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Background: Findings from postmortem studies suggest reduced prefrontal cortical thickness in schizophrenia; however, cortical
thickness in first-episode schizophrenia has not been evaluated using magnetic resonance imaging (MRI).

Methods: Prefrontal cortical thickness was measured using MRI in first-episode schizophrenia patients (n = 17), first-episode affective
psychosis patients (n = 17), and normal control subjects (n = 17); subjects were age-matched within 2 years and within a narrow
age range (18-29 years). A previous study using the same subjects reported reduced prefrontal gray matter volume in first-episode
schizophrenia. Manual editing was performed on those prefrontal segmentations before cortical thickness was measured.

Results: Prefrontal cortical thickness was not significantly different among groups. Prefrontal gray matter volume and thickness were,
bowever, positively correlated in both schizophrenia and control subjects. The product of boundary complexity and thickness, an
alternative measure of volume, was positively correlated with volume for all three groups. Finally, age and age at first medication were
negatively correlated with prefrontal cortical thickness only in first-episode schizophrenia.

Conclusions: This study demonstrates the potential usefulness of MRI for the study of cortical thickness abnormalities in
schizophrenia. Correlations between cortical thickness and age and between cortical thickness and age at first medication suggest that
the longer the schizophrenic process has been operative, the thinner the prefrontal cortex, although this needs confirmation in a

longitudinal study.
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pathology of schizophrenia (e.g., Kraepelin 1919). Current

interest in frontal lobe neuropathology reflects, in part,
neuropsychologic observations of similarities in impairments
between patients with schizophrenia and those with frontal lobe
damage, including poor performance on the Wisconsin Card
Sorting Test (Weinberger et al 1986), on spatial working memory
tasks (Park and Holzman 1992), and on verbal and visual
short-term memory tasks (Stirling et al 1997). The neural circuitry
underlying these cognitive functions primarily involves the fron-
tal lobes and frontolimbic or paralimbic regions (e.g., Goldman-
Rakic and Selemon 1997; Lewis and Gonzalez-Burgos 2000).
Lesion and depth-recording data in nonhuman primates impli-
cate the prefrontal cortex in performance on analogs of these
tests (for review, see Miller 1999). Functional studies (i.e.,
positron emission tomography [PET] and functional magnetic
resonance imaging [fMRI]) have also reported abnormal activa-
tion in the frontal lobes in schizophrenia (for review, see

T he frontal lobes have long been suspected in the neuro-
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Manoach 2003), although convincing evidence of gross frontal
neuroanatomic structural abnormalities in schizophrenia has
been equivocal. Recent reports of more subtle cellular abnormal-
ities in the frontal lobe suggest abnormal connectivity between
local cortical circuits and cortico-cortical and cortico-subcortical
connectivity (e.g., Rajkowska et al 1998).

Postmortem studies have examined the cellular basis of
prefrontal cortical dysfunction in schizophrenia (e.g., Selemon et
al 1998; Thune et al 2001). Studies investigating neuronal density
in schizophrenia are conflicting, with studies reporting increased
(Rajkowska et al 1998; Selemon et al 1995, 1998), decreased
(Benes et al 1986, 1991), or unchanged neuronal density (Akbar-
ian et al 1995; Thune et al 2001), but the lack of significant gliosis
is robust (Heckers 1997; Roberts et al 1986; Weinberger 1987). A
postmortem study by Selemon et al (1998) reported an 8%
reduction in cortical thickness in prefrontal area 46, only signif-
icant in layer II, in schizophrenic patients compared with normal
control subjects. This study gave rise to the “decreased neuropil
hypothesis,” that is, the notion that frontal lobe pathology in
schizophrenia involves a reduction in the elements of neuronal
connectivity (i.e., neuronal and glial processes) rather than
neuronal cell death (Goldman-Rakic and Selemon 1997;
Rajkowska et al 1998; Selemon et al 1998). Alternative views are
that a selective reduction of inhibitory interneurons, a decreased
formation of synaptic process, or a decreased input of thalamic
projections, result in subtle changes of prefrontal cortical thick-
ness and volume in schizophrenia (Lewis and Lieberman 2000).

MRI findings of frontal lobe volume deficits in schizophrenia
have been relatively inconsistent (for review, see McCarley et al
1999; Shenton et al 2001), with several studies reporting reduced
volume in patients with schizophrenia (e.g., Gur et al 1998;
Nopoulos et al 1995) and others reporting no significant differ-
ences (e.g., Baare et al 1999). Despite the inconsistencies for
whole frontal lobe volume, when gray and white matter are
separated and specific regions of the prefrontal cortex are
examined, gray matter abnormalities in schizophrenia are fre-
quently detected (e.g., Gur et al 2000; Hirayasu et al 2001; Lim et
al 1996; Schlaepfer et al 1994; Sullivan et al 1998), but not always
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(Wible et al 1995). For example, Hirayasu et al (2001) reported a
significant reduction in total (left + right) prefrontal gray matter
volume (8.4%), moderately worse in the left hemisphere, in
first-episode schizophrenia patients compared with first-episode
affective patients with psychosis and normal control subjects.
Finally, these inconsistent findings highlight the importance of
controlling for potential confounds, including age and chronic
medication, because prefrontal gray matter volume likely de-
clines with age, possibly more than other brain regions (Pfeffer-
baum et al 1994), and chronic antipsychotic exposure may result
in neuroanatomic changes (Selemon et al 1999).

