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Objective: The study was designed to as-
sess the predictive relationship between
brain structure volume and positive and
negative symptom response to clozapine
and haloperidol.

Method: Partially responsive outpatients
with schizophrenia who participated in a
10-week, parallel-group, double-blind
comparison of clozapine and haloperidol
and who had an available magnetic reso-
nance imaging scan were included in the
current study. Prefrontal gray and white
matter, hippocampal, and caudate vol-
umes were manually measured. The
Scale for the Assessment of Negative
Symptoms (SANS) and the Brief Psychiat-
ric Rating Scale (BPRS) were used to assess
symptom changes. The Simpson-Angus
Rating Scale was used to assess extrapyra-
midal symptoms.

Results: Twenty-two patients randomly
assigned to clozapine and 23 patients as-
signed to haloperidol met study entry cri-

teria. There were significant interactions
between treatment and right prefrontal
gray matter volume for BPRS total score
and SANS total score. There were no sig-
nificant treatment-by-brain structure in-
teractions for BPRS positive symptom
items. Right prefrontal gray matter vol-
ume was also related to differential treat-
ment effects for the BPRS subscales of
anxiety/depression and hostility and the
Simpson-Angus Rating Scale akathisia
item.

Conclusions: These results suggest that
there is a differential interaction among
clozapine and haloperidol, brain struc-
ture, and treatment response. Partially re-
sponsive patients with larger brain vol-
umes may be more likely to experience
the benefits of clozapine treatment, but
they may be more vulnerable to side ef-
fects and experience a subsequent wors-
ening of their symptoms when treated
with haloperidol.

(Am J Psychiatry 2003; 160:1421-1427)

r]?hirty to 60% of patients refractory to conventional an-
tipsychotics respond to clozapine (1). The pharmacologi-
cal mechanism(s) through which clozapine exerts its su-
perior efficacy are unknown. Speculation has focused on
the unique binding properties of clozapine, including its
ability to antagonize the D4 dopamine receptor, its greater
affinity for the 5-HT2x serotonin receptor versus the Dy
dopamine receptor, and its greater affinity for the D, ver-
sus the D, dopamine receptor (1). Alternatively, the neural
substrate of the pharmacological actions of clozapine may
differ in important respects from those of conventional
antipsychotics (2).

Structural and functional imaging techniques have
been used to examine the relationship between neu-
roanatomy and clozapine response. In a computed to-
mography (CT) study of 34 treatment-resistant patients,
clozapine response, as defined by percent change in Brief
Psychiatric Rating Scale (BPRS) total score, was related to a
smaller prefrontal sulcal prominence (3). In a second CT
study of 42 treatment-resistant patients, those who re-
sponded to clozapine according to Clinical Global Impres-
sion ratings had smaller frontal and temporal sulci (4). A
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magnetic resonance imaging (MRI) study with 18 patients
did not observe any significant relationships between
morphological variables and clozapine response (5). In
contrast, Lauriello et al. (6) found that clozapine response
was significantly related to larger anterior superior tempo-
ral lobe CSF volume. In this MRI study of 21 patients, there
were no significant relationships between clozapine re-
sponse and prefrontal or frontal measures. In SPECT func-
tional neuroimaging studies, increased perfusion in the
thalamus and right prefrontal cortex has been associated
with clozapine response (7, 8).

In the present study, we used structural MRI to examine
whether morphological brain measures could predict clo-
zapine response in a group of partially responsive outpa-
tients with schizophrenia. We selected brain regions that
have been previously implicated in the underlying patho-
physiology of positive symptoms (i.e., the hippocampus)
and negative symptoms (i.e., the prefrontal cortex and
caudate nucleus) (9). On the basis of previous findings, we
hypothesized that hippocampal volume would be related
to positive symptom change and that prefrontal cortex
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and caudate volumes would be related to negative symp-
tom change (9, 10).

