrontal cortex and angular gyrus volumes
in the patients with schizophrenia was significantly differ-
ent from that observed in the comparison subjects (partial
r=-0.14) (z=-2.08, p<0.04).

Right hemisphere. The superior prefrontal cortex and
orbital prefrontal cortex volumes (partial r=0.44, df=76,
p<0.05) and the superior temporal gyrus and orbital pre-
frontal cortex volumes (partial r=0.38, df=76, p<0.05) were
significantly correlated in the comparison subjects (Table
5). Neither correlation was significantly different from that
observed in the patients with schizophrenia.

In the patients with schizophrenia, the superior pre-
frontal cortex and middle prefrontal cortex volumes (par-
tial r=0.42, df=76, p<0.01), the inferior prefrontal cortex
and middle prefrontal cortex volumes (partial r=0.33, df=
76, p<0.05), and the supramarginal and angular gyri vol-
umes (partial r=0.34, df=76, p<0.05) were significantly cor-
related. None of these correlations was significantly differ-
ent from that observed in the comparison subjects.
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FIGURE 4. Laterality Index for Inferior Parietal Cortex
Volume in Patients With Schizophrenia and Healthy
Comparions Subjects, by Gender?
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2 Laterality index = [(left inferior parietal cortex total volume — right
inferior parietal cortex total volume) / (left inferior parietal cortex
total volume + right inferior parietal cortex total volume)] x 100.
Positive values indicate leftward asymmetry and negative values in-
dicate rightward asymmetry.

The relationship between inferior prefrontal cortex and
angular gyrus volumes was not significant in the compari-
son subjects (partial r=—0.35, df=76, p<0.10) or in the pa-
tients with schizophrenia (partial r=0.26, df=76, p>0.10). In
order to examine the hemispheric specificity of the differ-
ential relationship between left inferior prefrontal cortex
and angular gyrus volumes, we compared the correlations
between the volumes of these two structures. The two cor-
relations were significantly different (z=—2.64, p=0.008).

Discussion

In the current study, patients with schizophrenia were
observed to have selective structural abnormalities of the
prefrontal and inferior parietal heteromodal cortices, rela-
tive to healthy comparison subjects. Male patients exhib-
ited significantly smaller volumes bilaterally in the inferior
prefrontal cortex. In our previous study, we also found that
volume of this region differentiated the two groups but we
did not observe a gender effect because of the small num-
ber of female subjects (6). No other prefrontal region vol-
ume differentiated the two groups.

Several previous studies have examined the inferior pre-
frontal region. Despite marked methodological differences,
these studies have shown a consistent demonstration of al-
tered structure in patients with schizophrenia, relative to
healthy comparison subjects (7-11). Two studies found
smaller volumes of this region in male patients with schizo-
phrenia. Wible and colleagues (7) found smaller volumes in
both the left and right inferior frontal gyrus. The magnitude
of the group differences was similar to those in the current
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TABLE 4. Pearson’s Partial Correlations Among Brain Region Gray Matter Volumes in the Left Hemisphere in Patients With

Schizophrenia and Healthy Comparison Subjects?

Partial r
Prefrontal Cortex Superior
Superior Middle Orbital Inferior Temporal Angular Supramarginal

Region Region Region Region Region Gyrus Gyrus Gyrus
Prefrontal cortex

Superior region 0.10 0.39* 0.18 -0.05 0.05 0.03

Middle region 0.28 -0.01 0.33 0.25 0.15 -0.07

Orbital region 0.36* 0.02 0.04 0.50** -0.21 0.21

Inferior region 0.19 0.02 0.08 -0.08 -0.14 0.03
Superior temporal gyrus 0.28 -0.03 0.12 0.16 -0.02 0.02
Angular gyrus -0.03 -0.03 0.14 0.34* -0.21 0.16
Supramarginal gyrus 0.28 -0.20 —-0.04 -0.24 -0.07 0.34*

2 Healthy comparison subjects (N=34) above diagonal; patients with schizophrenia (N=44) below diagonal. Volumes adjusted for volumes of

other regions listed in the table.
*p<0.05.  **p<0.01.