With recent advances in neuroimaging technology, it is now
possible to study cortical thickness in vivo (Kabani et al 2001). To
our knowledge, while MRI has been used to measure cortical
thickness in one study of chronic schizophrenia (Kuperberg et al,
in press), this is the first study of cortical thickness in first-episode
schizophrenia. In this study, we measured prefrontal cortical
thickness using MRI in young (< 30 years old) first-episode
patients with schizophrenia, first-episode patients with psychotic
affective disorder (mainly manic), and normal control subjects.
We measured cortical thickness using a technique originally
developed for evaluating the thickness of knee cartilage (Nabavi
et al 2001), and later extended to bladder wall thickness as a
means of detecting bladder tumors (Schreyer et al 2000).

We here define cortical thickness, at each voxel on the
prefrontal gray matter—cerebrospinal fluid (CSF) boundary, as
the distance from that point to the nearest point on the gray
matter—white matter boundary. Mean thickness was then com-
puted from the thickness values found along the gray matter—CSF
boundary of the prefrontal cortex. Of note, because this study is
the first time this program has been applied to the brain, we used
an MRI data set with demonstrated prefrontal gray matter volume
reduction in first-episode schizophrenia (Hirayasu et al 2001).
For our measure of volume, voxels were summed over all the
slices that included prefrontal gray matter. This value was then
corrected for head and brain size using intracranial cavity
volume. We also included a measure of the surface area of the
prefrontal gray matter boundary, derived from the gray matter
and CSF voxel count. This measure, in addition to being an
estimate of the cortical surface area, is also an estimate of the
complexity of the cortical surface. We included this measure,
multiplied by prefrontal gray matter volume, as an alternative
estimate of gray matter volume for each subject.

We hypothesized that prefrontal cortical thickness would be
reduced in patients with schizophrenia compared with a contrast
group of affective patients with psychosis and normal control
subjects. We were also interested in evaluating whether cortical
thickness would be correlated with age, as suggested by the
reduction of gray matter with age in the literature (Lim et al 1992;
Pfefferbaum et al 1994), even in this narrow age range. Addition-
ally, we were interested in evaluating the relationship between
cortical thickness and clinical variables such as negative and
positive symptoms.

Methods and Materials

Subjects

Patients were recruited from consecutive admissions at
McLean Hospital, a private psychiatric hospital in Belmont,
Massachusetts. The subjects used came from a previous study by
Hirayasu et al (2001). The sample consisted of patients with
first-episode schizophrenia (7 = 17) and patients with first-
episode affective psychosis (n = 17), diagnosed based on
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DSM-IV criteria using The Structured Clinical Interview for
Diagnosis (Spitzer et al 1990a), and psychiatrically well control
subjects (1 = 17), recruited through newspaper advertisements,
with SCID nonpatient edition (NP) and SCID II interviews
administered to rule out psychopathology (Spitzer et al 1990b,
1990¢). Each subject group included two female subjects. The
affective psychosis patient group included 13 bipolar (manic)
disorder and 4 major depressive disorder patients. Subjects met
the criterion for age (18-29 years), IQ above 75, right-handed-
ness, and negative history of seizures, head trauma with loss of
consciousness or neurologic disorder, and no lifetime history of
alcohol or other drug dependence or current abuse (i.e., in the
last year). Comparison subjects were excluded if they (by SCID
NP) or their first-degree relatives (by self-report) had an Axis I
mental disorder or met criteria for Cluster A or B Personality
Disorder. Diagnoses were confirmed with a 1-year follow-up
interview where possible (for details, see Hirayasu et al 2001).

The time between the diagnostic clinical interview, the clini-
cal scales (including the Global Assessment Scale, and the Brief
Psychiatric Rating Scale, and neuropsychologic testing), and the
MRI scan was relatively short (median time for schizophrenia
group = 4 days, for affective group = 5 days, for control subjects
= 16 days).

Selection of the age-matched subject triads was performed
blind to MRI results. Schizophrenia subjects were matched within
1 year of age to 14 (82%) of the pairs of affective subjects and
control subjects. The maximum age difference between mem-
bers of the subject triads was 2 years. Twenty-four patients (11
affective and 13 schizophrenia subjects) entered the protocol
within 4 weeks of their first hospitalization, 9 (six affective and
three schizophrenic subjects) within 4 months of first hospital-
ization, and one patient with schizophrenia within 11 months.
Demographic data are summarized in Table 1.

Date of first psychiatric hospitalization was chosen as a
reliable marker of the time of onset of psychosis. Age at time of
first medication and median duration of any medication before
MRI acquisition are shown in Table 1. Note that 13 of the 17
schizophrenia patients were medicated for less than 1 month
(including one never medicated), with a median duration of 15
days. For the affective patients, 13 of 17 were medicated less than
1 month (including three never medicated), with a median
duration of 10 days.

Following a complete description of the study, written in-
formed consent was obtained from each subject. Subjects were
paid for participating. The institutional review boards of both
McLean Hospital and the VA Boston Healthcare System approved
this study.