Method

Patient Group

Study details have been published elsewhere (11, 12). In brief,
75 patients from an outpatient schizophrenia research clinic en-
tered a 10-week, parallel-group, double-blind comparison of clo-
zapine and haloperidol. Diagnosis of schizophrenia was made
with the Structured Clinical Interview for DSM-III-R, direct as-
sessment, family informants, and past medical records. Patients
with a neurological disorder, an IQ below 70, or a current DSM-
III-R drug abuse or dependence diagnosis were excluded from the
study. Patients were required to meet retrospective and prospec-
tive criteria for partial response to conventional antipsychotics
(12). Retrospective criteria included a history of residual positive
or negative symptoms after at least two 6-week therapeutic trials
of conventional antipsychotics and a minimum level of positive
and negative symptoms at the time of study entry. The prospec-
tive evaluation of partial responsiveness consisted of a 6-week
trial of open-label fluphenazine, 20 mg/day, with dose adjust-
ments between 10 and 30 mg/day. Subjects with a 30% or greater
improvement in positive or negative symptoms were excluded
from the double-blind trial. Over the first 4 weeks of the double-
blind trial, doses of clozapine and haloperidol were gradually in-
creased to 400 mg/day and 20 mg/day, respectively. Clozapine
and haloperidol doses could be adjusted over the next 2 weeks
within fixed limits (200-600 mg/day for clozapine and 10-30 mg/
day for haloperidol) in order to maximize efficacy or minimize
side effects. Doses were then fixed for the remainder of the study.
Patients randomly assigned to haloperidol were also prescribed
double-blind benztropine (4 mg/day), and patients assigned to
clozapine received placebo benztropine. All patients provided
written informed consent after the study procedures had been
fully explained and prior to study participation.

Clinical Measures

The BPRS (13) total score was used to assess global symptom
change. The four BPRS positive symptom items (conceptual dis-
organization, hallucinations, unusual thought content, and sus-
piciousness) were used to assess positive symptom change. The
Scale for the Assessment of Negative Symptoms (SANS) (14) total
score was used to assess negative symptom change. The SANS to-
tal score included all items except for the inappropriate affect,
poverty of content of speech, attentional, and global items. The
first three items were excluded because analytic factor studies
have suggested that those items are not closely related to negative
symptoms (15). The global items were excluded because they are
redundant with the individual items. Symptom assessments were
collected at baseline and at the end of the study. The baseline
symptom measure was the average of the last two ratings in the 6-
week open-label fluphenazine trial. The symptom assessments
were conducted by master’s- and doctoral-level clinicians. Intra-
class correlation coefficients for the BPRS and SANS measures
ranged from 0.76 to 0.90. The Simpson-Angus Rating Scale was
used to assess extrapyramidal symptoms, and the Simpson-An-
gus Rating Scale akathisia item was used to assess akathisia (16).

Imaging

The MRI procedures have been previously described (17, 18).
In brief, the MRI scans were performed on a Siemens 2-T Magne-
tom system operating at 1.5 T. The high-resolution spin-echo
technique was used to evaluate the whole brain in the coronal
plane in 3-mm-thick contiguous slices, with a repetition time of
600 msec, an echo time of 17 msec, and a matrix size of 256x256
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pixels, with two excitations. Morphometric analyses were per-
formed with the Loats image analysis system (19). The sample
function of the image analysis system was used to determine the
hippocampal and caudate brain volumes. This function enables
the investigator to outline the region of interest on the MRI image
and calculates the area of the demarcated region. Volumes are
calculated by summing the area measurements across all appro-
priate images and multiplying by the slice thickness. The thresh-
old function of the image analysis system was used to determine
prefrontal gray and white matter volumes. This function enables
the investigator to partition gray matter from both CSF and white
matter by assigning nonoverlapping signal intensity ranges to
each area (20). CSF and gray and white matter were partitioned
on each MRI slice containing the prefrontal region, and the sam-
ple function was used to outline the prefrontal hemispheres gen-
erating separate gray and white matter area measurements. Vol-
umes were calculated by summing the area measurements and
multiplying by the slice thickness.