TABLE 5. Pearson’s Partial Correlations Among Brain Region Gray Matter Volumes in the Right Hemisphere in Patients

With Schizophrenia and Healthy Comparison Subjects?

Partial r
Prefrontal Cortex Superior
Superior Middle Orbital Inferior Temporal Angular Supramarginal

Region Region Region Region Region Gyrus Gyrus Gyrus
Prefrontal cortex

Superior region 0.26 0.44* 0.15 -0.15 0.15 0.10

Middle region 0.42%* 0.04 0.33 0.04 0.32 -0.08

Orbital region 0.28 0.30 -0.10 0.38* -0.03 -0.14

Inferior region -0.08 0.33* 0.00 0.29 -0.35 -0.05
Superior temporal gyrus 0.12 0.18 0.07 0.02 0.13 -0.07
Angular gyrus 0.17 -0.16 -0.08 0.26 -0.03 0.16
Supramarginal gyrus 0.1 0.07 -0.20 0.09 0.19 0.34*

2 Healthy comparison subjects (N=34) above diagonal; patients with schizophrenia (N=44) below diagonal. Volumes adjusted for volumes of

other regions listed in the table.
*p<0.05.  **p<0.01.

study: volumes were 10.5% smaller for the left inferior fron-
tal gyrus and 8.3% smaller for the right inferior frontal gyrus
in the patients with schizophrenia. In the study by Sanfilipo
and colleagues (11), the inferior lateral region, which would
partly correspond to the inferior prefrontal region exam-
ined in our study, was bilaterally smaller in male patients
with schizophrenia. Neither of these two previous studies
included female subjects. In contrast, Crespo-Facorro and
colleagues (9) failed to find left or right inferior prefrontal
cortex volumetric differences between first-episode pa-
tients with schizophrenia and healthy comparison subjects.
Goldstein and colleagues (8) failed to find a group differ-
ence in inferior frontal gyrus volume, but they did not
present the data separately by hemisphere. Three studies
used voxel-based analytic procedures based on normal-
ized, reformatted images. Two found lower signal intensity
in the left inferior prefrontal gyrus in patients with schizo-
phrenia (25, 26), and one found lower signal intensity in the
right inferior prefrontal gyrus in patients with schizophre-
nia (26). In a predominantly male group of subjects with
schizophrenia, Sigmundsson and colleagues (27) found an
area of lower signal intensity in the left perisylvian region,
which included part of the inferior prefrontal region (i.e.,
Brodmann’s area 44).
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In this study the patients with schizophrenia had a sig-
nificant reversal of the normal asymmetry of the inferior
parietal cortex. The healthy comparison subjects were
characterized by larger left inferior parietal total gray and
white matter volumes, with the difference due largely to a
marked laterality effect for the supramarginal gyrus. The
reversal of asymmetry was observed in both male and fe-
male patients with schizophrenia. The pattern in the com-
parison subjects is consistent with previous postmortem
and MRI observations of increased size of this region in
right-handed subjects in nonpsychiatric populations (28,
29). In an MRI study of 148 healthy subjects (55% of whom
were female), Raz and colleagues (29) observed a highly
significant leftward asymmetry of the inferior parietal cor-
tex and the absence of any gender differences. In contrast,
in a group of 30 subjects, Frederikse and colleagues (30)
observed the leftward asymmetry only in male healthy
comparison subjects.