MRI Methodology

Images were obtained on a 1.5-Tesla General Electric scanner
(General Electric Medical Systems, Milwaukee, Wisconsin). Two
MRI images were acquired following a scout image. The first
consisted of a coronal series of contiguous spoiled gradient
(SPGR) images: 124 slices, 1.5 mm thickness, voxel (volume of
pixeD) dimensions .9375 X .9375 X 1.5 mm, repetition time = 35
msec, echo time = 5 msec, 1 repetition, 45 nutation angle, 24-cm
field of view, number of excitations = 1.0, matrix = 265 X 256
(192 phase encoding steps) X 124. Data were reformatted in the
coronal plane and analyzed as 124 coronal 1.5-mm-thick slices.
The second protocol was an axial series of contiguous double
echo images (proton density and T,-weighted): voxel dimen-
sions .9375 X .9375 X 3mm, 3-mm slice thickness, repetition time
= 3000 msec, echo time = 30 and 80 msec, 24-cm field of view,
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Table 1. Subject Characteristics and Test Scores
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Patients with

Patients with Affective Normal
Schizophrenia Psychosis Controls
(n=17) (n=17) (n=17) F df p
Age (range) 22,9 = 3.7 (18-29) 22.6 = 3.9 (18-30) 22.2 +3.2 (18-27) 141 2,48 .869
Male/Female 15/2 15/2
Handedness? 8.2 7.2 8.2 634 2,47 535
SES® 35*1.2¢ 29*14 21*+.7 6.972 2,48 .002
Parental SES 21 +1.1 1.8+.8 1.6 .9 .843 2,48 437
Mini-Mental 279*29 286+ 1.8 289 %13 1.008 2,46 373
WAIS-R Information? 109 =33 116 £3.5 13.1£28 2.035 2,46 142
WAIS-R Digits—Forward® 8.6 *+23 84+24 94 +24 .868 2,46 426
WAIS-R Digits—Backward 71 %26 6.8 =22 86*24 2.520 2,46 .091
WAIS-R Digits—Total 10.1 £25 9.7*28 10.8 £2.2 733 2,46 486
GAS’ 36.7 £9.9 412 +17.1 — .889 1,31 353
Age First Medicated 225+*38 223 +38 — .019 1,32 .893
Median Duration of Medication, 15 (0-765) 10 (0-549) — — — —
Days (range)

Medication (CPZ Equiv.)? 327 =434 230 =193 — .695 1,32 A1
BPRS total” 378115 374 +12.2 — .009 1,31 924

Data are presented as mean = SD. Statistical significance was determined by a one-factor analysis of variance.
“Handedness was assessed by the modified Oldfield Inventory (Oldfield 1971).
bSocioeconomic status (SES) and parental SES were assessed using the Hollingshead Two-Factor measure (Hollingshead 1965). Higher scores indicate

lower SES.

“Post hoc Tukey’s Honestly Significant Difference (HSD) test showed significant difference (p < .05) between patients with schizophrenia and normal

control subjects.

“The Information Subscale of the Wechsler Adult Intelligence Scale—Revised (WAIS-R) was used as a gross estimate of general fund of information, scaled

scores (Wecshler 1981).

“The digits-forward and digits-backward subscales of the WAIS-R were used to evaluate immediate and short-term memory, attention, and concentration.

Digits total, scaled scores.

’Overall functioning was evaluated using the Global Assessment Scale (GAS; Endicott et al 1976).
9Differences between Hirayasu et al (2001) medication means and the means reported here are due to newly available equivalence factors for atypical

antipsychotics. CPZ Equiv, chlorpromazine equivalent.

"The Brief Psychiatric Rating Scales (BPRS; Overall and Gorham 1962), used to evaluate psychotic features in six first-episode schizophrenia patients and in
four affective psychosis patients. BPRS scores were calculated from the Positive and Negative Syndrome Scale (PANSS; Kay et al 1986).

and interleaved acquisition. The latter protocol was used to
evaluate whole brain volume. Details are described elsewhere
(Dickey et al 2000). An iterative expectation-maximization (EM)
algorithm was used that estimates image intensity inhomogene-
ities, applies intensity corrections based on these estimates, and
then classifies tissue based on the same set of signal intensity
parameters for all subjects (Wells et al 1996). To reduce noise
before processing each set of scans, an anisotropic diffusion filter
(% = 14 for SPGR and 90 for proton/T, images, iteration = 3) was
applied (Gerig et al 1992; Kikinis et al 1990). Finally, the results
of the segmentation were superimposed on the coronal SPGR
image and edited on computer workstations (SPARC2 Sun Mi-
crosystems, Mountain View, California) using locally developed
software algorithms to assign left and right prefrontal gray and
white matter to separate tissue classes.

Prefrontal Definition

Definitions of prefrontal gray and white matter, including
interrater reliability, are detailed in Hirayasu et al (2001). Briefly,
prefrontal gray matter was measured anteriorly from the first slice
containing brain tissue, and extended posteriorly to the slice that
was three slices anterior to the most anterior slice containing the
temporal stem (the white matter tract connecting the temporal
and frontal lobes). Prefrontal white matter was measured anteri-
orly from the first slice containing white matter and extended
posteriorly to the slice immediately anterior to that containing the
lateral ventricles (Hirayasu et al 2001). We used these prefrontal

gray and white matter segmentations to measure prefrontal
cortical gray matter thickness.

Editing of Cortical Sulci

Manual editing of prefrontal segmentations was necessary to
fully expose the cortical sulci so that cortical thickness measures
could be obtained. One source of error in thickness measure-
ment results from incomplete delineation of the cortical sulci
(e.g., Fischl and Dale 2000), which results in an overestimation of
cortical thickness. Manual editing of prefrontal gray and white
matter segmentations was performed to remove nonbrain voxels
(e.g., CSF) within the sulci. The majority of editing consisted of
extending sulci that were only partially defined by the automatic
segmentation (see Figure 1). Once manual editing was com-
pleted, the cortical thickness algorithm was applied to the
segmentations (Jaume et al 2002; Schreyer et al 2000; Nabavi et al
2001). Interrater reliability was computed for three randomly
selected cases by two independent raters blind to group mem-
bership. Intraclass correlation coefficients were .9382 for right
prefrontal gray matter thickness and .8064 for left prefrontal gray
matter thickness.