Anatomical Boundaries

The following brain regions were assessed: the prefrontal cor-
tex, caudate, and the hippocampus. The anterior boundary of the
prefrontal cortex was the first anterior coronal slice containing
gray matter. The posterior boundary was the first slice demon-
strating the genu of the corpus callosum. The anterior boundary
of the caudate was the first slice that contained the caudate and
the genu of the corpus callosum and the anterior horns of the lat-
eral ventricles. The posterior boundary where the caudate turns
laterally and caudally was defined by the presence of the trigone
of the lateral ventricle and the splenium of the corpus callosum.
The medial boundary was defined by the lateral ventricle, and the
lateral boundary was primarily defined by the internal capsule.
The tail of the caudate was not measured. The anterior boundary
of the hippocampus was the first slice that contained the hippo-
campus and did not contain the amygdala. The amygdala and
hippocampus co-occur in one to two coronal slices. These two
structures could not be reliably distinguished on these slices and
were not used in the determination of hippocampal volume.
Therefore, the hippocampal volume is an approximation of the
“true” volume. The posterior boundary was defined as the most
posterior slice containing the hippocampus. This slice was typi-
cally at the level of the splenium of the corpus callosum and the
trigone of the lateral ventricle. The lateral boundary was either
the temporal horn of the lateral ventricle or the temporal lobe
white matter adjacent to the lateral margin of the hippocampus.
The medial boundary was defined by the crus cerebri, the adja-
cent cistern, and included the presubiculum, subiculum, and un-
cus but not the entorhinal or parahippocampus gyri. The intra-
class correlation coefficients for all brain regions ranged from
0.90 to 0.99 (17). Each structure was analyzed by the same rater to
reduce measurement variance. All measurements were per-
formed blind to any identifying information.

Statistical Analysis

Statistical analyses were carried out in a hierarchical manner to
control the type I error rate. To identify the distinctive brain re-
gions through which clozapine and haloperidol exerted their ef-
fects on symptoms, we used multivariate analysis of variance
(MANOVA) to fit the following model:

Symptom scores=treatment+gender+brain structure volume+
interaction between treatment and brain structure volume.

BPRS total score, BPRS positive symptom item score, and SANS
total score were the dependent variables. A statistically significant
(p<0.05) test of the interaction between brain structure volume
and treatment was interpreted as evidence of a distinctive mech-
anism of action for one treatment not shared with the other. If an
initial MANOVA interaction test was significant for a given brain
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TABLE 1. Demographic and Clinical Characteristics of Schizophrenia Outpatients Randomly Assigned to Double-Blind

Treatment With Clozapine or Haloperidol

Characteristic Clozapine Group (N=22) Haloperidol Group (N=23) Analysis
Mean SD Mean SD Wilcoxon x? (df=1) p
Age (years) 35.55 7.93 34.53 8.05 0.03 0.87
Age at onset (years) 20.23 5.18 20.70 5.23 0.04 0.85
Duration of illness (years) 15.32 6.11 13.83 5.86 0.63 0.43
Education of head of household (years)? 12.93 3.91 12.96 4.37 0.07 0.79
Medication dose at end of study (mg/day) 414.77 44.09 25.43 5.20 —b —
N % N % X2 (df=1) p
Female 8 36.4 7 30.4 0.18 0.67
Black® 5 22.7 7 30.4 0.34 0.56
Deficit syndrome 6 27.3 7 30.4 0.05 0.82

a4 N=21 for the clozapine group.

b possible medication doses were different by protocol in the two treatments.

¢ All patients who did not report race as black reported race as white.

structure, then post hoc analyses, at alpha=0.05, were conducted
to determine which symptom rating score was involved in the in-
teraction. If the BPRS total score or SANS total score brain region
interaction was statistically significant, then exploratory analyses
were conducted to test for structure-by-symptom subscale inter-
actions to see whether the effect was concentrated in individual
symptom clusters (i.e., BPRS anxiety/depression, hostility, ac-
tivation, or positive symptom subscales; SANS affect, alogia, an-
hedonia, or avolition subscales). Since this procedure did not
guarantee an overall alpha <0.05 for these analyses, they were re-
garded as exploratory hypothesis-generating analyses and were
identified as such. The same MANOVA model was used to exam-
ine treatment-by-brain structure interactions for extrapyramidal
symptoms. Simpson-Angus Rating Scale total score and the Simp-
son-Angus Rating Scale akathisia item were the dependent vari-
ables. Spearman rank correlations were used to examine within-
group relationships between brain region volume and symptom
change.

Results

Seventy-five patients entered the double-blind study,
and 64 patients completed the study (34 patients randomly
assigned to haloperidol and 30 patients assigned to cloza-
pine) (12). Twenty-three of the 34 haloperidol-treated pa-
tients and 22 of the 30 clozapine-treated patients had avail-
able MRI scans. There were no significant differences
between the patients who received a scan and those who
did not on any of the baseline clinical measures.