Two previous studies have observed reversal of the nor-
mal leftward asymmetry of the inferior parietal cortex.
Frederikse and colleagues (15) used an image analytic pro-
cedure similar to the one used in the current study. In ac-
cordance with the current study findings, they observed
that both male and female patients with schizophrenia ex-
hibited a rightward asymmetry of the inferior parietal cor-
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tex. However, only the male comparison subjects in their
study exhibited the normal leftward asymmetry. The female
comparison subjects had rightward asymmetry of this re-
gion. The observation of rightward asymmetry of the infe-
rior parietal cortex in the female comparison subjects is in
contrast to the current results and to those of Raz and col-
leagues (29). In the other study, Niznikiewicz and col-
leagues (16) also found a reversal of the normal asymmetry
of the inferior parietal cortex in patients with schizophre-
nia. Their study was limited to male subjects. In the patients
with schizophrenia, the rightward asymmetry was the re-
sult of hemispheric differences in volume for both the
supramarginal and angular gyri, whereas the leftward
asymmetry of the healthy comparison subjects was almost
completely due to the marked leftward asymmetry of the
angular gyrus. In the current study, a similar pattern was
seen in the patients with schizophrenia, but the leftward
asymmetry of the comparison subjects was due to marked
leftward asymmetry of the supramarginal gyrus. Other
studies of the inferior parietal cortex have not directly as-
sessed the issue of abnormal inferior parietal cortex asym-
metry. Schlaepfer and colleagues (4) reported smaller vol-
umes of this region in patients with schizophrenia, relative
to healthy comparison subjects, with group differences
most prominent in female subjects (4), but hemispheric
differences were not described. Goldstein and colleagues
(8) failed to find group differences in inferior parietal cortex
total gray matter or angular gyrus volumes, but they did
find smaller volumes bilaterally in the posterior portion of
the supramarginal gyrus in the patients with schizophrenia.

We found no significant group differences in superior
temporal gyrus gray or white matter volumes. These re-
sults are in contrast with our previous study, which used
the same anatomical landmarks for this region (31), and
with the majority of other studies examining superior
temporal gyrus volumes (3). However, several studies have
failed to find a significant group difference for this region
(8, 13, 14). The lack of replication has been attributed to
the use of combined gray and white matter superior tem-
poral gyrus measures rather than separate evaluation of
superior temporal gyrus gray matter volume (3). In addi-
tion to our study, the study by Goldstein and colleagues (8)
also used a separate measure for superior temporal gyrus
gray matter volume and failed to find a group difference.
The patient characteristics that might contribute to the
variability in study results are unclear.

There were few significant correlations of volume
among the different heteromodal regions in either the
healthy comparison subjects or the patients with schizo-
phrenia. The only significant between-group differences
in the correlations were for the correlation between left in-
ferior prefrontal region volume and angular gyrus volume
and the correlation between right inferior prefrontal re-
gion volume and angular gyrus volume.

Patients with schizophrenia are characterized by a
broad range of language and hemispheric lateralization
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abnormalities (3, 32, 33). Crow (34) has hypothesized that
these abnormalities may represent the core features of
schizophrenia. The current study suggests that these ab-
normalities may be reflected in structural alterations of
the heteromodal cortical areas comprising the language
neural circuit (1). Male patients with schizophrenia had
smaller volumes of the left inferior prefrontal region,
which consists primarily of Broca’s area. Male and female
patients had abnormal asymmetry of the inferior parietal
cortex. In right-handed nonpsychiatric subjects, whose
language abilities are located in the left hemisphere, the
left inferior parietal cortex is larger than the right inferior
parietal cortex. Although the precise location of Wer-
nicke’s area is not known, it is thought to include the infe-
rior aspects of the supramarginal and angular gyri (1).
Furthermore, the only correlations for which there were
significant group differences were correlations between
the inferior prefrontal region and the angular gyrus. In
combination, these results suggest that patients with
schizophrenia are characterized by abnormal lateraliza-
tion of the structure and function of the cerebral hemi-
spheres, which leads to abnormalities in language behav-
ior and is reflected in the differential failure of the normal
development of the heteromodal language areas.