Measurement of Prefrontal Cortical Thickness

Cortical thickness was defined at each voxel on the gray
matter—CSF boundary as the distance from that point to the
nearest point on the gray matter—white matter boundary. The
algorithm begins by identifying the contour of each cortical
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Figure 1. (A) Coronal slice (1.5 mm) with unedited cortical sulci through the
prefrontal region of a patient with first-episode schizophrenia. (B) Same
coronal slice after manual editing of the cortical sulci. Right prefrontal gray
matter is outlined in green and left prefrontal gray matter is outlined in blue.

surface. A distance transform (Borgefors 1984; Warfield 1996)
computes the distance from each voxel on the gray matter-white
matter boundary to every voxel in the data set. The gray
matter—CSF boundary is then traversed and the thickness identi-
fied as the distance to the nearest voxel on the gray matter—white
matter boundary that is computed by the distance transform. This
distance measurement is three-dimensional, avoiding geometric
errors, which can arise in two-dimensional slice-by-slice thick-
ness calculations. The output of the thickness program provides
the mean, minimum, and maximum thickness (millimeters) of
the prefrontal gray matter for each prefrontal segmentation.
Mean thickness is computed from the thickness values found
along the gray matter—CSF boundary of the prefrontal cortex.

Measurement of Surface Area and Complexity

The output of the thickness program also provides the length
of the prefrontal cortical gray matter—CSF boundary in voxels
(the size of each voxel is .9375 X .9375 X 1.5 mm?>). The gray
matter—CSF voxel count is a dimensionless value that refers to the
number of voxels on the gray matter—CSF boundary of the
prefrontal cortex and is a rough measure of the complexity of the
cortical surface as well as an estimate of cortical surface area.

More specifically, to measure cortical surface area we calcu-
lated the number of voxels on the gray matter—CSF boundary at
which we evaluated the thickness; this number increases with
increasing brain surface, such as would occur with increased
gyrification, and decreases with decreasing brain surface and less
gyrification but is susceptible to voxel discretization artifacts.
This measure, in addition to being an estimate of the cortical
surface area, is also an estimate of the complexity of the cortical
surface. We also included this measure, multiplied by prefrontal
gray matter volume, as an alternative estimate of gray matter
volume for each subject. We thus expected a strong correlation
between the volume of the cortex, and the product of the mean
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thickness and the number of voxels identified on the surface of
the cortex (an approximation to total surface area). Furthermore,
by including both thickness and surface area measures, we
believed we could better probe the true nature of the structural
abnormality that leads to volume changes. For example, volume
may be different between groups given equivalent cortical
thickness, but decreased gyrification in one group, or alterna-
tively, the gyrification of two groups may be the same (and hence
surface area the same), but the cortical thickness may be reduced
in one group.

Prefrontal Gray Matter Surface Reconstruction

Thickness of the cortical gray matter is indicated using a fixed
color scale and reconstructed into a color-coded, three-dimen-
sional surface model. Thickness values at the gray matter—CSF
boundary are assigned to triangle vertices. A nearest neighbor
search is then applied to map from triangle vertex coordinates to
the contour locations to correctly associate the triangle vertices
with the thickness value closest to its final location. The thickness
values associated with triangle vertices are used to color code the
triangles in the rendered representation (Schreyer et al 2000;
Schroeder et al 1996, see Figure 2).

Statistical Analyses

Demographic and psychological measures for all groups,
including age, patient socioeconomic status (SES), three sub-
scales of the Weschsler Adult Intelligence Scale—Revised, and
clinical measures for the patient groups, including the Mini-
Mental Status Examination, the Global Assessment Scale Scores,
Total Brief Psychiatric Rating Scale Score, age of first medication,
and medication dosage (chlorpromazine equivalence, Table 1),
and intracranial contents (ICC) were tested with one-way analy-
sis of variance (ANOVA) with Group (first-episode schizophre-
nia, first-episode affective psychosis, control) as the between-
group factor. First-episode patients with schizophrenia showed
significantly lower SES compared with normal control subjects,
consistent with reduced premorbid functioning. Other demo-
graphic and neuropsychologic measures did not differ between
groups (see Table 1).

Prefrontal gray matter volume and thickness were analyzed
using a two-factor ANOVA with Group (first-episode schizophre-
nia, first-episode affective psychosis, control) as a between-
subjects factor and Side (left, right) as a within-subjects factor,
reedited in this study to highlight sulci (as noted earlier). Follow-up
analyses included one-way ANOVA and post hoc Tukey’s Honestly
Significant Difference (HSD) tests for gray matter volume with left
and right hemispheres compared separately. In addition, an asym-
metry coefficient (AC) was calculated for absolute thickness using
the formula (R — D)/.5(R + L), where R and L were the prefrontal
cortical thickness measurements in each hemisphere. All results
were considered significant at p < .05.

Figure 2. (A) Front view of the prefrontal gray mat-
ter reconstruction. (B) Top view of the prefrontal
gray matter reconstruction. The three-dimensional
color-coded models of the prefrontal cortex display
the thickness of the gray matter at each point on the
gray matter—cerebrospinal boundary. Thickness
was defined at each voxel on the gray matter- cere-
brospinal fluid boundary as the distance from that
point to the nearest point on the gray matter-white
matter boundary. The color-coding scale, in milli-
meters, ranges from red = 0 mm to blue = 7 mm.
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As cortical thickness is a relatively new measure, several
methods were used to correct thickness measurements for
variations in brain size. Relative thickness was calculated using
the following formula: ROI mean thickness/X X 100, where X
equaled ICC, prefrontal gray matter volume, or cubed root of
prefrontal gray matter volume. Statistics were performed individ-
ually for all relative thickness values.