Clinical, sociodemographic, and end-of-study drug
dose data are presented in Table 1. There were no treat-
ment group differences for any of the clinical or sociode-
mographic variables.

The MRI variables for the two treatment groups are pre-
sented in Table 2. The brain region measurements ob-
tained from a group of healthy comparison subjects, who
underwent the same MRI protocol, are presented in the
table for the purposes of comparison. The brain regions
for which there were significant volumetric differences be-
tween the two groups in the original MRI study by Breier et
al. (17) are denoted. There were no significant brain vol-
ume differences between the clozapine and haloperidol
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TABLE 2. Regional Brain Volume Measurements of Schizo-
phrenia Outpatients Randomly Assigned to Double-Blind
Treatment With Clozapine or Haloperidol Relative to
Healthy Comparison Subjects

Volume (cm3)

Healthy
Clozapine Haloperidol Comparison
Group Group Subjects
(N=22) (N=23) (N=29)
Region Mean  SD Mean  SD Mean  SD
Hippocampus
Left? 341 052 3.36 0.45 3.8 0.6
Right 3.39 049 345 043 3.7 0.4
Prefrontal cortex?
Gray matter
Left 37.3 7.3 391 7.6 40 6.0
Right 46.6 9.0 43.6 8.1 48 6.0
White matter
Left? 33.0 7.6 31.6 8.6 38 8.0
Right? 35.7 7.5 35.8 9.3 41 8.0
Caudate®
Left? 5.80 1.33 5.41 1.32 4.10 0.80
Right 595 1.91 548 1.53 4.70 0.80

2 Brain region that differed significantly between patients and
healthy comparison subjects in original MRI study by Breier et al.
(7).

b N=22 for the haloperidol group.

¢ N=21 for the clozapine group.

treatment groups. The prefrontal measures for one patient
randomly assigned to haloperidol and the caudate mea-
sures for one patient assigned to clozapine were not avail-
able because of movement artifact.

Baseline and end-of-study symptom measures are in-
cluded in Table 3. In this subgroup of patients from the
original double-blind study for whom we had MRI data,
clozapine was significantly superior to haloperidol for the
BPRS positive symptom item, SANS total score, and the
SANS anhedonia subscale. As shown in Table 3, patients
receiving haloperidol worsened in all negative symptom
measures.

Initial MANOVA analyses were carried out to test for
structure-by-treatment interactions, with the BPRS total
score, BPRS positive symptom item score, and SANS total
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TABLE 3. Baseline and Endpoint Symptom Scores for Schizophrenia Outpatients Randomly Assigned to Double-Blind

Treatment With Clozapine or Haloperidol

Score
Clozapine Group (N=22) Haloperidol Group (N=23)
Baseline Endpoint Baseline Endpoint ANCOVA?

Symptom Measure Mean SD Mean SD Mean SD Mean SD F (df=1, 42) p
SANS

Affect 9.0 6.7 8.4 6.8 8.7 6.7 8.9 7.2 0.29 0.59

Anhedonia 12.3 5.0 11.4 3.5 13.0 4.6 14.7 3.3 21.82 0.001

Alogia 2.4 3.2 19 2.6 1.2 1.6 1.7 2.2 0.91 0.35

Avolition 6.4 3.2 6.1 2.6 6.0 2.2 6.6 2.3 1.47 0.23

Total 30.0 15.0 27.8 11.7 29.0 11.5 32.0 11.3 5.52 0.02
BPRS

Positive symptoms 11.9 4.8 9.5 4.4 11.8 4.5 11.3 4.8 7.18 0.01

Total 371 10.2 32.6 8.5 38.1 7.2 35.7 7.8 2.45 0.12

2 Analysis of between-group differences at week 10 after adjustment for baseline scores.

TABLE 4. Effects of Treatment and Brain Structure Volume
on Symptom Measures in 45 Schizophrenia Outpatients
Randomly Assigned to Double-Blind Treatment With Cloz-
apine or Haloperidol

MANOVA?