The current study has several potential limitations. First,
the MEASURE image analysis procedure is dependent on
the use of reliable rule-based anatomical definitions that
conform to local/individual anatomy rather than arbitrary
anatomical cut planes. If local neuroanatomy is more vari-
able due to developmental distortions of the usual sulcal
gyral patterns in patients with schizophrenia than in
healthy comparison subjects (35), then this variability
could lead to differential measurement in the two groups.
The high region-of-interest interrater reliability suggests
that this potential limitation is not a major concern. Sec-
ond, the use of the paint method to demarcate the brain re-
gions may be subject to possible inaccuracies, especially in
cases of atrophy, where the gray/white and gray/CSF
boundaries account for a proportionately greater amount
of total gray tissue. Third, the prefrontal cortical regions,
other than the inferior prefrontal region, are relatively large
and may obscure smaller subregion differences. Fourth, we
did not assess the planum temporale, which is part of Wer-
nicke’s area. The failure to measure this region precludes
our ability to fully evaluate the heteromodal cortical re-
gions involved in the language neural circuit. Finally, lan-
guage measures were not available to allow examination of
whether the observed structural abnormalities were asso-
ciated with impairments in language ability.

In summary, we have found evidence for the selective
disruption of heteromodal association cortical areas in-
volved in the neuroanatomy of language in patients with
schizophrenia. Future studies are needed to delineate the
pathophysiological process(es) underlying the structural
changes of these brain regions.

http://ajp.psychiatryonline.org 329



HETEROMODAL ASSOCIATION CORTEX

APPENDIX 1. Anatomical Landmarks for the Prefrontal Cortical Subregions

Subregion

Anatomical Landmark

Prefrontal cortex
Superior region (includes the superior frontal gyrus and the trans-
verse frontopolar gyri)
Inferior border
Medial border
Posterior border

Middle region (includes the middle frontal gyrus)
Superior border
Inferior border
Anterior border
Posterior border
Inferior region (includes inferior frontal gyrus/Broca’s area)
Superior border
Inferior border

Posterior border
Orbital region (includes the rectus, orbital, and frontomarginal gyri)
Superior border (in the anterior-posterior direction)

Medial border
Posterior border

Superior temporal gyrus (Figure 2)
Superior border
Inferior border
Medial border

Posterior border

Inferior parietal cortex (Figure 3)
Supramarginal gyrus
Anterior border
Superior border
Inferior border

Posterior border
Angular gyrus
Anterior border
Superior border
Inferior border

Posterior border

Superior frontal sulcus

Cingulate sulcus

Precentral sulcus on the lateral surface and paracentral sulcus on the
medial surface

Superior frontal sulcus

Inferior frontal sulcus

Superior frontal sulcus merges into frontomarginal sulcus
Precentral sulcus (superior plus inferior parts)

Inferior frontal sulcus

Horizontal ramus of sylvian fissure/frontoorbital sulcus (lateral orbital
sulcus)/frontomarginal sulcus

Precentral sulcus (inferior part)

Horizontal ramus of sylvian fissure/frontoorbital sulcus (lateral orbital
sulcus)/frontomarginal sulcus

Superior rostral sulcus (suborbital sulcus) merges into frontomarginal
sulcus anteriorly

Anterior olfactory sulcus (anterior paraolfactory sulcus) (can be found
only on the midsagittal section)

Sylvian fissure

Superior temporal sulcus

Line connecting the superior temporal sulcus to the circular insular sul-
cus

Line parallel to the ascending ramus and perpendicular to the superior
temporal sulcus or long axis of gyrus connecting the sylvian fissure bi-
furcation juncture and the superior temporal sulcus

Postcentral sulcus

Intraparietal sulcus

Sylvian fissure/horizontal line drawn between the bifurcation points of
the sylvian fissure and the superior temporal sulcus

Primary or first sulcus of Jensen

Primary or first sulcus of Jensen

Intraparietal sulcus

A horizontal line drawn between the bifurcation points of the superior
temporal sulcus and an extension of the secondary sulcus of Jensen

Secondary sulcus of Jensen
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