Correlations between prefrontal cortical thickness and demo-
graphic data were performed independently for each subject
group. For patient groups, exploratory correlations were also
performed between absolute prefrontal cortical thickness and
clinical symptom measures. Additional correlations were per-
formed between absolute prefrontal cortical thickness and abso-
lute and relative prefrontal gray matter volumes independently
for each subject group.

Finally, thickness was multiplied by cortical boundary com-
plexity to obtain an alternative estimate of cortical gray matter
volume for each subject.

Results

Prefrontal Volume

The absolute and relative prefrontal gray matter volumes for
each group, as well as follow-up analyses, are presented in Table
2. The main two-factor ANOVA revealed significant differences
in total relative prefrontal gray matter volume among the three
groups [A2,48) = 3.52, p = .037]. There was significantly more
gray matter in the left hemisphere for all three groups [K1,48) =
4.28, p = .044]. There was no hemisphere-by-diagnosis interac-
tion [K2,48) = .943, p = .40]. Planned comparisons of volume in
each hemisphere, to confirm the findings of Hirayasu et al (2001),
showed that patients with first-episode schizophrenia had signif-
icantly smaller left relative gray matter volume compared with
patients with first-episode affective psychosis (p = .046) and
normal control subjects (p = .026), but no significant right
hemisphere reduction in relative gray matter volume compared
with first-episode affective patients (p = .13) and control subjects

(p=10D.

Prefrontal Thickness

There were no significant differences in total absolute pre-
frontal cortical thickness among groups [R2,48) = .57, p = .57;
see Table 3 and Figure 3]; however, the main ANOVA revealed
significantly thicker prefrontal cortex in the right hemisphere for
all three groups [H1,48) = 6.63, p = .013]. No hemisphere-by-
diagnosis interaction was found [R2,48) = .37, p = .69]. One-
way ANOVA showed no significant difference in the asymmetry
coefficient among the three groups for absolute prefrontal corti-
cal thickness [R2,48) = .384, p = .683]. Similarly, when using
relative thickness measures, the results were unchanged.

Surface Area and Complexity Measure

We performed a two-factor ANOVA for prefrontal gray matter
boundary complexity. There was no main effect for diagnosis
[R2,48) = 812, p = .45]; however, there was a significant
hemisphere effect [A(1,48) = 11.207, p = .002] and a significant
hemisphere-by-diagnosis interaction [H2,48) = 3.303, p = .045].
Similarly, we performed a two-factor ANOVA for the product of
cortical thickness and boundary complexity. There was no main
effect for diagnosis [R(2,48) = .201, p = .819]; however, there was
a significant hemisphere effect [R1,48) = 5.651, p = .021] and a
significant hemisphere-by-diagnosis interaction [R2,48) = 3.842,
p = .028]. These findings are explained by left-greater-than-right
asymmetry for the product of thickness and boundary complex-
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ity in both normal control subjects and affective patients, with the
reverse pattern of right-greater-than-left asymmetry in patients
with schizophrenia.

Correlations

Prefrontal gray matter volume and absolute thickness were
significantly correlated in first-episode patients with schizophre-
nia and in normal control subjects. In schizophrenia patients,
total prefrontal cortical absolute thickness was significantly cor-
related with total prefrontal gray matter absolute volume (rtho =
569, df =15, p = .017) and relative volume (rho = .493, df = 15,
p = .045; see Figure 4a). These correlations were similar for the
left and right hemispheres (see Table 3). Similarly, total prefron-
tal cortical absolute thickness in normal control subjects signifi-
cantly correlated with total prefrontal gray matter absolute
volume (rho = .534, df = 15, p = .027) and relative volume (rho
= 495, df = 15, p = .043; see Figure 4b). These correlations
suggest that patients with schizophrenia and normal control
subjects who have larger prefrontal gray matter volumes also
have thicker prefrontal gray matter. No significant correlations
were found between prefrontal cortical absolute thickness and
prefrontal gray matter absolute volume (tho = —.100, df = 15, p
= .70) or relative volume (tho = —.0292, df = 15, p = .206; see
Figure 4¢) in patients with first-episode affective psychosis.

In addition, the product of boundary complexity and thick-
ness significantly correlated with prefrontal gray matter absolute
volume (calculated by multiplying the number of voxels of gray
matter in the prefrontal cortex by the volume of a voxel) in all
three groups (see Figure 5).

Finally, significant correlations were found in the schizophre-
nia group only between absolute prefrontal cortical thickness
and age. Age at scan was negatively correlated with total
absolute thickness (tho = —.509, df = 15, p = .037; see Figure 6)
and right absolute thickness (tho = —.540, df = 15, p = .025).
These correlations suggest that older patients with schizophrenia
had a thinner cortex than younger patients. Also of note, age at
time of first medication was significantly negatively correlated
only in the schizophrenia group with total absolute thickness
(tho = —.498, df = 16, p = .042) and with right absolute
thickness (tho = —.5206, df = 16, p = .030). These correlations
suggest that the younger a schizophrenia patient was when
treated with medication, the thicker the prefrontal cortex, and the
older a schizophrenia patient was when treated with medication,
the thinner the cortex. The correlation between age at medica-
tion and age was, however, above .90. No significant correlations
were found between prefrontal cortical thickness and age in
affective psychosis or in normal comparison subjects. Addition-
ally, there was no significant correlation between prefrontal
cortical thickness and age at first medication in patients with
affective psychosis.

No other significant correlations were found between abso-
lute thickness and demographic data or clinical measures.