Structure F df p
Hippocampus

Left 0.76 3,38 0.52

Right 1.03 3,38 0.39
Caudate

Left 0.96 3,37 0.42

Right 0.69 3,37 0.56
Prefrontal cortex gray matter

Left 2.28 3,37 0.10

Right 5.16 3,37 0.004
Total cranial 1.95 3,38 0.14

a Tests for the effect of the interaction between structure and treat-
ment on the dependent measures (BPRS total score, BPRS positive
symptom score, and SANS total score).

score as dependent measures (Table 4). Only the interac-
tion between right prefrontal cortex gray matter and treat-
ment was statistically significant. Post hoc tests found sig-
nificant interactions between right prefrontal cortex gray
matter and treatment for the BPRS total score (F=9.89, df=
1, 39, p=0.003) (Figure 1) and SANS total score (F=7.29, df=
1, 39, p=0.01) (Figure 2), but not for the BPRS positive
symptom item score (F=0.73, df=1, 39, p=0.40).

Spearman rank correlations were conducted to examine
within-treatment group relationships between right pre-
frontal cortex gray matter volume and BPRS and SANS to-
tal scores. The right prefrontal cortex gray matter volume
and BPRS total score were significantly correlated in the
haloperidol group (r;=0.59, p=0.005) but not in the cloza-
pine group (r;=-0.29, p=0.21). The Spearman rank correla-
tion of right prefrontal cortex gray matter volume and
SANS total score was statistically significant in the cloza-
pine group (rs=-0.48, p=0.03) but not in the haloperidol
group (rs=0.37, p=0.10).

Further exploratory post hoc analyses were carried out to
see if the interactions between right prefrontal cortex gray
matter and BPRS and SANS total scores reflected effects on
specific subscales (Table 5). There was evidence for signifi-
cant interactions between right prefrontal cortex gray mat-
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FIGURE 1. Relation of Change in BPRS Total Score to Right
Prefrontal Cortex Gray Matter Volume in Schizophrenia
Outpatients Randomly Assigned to Double-Blind Treat-
ment With Clozapine or Haloperidol
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a1,=-0.29, N=22, p=0.21.
b r=0.59, N=22, p=0.005.

ter volume and treatment for the BPRS subscales of hostility
and anxiety/depression, with tendencies for larger right
prefrontal cortex volumes to be correlated with more im-
provement in the clozapine group but with higher symp-
tom levels in the haloperidol group. The Spearman rank
correlation of BPRS hostility subscale score with right pre-
frontal cortex gray matter volume was statistically signifi-
cant in the haloperidol group but not in the clozapine
group (Table 5). There was marginally nonsignificant inter-
action evidence for the SANS affect subscale. There were no
significant interactions between right prefrontal cortex gray
matter volume and treatment for the other three SANS sub-
scales, although all showed a similar pattern of modest pos-
itive correlations between symptoms and right prefrontal
cortex gray matter volume for the haloperidol group and
negative correlations of symptoms with right prefrontal
cortex gray matter volume for the clozapine group.

In order to examine the specificity of the interactions
between right prefrontal cortex gray matter volume and
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FIGURE 2. Relation of Change in SANS Total Score to Right
Prefrontal Cortex Gray Matter Volume in Schizophrenia
Outpatients Randomly Assigned to Double-Blind Treat-
ment With Clozapine or Haloperidol
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ar,=—-0.48, N=22, p=0.03.
brs=0.37, N=22, p=0.10.

symptom measures, we examined separately the interac-
tions between left prefrontal cortex gray matter and treat-
ment for BPRS total score, BPRS positive symptom items,
and SANS total score. There were no significant interac-
tions (BPRS total score: F=1.79, df=1, 39, p=0.19; BPRS pos-
itive symptom items: F=0.26, df=1, 39, p=0.61; SANS total
score: F=1.82, df=1, 39, p=0.18).

The MANOVA analyses to test for treatment-by-struc-
ture interactions for Simpson-Angus Rating Scale total
and akathisia item scores as dependent measures were
nonsignificant. The MANOVA for the interaction between
right prefrontal cortex gray matter volume and treatment
was marginally nonsignificant (F=3.11, df=2, 37, p=0.057).
Post hoc tests found a significant interaction between
right prefrontal cortex gray matter and treatment for the
Simpson-Angus Rating Scale akathisia item (F=6.15, df=1,
38, p=0.02) but not for the Simpson-Angus Rating Scale to-
tal score (F=0.78, df=1, 38, p=0.38). However, the Simpson-
Angus Rating Scale akathisia item score had a limited
range (0 to 3) and was not normally distributed. Therefore,
to confirm these results, we compared the Spearman cor-
relations in the haloperidol group (rs=0.58, p=0.007) and
the clozapine group (r;=—0.23, p=0.33) by using the Fisher’s
z-transformation test, obtaining marginal support for a
difference in correlations between the two groups (z=
1.904, p=0.057).