Discussion

In this study, we measured cortical thickness and boundary
complexity (an estimate of cortical surface area) of the prefrontal
cortex in first-episode patients diagnosed with schizophrenia,
first-episode patients diagnosed with affective psychosis, and in
control subjects. This sample was selected because in a previous
study of the same subjects, reduced prefrontal gray matter
volume was reported in first-episode schizophrenia (Hirayasu et
al 2001). In accord with the previous study using the same
subjects, we replicated the finding of significantly smaller left

www.elsevier.com/locate/biopsych



136 BIOL PSYCHIATRY 2004;55:131-140

L.C. Wiegand et al

Table 2. Absolute (mL) and Relative Gray Matter Volumes and Absolute Thickness (mm) in the Prefrontal Cortex, Boundary Complexity, and the Product of

Thickness and Boundary Complexity in First-Episode Schizophrenia, First-Episode Affective Psychosis, and Normal Controls Subjects

Schizophrenia Affective Psychosis Control
(n=17) (n=17) (n=17) F df p
Total Intracranial Contents (ICC) 1513 =117 1496 = 153 1506 = 142 496 248 61
Total Prefrontal Gray Matter 151.68 +18.79 159.53 £18.03 164.85 £ 25.42 3421 247 041
Volume (10.04 = 1.10) (10.88 = .83) (10.94 = 1.34) 3.525 2,48 037
Left Prefrontal Gray Matter 75.89 =£9.25 80.22 = 8.97 83.14 £ 1243 4.408 247 018
Volume (5.02 £ .549) (547 = 41) (5.52 = .63) 4430 248 017
Right Prefrontal Gray Matter 7579 £9.77 79.32+9.25 81.71 £ 13.13 2498 2,47 093
Volume (5.02 £.57) (5.41 £ 44) (542 +.72) 2.650 248 .081
Total Prefrontal Cortical Mean 3.52 + .27 348 +.16 3.56 + .25 574 2,48 567
Thickness
Left Prefrontal Cortical Mean 3,50+ .24 347 = .14 3.54+ .26 .503 2,48 608
Thickness
Right Prefrontal Cortical Mean 354+ .29 348 +.18 357+.23 624 2,48 540
Thickness
Total Prefrontal Boundary 2443941 *+ 238343 25421.88 * 2844.00 24430.29 *+ 2574.63 812 248 450
Complexity
Left Prefrontal Boundary 12233.00 £ 117345 12856.65 * 1414.47 12517.00 £ 1475.76 .895 248 415
Complexity
Right Prefrontal Boundary 12206.41 £ 1259.81 12565.24 + 1495.42 11913.29 £ 1210.07 1.028 248 .365

Complexity

Data are presented as mean * SD. Relative volumes (% total ICC) are in parentheses. One-factor analysis of variance (ANOVA) was used to compute
statistical significance levels on relative volumes and absolute mean thickness. For absolute volumes, statistical significance levels were computed using
one-factor analysis of covariance on absolute volumes with ICC as a covariate. Note the similarity of p values from using relative volumes (% total ICC) and

one-factor ANOVA.

“Post hoc Tukey's Honestly Significant Difference (HSD) tests indicated that patients with schizophrenia were significantly different from both affective

psychosis patients and normal control subjects.

prefrontal gray matter volume in first-episode patients with
schizophrenia compared with first-episode patients with affec-
tive psychosis and normal control subjects despite manual
editing of the cortical sulci. This finding suggests that the manual
editing of the cortical sulci necessary for accurate thickness
measures did not appreciably alter the data set.

There were several main findings in our study. First, counter
to expectation, prefrontal cortical thickness did not differ be-
tween subject groups. Second, we found a positive correlation
between prefrontal gray matter volume and prefrontal cortical
thickness in normal control subjects and first-episode patients
with schizophrenia, but not in first-episode patients with affec-
tive psychosis. Third, using an alternate measure for volume
(calculated as the product of cortical thickness and boundary
complexity), we found a correlation between this product and
prefrontal gray matter volume in all three subject groups. Finally,
cortical thickness negatively correlated with age, and with age at
first medication, in the schizophrenia group alone. Our findings
are important because, to our knowledge, they represent the first
time that prefrontal cortical thickness has been measured in a
first-episode patient population.

The absence of a significant difference in prefrontal cortical
thickness among subject groups does not appear to be the result
of erroneous measurement of cortical thickness because the
thickness values reported in this study are in agreement with
findings from previous studies of cortical thickness. In this study,
normal control subjects had an average thickness of 3.56 mm in
the prefrontal cortex. The published literature suggests that the
human cerebral cortex has a thickness varying between 1 and 4.5
mm, with an overall average of approximately 2.5 mm (Kandel et
al 2000). Furthermore, the prefrontal cortex is thought to be one
of the thickest regions of cortical gray matter (e.g., Fischl and
Dale 2000; Zeng et al 1999). The slightly higher mean thickness
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values reported in our study were to be expected because
postmortem measurements suffer from brain shrinkage due to
fixing and staining techniques whereas in vivo measurements do
not (Kabani et al 2001).

The absence of a group difference in cortical thickness raises
the issue of how volume might differ if thickness is the same.
Furthermore, against expectation, prefrontal cortical thickness
and volume did not correlate across all three subject groups. We
believe the explanation for these findings lies in an understand-
ing of the relationship between cortical thickness and volume.
After all, thickness alone need not correlate with volume, but
rather it is the sum of the product of local thickness and local
surface area that equals volume, and thus must correlate with
volume. Hence, we measured boundary complexity (an estimate
of surface area) as well as thickness, for each subject. We were
pleased to find that, as predicted, the product of cortical thick-
ness and boundary complexity strongly correlated with our
volume measurement (the product of the number of voxels of
prefrontal gray matter and the volume of a voxel) in all three
groups. With regard to the within group correlations for the
schizophrenia and normal control samples, as thickness linearly
positively correlated with volume for these two subject groups,
this suggests that surface area was, effectively, a constant within
both of these groups. Conversely, for the within group correla-
tion for the affective psychosis sample, thickness and volume did
not correlate, and as thickness increased, volume remained
relatively the same. This suggests that the boundary complexity
measure, in fact, offset an increase in thickness in the affective
disorder subjects such that even with increasing within group
cortical thickness, the volume remained essentially constant.
Hence, we believe our results suggest that it is useful to measure
both contributing factors to volume, that is, thickness and
boundary complexity, or surface area, to best understand the
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Table 3. Significant Correlations between Prefrontal Gray Matter Volume, Thickness, and Boundary Complexity

Correlation Subject Group rho df p

Left Absolute Thickness with Left Absolute Volume Schizophrenia 547 15 .023

Left Absolute Thickness with Left Relative Volume Schizophrenia 488 15 .047

Right Absolute Thickness with Right Absolute Volume Schizophrenia 645 15 .005

Right Absolute Thickness with Right Relative Volume Schizophrenia .603 15 .010

Total Volume with Product of Total Boundary Schizophrenia 814 15 <.001
Complexity and Total Thickness®

Left Volume with Product of Left Boundary Complexity Schizophrenia .836 15 <.001
and Left Thickness®

Right Volume with Product of Right Boundary Schizophrenia 799 15 <.001
Complexity and Right Thickness®

Total Volume with Product of Total Boundary Affective psychosis .706 15 .002
Complexity and Total Thickness®

Left Volume with Product of Left Boundary Complexity Affective psychosis 743 15 .001
and Left Thickness®

Right Volume with Product of Right Boundary Affective psychosis 674 15 .003
Complexity and Right Thickness®

Total Volume with Product of Total Boundary Normal control 919 15 <.001
Complexity and Total Thickness®

Left Volume with Product of Left Boundary Complexity Normal control .848 15 <.001
and Left Thickness®

Right Volume with Product of Right Boundary Normal control 914 15 <.001

Complexity and Right Thickness®

“Absolute values.

meaning of volumetric change. At least theoretically, cortical
volume loss in neuropsychiatric patients might be secondary to
thinner cortices, to less complex cortical gyrification (i.e., fewer
surface convolutions), or to a combination of both factors.
Counter to our expectations, we did not find a group differ-
ence in the product of mean thickness and boundary complexity
despite finding a group difference in volume. This indicates that
the product of mean thickness and boundary complexity, despite
being correlated with volume, is not a surrogate for volume.
Theoretically, the volume could be calculated by dividing the
total prefrontal cortex into small regions for thickness and
surface area assessment, and then calculating the volume as the
sum of the product of the thickness of each small region of the
prefrontal cortex and the surface area of the small region. Our

T

g o

2 M

s . Pk
i ) | A @

= N 3

£ t A A e _ *
2 361 u i IR *

- mgE AAL e _*
- n N L 4

= L 4
G = A A b

= = u o AD A A . *

2 ng ¢
t 321 A

]

o " &

3

=]

£

T

& 287

= First-Episode First-Episode Normal Comparison
"5 Schizophrenia Affective Psychosis Subjects
b N=17) (N=17) (N=17)

Figure 3. Total (left + right) absolute thickness of the prefrontal gray matter
in patients with first-episode schizophrenia, patients with first-episode af-
fective psychosis, and normal comparison subjects. Open triangles indicate
patients with unipolar affective psychosis, closed triangles represent bipolar
(manic) patients.

surrogate measure of surface area, boundary complexity, may be
insufficiently accurate to preserve group differences, or the use
of mean thickness rather than true local thickness may wash out
a group difference due to regional variations in thickness.

An example of an alternative surface-contour-based imaging
approach used to assess regional gray matter deficits in schizo-
phrenia can be in found in Cannon et al (2002). This approach,
which adjusted for individual variations in cortical gyral and
sulcal pattern and corrected for total brain size, permitted highly
regional comparisons of cortical gray matter density across
subject groups. For example, with regard to the overall prefrontal
cortex, they reported more pronounced changes in selective
prefrontal cortical subregions including the dorsolateral prefron-
tal cortex, Broca’s area, premotor cortex, and frontal eye fields in
schizophrenic probands in comparison with their monozygotic
discordant, that is, healthy, co-twin. This study supports the
importance of imaging techniques, which allow for greater
parcellation of large regions of interest, such as the prefrontal
cortex.

Of further note, we found both a hemisphere effect and a
significant hemisphere-by-diagnosis effect for the prefrontal gray
mater complexity measure, which suggests that there is a left
greater than right asymmetry for this measure in both normal
control subjects and affective patients, with the reverse pattern of
right greater than left asymmetry in patients with schizophrenia.
The failure to find lateralized prefrontal cortical complexity in
schizophrenia is consistent with a number of findings in the
literature for both volume and cortical folding (i.e., gyrification)
findings, which demonstrate an abnormal asymmetry in brain
regions in schizophrenia. Such findings have been interpreted as
suggesting a neurodevelopmental origin to the asymmetry ab-
normalities observed in at least a subset of patients diagnosed
with schizophrenia (see review in Shenton et al 200D).