Discussion

The major finding of the study was the observation of
significant interaction between treatment and right pre-
frontal gray matter volume for SANS total score and BPRS
total score. In general, in clozapine-treated patients, larger
right prefrontal gray matter volume was associated with
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TABLE 5. Effects of Treatment and Treatment Interaction
With Right Prefrontal Cortex Gray Matter Volume on Sym-
ptom Measures in Schizophrenia Outpatients Randomly
Assigned to Double-Blind Treatment With Clozapine or
Haloperidol

Correlation With

Treatment-
Treatment by-Volume
Clozapine  Haloperidol Interaction
(N=22) (N=22) g1,
Scale rs p rs p 39) p
BPRS change scores
Total -0.29 0.21 0.59 0.005 9.89 0.003
Positive -0.10 0.67 0.20 0.38 0.73 0.40
Anxiety/depression -0.27 0.23 0.31 0.17 548 0.03
Hostility -0.27 0.24 0.65 0.002 8.59 0.006
Activation -0.26 0.26 0.28 0.23 3.40 0.08
SANS change scores
Total -0.48 0.03 0.37 0.10 7.29 0.01
Affect -0.19 0.42 0.38 0.10 3.79 0.06
Alogia -0.31 0.17 0.21 0.36 1.60 0.21
Anhedonia -0.35 0.12 0.04 0.84 2.43 0.13
Avolition -0.23 0.32 0.10 0.66 094 0.34

better treatment response, whereas in haloperidol-treated
patients, larger right prefrontal gray matter volume was
associated with poorer treatment response. The observa-
tion of a significant relationship between right prefrontal
cortex volume and SANS total score supports our a priori
hypothesis for this region and symptoms. In the cloza-
pine-treated patients, the correlation between change in
SANS total score and right prefrontal gray matter volume
was significant, i.e., patients with larger brain volumes ex-
hibited a better negative symptom response. There were
no significant relationships with any of the SANS sub-
scales. The study failed to support our a priori hypothesis
of a predictive relationship between caudate volume and
negative symptom response. In contrast to our study hy-
pothesis, there was no relationship between hippocampal
volume and positive symptom response. In the haloperi-
dol-treated patients, there was a significant inverse corre-
lation between change in BPRS total score and right pre-
frontal gray matter volume, i.e., patients with larger brain
volumes exhibited a poorer global response. There was
also a significant inverse correlation between change in
BPRS hostility subscale score and right prefrontal gray
matter volume. We had not specified a priori hypotheses
for either of these measures.

An important aspect of the study is that the examination
of the predictive relationship between morphological brain
measures and clozapine treatment response occurred in
the context of a double-blind clinical trial. The double-
blind study design limits selection bias and, more impor-
tant, the presence of a comparison treatment arm provides
a framework for the interpretation of the observed brain
structure and clozapine treatment response relationships.

The relationship between right prefrontal gray matter
volume and clozapine response is consistent with some
but not all previous studies. In the CT structural imaging
studies, sulcal measurements were used to examine the in-
tegrity of the prefrontal cortex (3, 4). Presumably, there is
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an inverse relationship between sulcal and cortical gray
matter measures (i.e., patients with smaller prefrontal sulci
have larger prefrontal gray matter volumes). In the Fried-
man et al. study (3), there was an inverse relationship be-
tween prefrontal sulcal prominence and negative symp-
tom response, as measured by the BPRS, which would be
consistent with the current study results. There are also
two negative MRI structural imaging studies (5, 6). In the
first study, only global morphological measures are re-
ported, with no specific frontal lobe measures (5). In the
second study, prefrontal volumes were specifically mea-
sured, but only prefrontal total volumes were reported (6).
There were not any separate analyses for prefrontal gray
and white matter.

In functional imaging studies, clozapine responders
showed higher perfusion in the right prefrontal cortex, thal-
amus, and left basal ganglia (7, 8). The higher perfusion
could be related to larger volumes of these structures. How-
ever, neither of these studies examined whether the magni-
tude of perfusion was related specifically to either positive
or negative symptom response. Finally, the plausibility of
the observed relationship between right prefrontal gray
matter volume and negative symptom response receives
indirect support from the Wolkin et al. study (21), which ob-
served that negative symptom severity was inversely related
to glucose metabolism in the right prefrontal cortex.