With regard to clinical correlations, we found a significant,
negative correlation between prefrontal thickness and age of
illness onset in only patients with a first-episode of schizophre-
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Figure 4. (A) Positive correlation between total (left + right) pre-
frontal gray matter relative volume and total prefrontal cortical absolute thick-
ness in first-episode patients with schizophrenia (rho = .493; p = .045). (B) Positive
correlation between total (left + right) prefrontal gray matter relative volume
and total prefrontal cortical absolute thickness in normal comparison subjects
(rho = .495; p = .043). (C) Correlations between total (left + right) prefrontal
gray matter relative volume and total prefrontal cortical absolute thickness in
first-episode patients with affective psychosis. Volume and thickness are not
significantly correlated (rho = —.292; p = .256).
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total boundary complexity (rho = .814, p <.001 for schizophrenia patients;
rho = .706, p = .002 for affective patients; rho = .919, p < .001 for normal
control subjects).

nia. This finding suggests that patients who were younger at the
time of their first-episode of schizophrenia have a thicker pre-
frontal cortex, while patients who were slightly older at the time
of their first-episode have a thinner prefrontal cortex. We also
found a significant negative correlation between prefrontal cor-
tical thickness and age at the time of first medication, also only in
patients with a first-episode of schizophrenia. This latter finding
suggests that patients who were younger at the time of their first
medication had thicker prefrontal cortex, whereas those who
were older had thinner prefrontal cortex. Of note here, Kuper-
berg et al (in press) reported significantly greater cortical thin-
ning in prefrontal and temporal cortices in chronic medicated
schizophrenia patients compared with control subjects. An age-
related process may thus underlie the relationship between age
of schizophrenia patients and prefrontal cortical thickness. This
relationship may reflect an accelerated loss of gray matter in
patients with schizophrenia who are slightly older upon initial
diagnosis. For example, MRI has shown that gray matter declines
over time as part of the normal aging process (e.g., Lim et al 1992;
Pfefferbaum et al 1994) and that hemispheric volume decreases
at a faster rate in schizophrenia patients compared with normal
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Figure 6. Negative correlation between age and total (left + right) prefron-
tal cortical thickness in first-episode schizophrenia (rho = —.509; p = .037).
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control subjects (DelLisi et al 1997). Additionally, Thompson et al
(2001) have reported a pattern of accelerated gray matter loss in
very early onset schizophrenia, with deficits progressing from the
parietal brain regions anteriorly to include dorsolateral prefrontal
cortex and temporal cortices over 5 years of disease progression.
Furthermore, a recent review of the synaptic hypothesis of
schizophrenia (Frankle et al 2003) suggests that disorders of
dopamine transmission (sensitization) and of glutamate transmis-
sion (excitotoxicity) may be relevant to brain changes over time,
particularly in the prefrontal cortex, and if this proves to be the
case, then pharmacologic treatment might affect these changes
or, perhaps, even prevent them.

The finding of age correlating with prefrontal cortical thick-
ness may thus suggest the presence of an active brain process
that may continue through the first years of schizophrenia and
cause greater than normal adult cortical deterioration. It is also
possible that this relationship reflects a longer prodromal period
in patients who are older at the time of their first-episode of
schizophrenia.

The association between earlier age of receiving medication
and thicker prefrontal cortex is also of note and may be related
to the efficacy of early neuroleptic treatment intervention. We
note, however, that despite our finding of a relationship between
age and age at first medication, and prefrontal cortical thickness
in schizophrenia, the presence of a progressive component in the
disorder cannot be determined from this study because of its
cross-sectional design. It will thus be important to conduct a
longitudinal study of cortical thickness to determine whether
prefrontal cortical thickness decreases with age from the first
onset of illness or decreases with increased age at first medica-
tion. We speculate that both of these schizophrenia-selective
associations with age may imply that the longer the schizo-
phrenic process has been operative, the thinner the prefrontal
cortex. A longitudinal study will be needed for confirmation,
however.

Our study has the following strengths. First, the use of
first-episode schizophrenia and affective psychosis patients,
matched in age to normal control subjects, minimized the
potential effects of chronic illness, medication, and age on brain
structure (for review of effects of chronic medication on brain
structure, see Harrison 1999). The effects of chronic medication
on brain structure did not seem to have an effect on prefrontal
gray matter thickness in this study, because neither duration nor
dosage of medication significantly correlated with prefrontal
cortical thickness in either of the first-episode patient groups.
Moreover, the inclusion of first-episode patients with affective
psychosis allowed us to examine the specificity of findings to
schizophrenia. Finally, this study represents the first time that
cortical thickness has been measured in first-episode schizo-
phrenic patients.

A shortcoming of our study is that we did not parcellate the
prefrontal cortex. The complex organization of the cerebral cortex
into layers, combined with the presence of structurally and func-
tionally distinct regions within the cortex, with regional variations in
thickness, makes the measurement of thickness from MR images
challenging (Brodmann 1905; Kandel et al 2000; Rajkowska and
Goldman-Rakic 1995a, 1995b; Vogt and Vogt 1919). Regionally
specific MRI investigations of cortical thickness may reveal focal
abnormalities in cortical thickness in schizophrenia that are not
present throughout the prefrontal cortex.

In conclusion, we applied a method of measuring cortical
thickness to the prefrontal cortex from brain segmentations
derived from MRI. Although we did not find differences between
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subject groups in prefrontal cortical thickness, we believe that
our study demonstrates the potential usefulness of MRI to the
study of cortical thickness abnormalities in schizophrenia. Par-
cellation of the prefrontal cortex and longitudinal studies inves-
tigating cortical thinning, particularly with respect to age-related
changes (both changes over time and age differences at first
medication), could provide additional information that would
contribute to a more comprehensive understanding of the un-
derlying nature of this disorder and aid in the development and
assessment of the efficacy of a wide variety of treatments for
schizophrenia.
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