Clozapine has been repeatedly observed to reduce cau-
date volumes in patients previously treated with conven-
tional antipsychotics (22). In a recent study, positive and
general symptom response to clozapine was related to re-
duction in the left caudate volume after clozapine initia-
tion (23). In the present study, the MRI was obtained be-
fore the onset of clozapine treatment. Therefore, the only
conclusion that we can make is that baseline caudate vol-
ume does not seem to predict clozapine response.

In the current study, there were significant group differ-
ences for the SANS total score and anhedonia subscale. In
light of the lack of effect of clozapine for primary negative
symptoms (12, 24, 25), how can the observation of a signif-
icant predictive relationship between right prefrontal cor-
tex gray matter volume and negative symptoms be inter-
preted? One possible explanation is that clozapine may not
be exerting a direct beneficial effect on negative symptoms
but rather that the modest negative symptom benefit of
clozapine represents a reduction in side effects and that
the worsening with haloperidol represents an exacerbation
of side effects. Patients with larger right prefrontal cortex
gray matter volumes may be better able to take advantage
of the unique pharmacological profile of clozapine and ex-
perience a greater decrease in side effects, whereas pa-
tients with larger right prefrontal cortex gray matter vol-
umes may be more susceptible to the side effects caused by
haloperidol. There are several lines of evidence that sup-
port this interpretation. First, the group differences in neg-
ative symptom effect were not due to a pronounced benefit
of clozapine for these symptoms. There was only a 7.3%
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improvement in SANS total score in the clozapine-treated
patients, whereas there was a 10.3% worsening in the halo-
peridol-treated patients. Second, several studies have
documented a relationship between change in negative
symptoms and change in extrapyramidal side effects in
clozapine-treated patients. In the studies of Kane et al. (26)
and Pickar et al. (27), there were marked changes in both
negative symptoms and extrapyramidal side effects. Lie-
berman et al. (28) observed that the presence of extrapyra-
midal side effects during previous treatment with conven-
tional antipsychotics was a predictor of good response to
clozapine, and Rosenheck et al. (29) observed that the dif-
ferential effect of clozapine on negative symptoms disap-
peared when the analyses were corrected for change in ex-
trapyramidal side effects. Third, in the post hoc analyses,
there was a significant interaction between right prefrontal
cortex gray matter volume and treatment for the BPRS anx-
iety/depression factor. Marder and Van Putten (30, 31)
have shown that anxiety and depression are correlated
with extrapyramidal side effects and that they may in
themselves represent subtle forms of extrapyramidal side
effects. There was also a significant interaction for the
Simpson-Angus Rating Scale akathisia item, with right pre-
frontal cortex gray matter volume significantly correlated
with change in akathisia severity in the haloperidol-treated
patients. In addition, although the interaction was not sig-
nificant, right prefrontal cortex gray matter volume was
significantly inversely correlated with change in Simpson-
Angus Rating Scale total score (r;=—0.51, p=0.02) in the clo-
zapine-treated patients. The correlation was nonsig-
nificant but in the opposite direction in the haloperidol-
treated patients (r;=0.21, p=0.37).

Clozapine has unique dopamine and serotonin receptor
binding properties (32, 33), which may serve to mediate
the observed relationship between right prefrontal cortex
gray matter volume and treatment response. Specifically,
there is an abundance of 5-HTj4 and 5-HT24 serotonergic
receptors in the prefrontal cortex. These receptors regu-
late dopamine release. Clozapine has a high affinity for
these receptors, and it may increase prefrontal cortex
dopamine release through its action at these receptors,
which would counteract the adverse effects of conven-
tional antipsychotics (34, 35).

In summary, we found that haloperidol-treated patients
were more sensitive to the adverse effects of this drug if they
had larger right prefrontal cortex gray matter volumes. In
contrast, clozapine-treated patients were more likely to ex-
perience the benefit of the benign neurological side effect
profile of this agent to the extent to which their right pre-
frontal cortex gray matter was larger in volume. The mech-
anisms underlying this relationship may be of considerable
interest in developing new therapies for schizophrenia.
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