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Positron Emission Tomography (PET) imaging of regional 
cerebral blood flow (rCBF) provides an in vivo method for 
studying brain function. We used [1 5O]H2O PET to assess 
the effect of antipsychotic medications on rCBF in 17 
subjects with schizophrenia. Each subject was scanned 
while receiving antipsychotic medication, and after having 
been withdrawn from antipsychotic medication for a 3-week 
period. The two scans were subtracted from one another, 
using a within subjects design, and the areas of difference 
were identified using the Montreal method. Subjects treated 
with antipsychotic medication had significantly higher 
rCBF in the left basal ganglia and left fusiform gyrus 
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Numerous studies have examined cerebral blood flow 
and metabolism in schizophrenia, originally with corti
cal probes and later with Single Photon Emission Com
puted Tomography (SPECT) and Positron Emission To
mography (PET) (Ingvar and Franzen 1974; Buchsbaum 
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compared with the "off-medication" condition. 
Significantly higher relative rCBF in the anterior cingulate, 
left dorsolateral and inferior frontal cortex, and left and 
right cerebellum was observed when off antipsychotic 
medication. Upregulation of dopamine D2 receptors may 
lead to a regional increase of blood flow and metabolism in 
the basal ganglia, which may explain recently reported 
anatomical enlargement in these regions. 
[Neuropsychophannacology 17:230-240~ 1997] 
© 1997 American College of Neuropsychopharmacology 
Published by Elsevier Science Inc. 

et al. 1982; Weinberger et al. 1986; Buchsbaum et al. 
1987; Weinberger et al. 1988; Andreasen et al. 1992). 
These studies have suggested that some patients with 
schizophrenia have decreased regional blood flow and/ 
or reduced metabolic function, particularly in the fron
tal lobes and/ or the left hemisphere. There is also a sug
gestion of abnormalities in blood flow and/or meta
bolic rates in various subcortical areas such as the 
hippocampus, parahippocampus, and globus pallidus 
(Wolkin et al. 1985; Buchsbaum at al. 1987). (See An
dreasen et al. 1992 for a review of the topic). In early 
functional imaging studies many patients were evalu
ated while taking medications, raising the possibility 
that the abnormalities noted, such as "hypofrontality," 
were secondary to the effects of antipsychotics. This 
concern was enhanced by reports of increased meta
bolic activity in prefrontal regions in drug naive first 
episode patients (Cleghorn et al. 1989), although others 
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have noted decreased blood flow or metabolism in 
frontal regions in drug naive patients (Andreasen et al. 
1992). 

While it is clear that both typical and atypical anti
psychotics are effective in reducing symptom severity 
and psychotic exacerbations in a majority of patients 
with schizophrenia, our understanding of the mecha
nisms underlying these effects remains limited. There 
have been at least ten studies using PET that have ex
amined the relationship between antipsychotic medica
tion status and brain metabolism in patients with 
schizophrenia (Brodie et al. 1984; Delisi et al. 1985; Sed
vall et al. 1985; Wolkin et al. 1985; Volkow et al. 1986; 
Buchsbaum et al. 1987; Gur et al. 1987; Bartlett et al. 
1991; Buchsbaum et al. 1992a; Buchsbaum et al. 1992b). 
These studies are reviewed in detail elsewhere (Miller 
et al. 1997). Findings have been somewhat variable, 
with perhaps the most consistent being that of in
creased metabolism in the basal ganglia during the 
medicated vs. unmedicated state. PET studies examin
ing the effects of antipsychotics on receptors have 
shown that most antipsychotics block approximately 
80% of the D2 receptors in the basal ganglia, that this ef
fect occurs almost immediately, and that the antipsy
chotics also debind relatively quickly (i.e., within days) 
(Parde et al. 1986). It is possible that the effect of antip
sychotic medication on blood flow and metabolism in 
the basal ganglia is related to D2 receptor blockade in 
these regions, producing chronic upregulation after 
long-term usage with an associated increase in meta
bolic need. 

Several recent anatomic studies have presented addi
tional data that may inform the understanding and in
terpretation of functional imaging studies. Jernigan and 
colleagues (Jernigan et al. 1991) were the first to observe 
an increase in the size of basal ganglia structures, as 
measured with magnetic resonance imaging (MRI), in a 
group of patients chronically treated with antipsychotic 
medication. Our own group, independently and simul
taneously, made the same observation and subsequently 
reported it as well (Swayze et al. 1992). These findings 
have now been confirmed in a series of subsequent 
studies (Breier et al. 1992; Chakos et al. 1994; Elkashef et 
al. 1994; Hokuma et al. In press), as well as in a post 
mortem study (Heckers et al. 1991). The Chakos study 
(Chakos et al. 1994) examined first episode patients 
with an initial scan and conducted a follow-up scan 18 
months later, demonstrating that caudate volume had 
increased during that time interval and that the increase 
in size was related to antipsychotic dose, suggesting 
that the increased size of the basal ganglia may be an
tipsychotic-induced. Buchanan et al. (1993) subdivided 
Breier's patients (Breier et al. 1992) into deficit or non
deficit schizophrenia and observed the deficit patients 
to have relatively greater caudate size. These findings 
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are particularly intriguing, since most brain regions are 
found to be decreased in persons with schizophrenia, 
including cerebral tissue, frontal lobes, and temporal 
robes (Pearlson, and Marsh 1993; Andreasen et al. 
1994a; Andreasen et al. 1994b). 

Most previous studies with MRI, SPECT, or PET have 
used a case-control design, which has less power because 
of the greater variance that occurs when two different 
groups are compared with one another. A within-subjects 
design, comparing subjects to themselves while on and 
off medication, appears to be optimal for addressing 
questions concerning the effects of medication on cere
bral blood flow and metabolism. We have previously 
used a within-subjects design with TC-99M HMPAO 
SPECT to determine the effects of antipsychotic medica
tions on cerebral perfusion (Miller et al. 1997). We stud
ied a group of 33 schizophrenics, each scanned twice, 
once while receiving a stable dose of antipsychotic and 
once after being off antipsychotics for at least three 
weeks. We reported that mean blood flow was signifi
cantly greater in the left basal ganglia in the on-medica
tion state. While we referred to changes in blood flow in 
the basal ganglia, these localizations were approxima
tions because of the poor spatial resolution of the TC-
99M HMP AO SPECT method. Although the results of 
this study provide interesting preliminary data con
firming an effect of antipsychotics on blood flow in the 
basal ganglia, they clearly need replication with more 
precise techniques such as are afforded by PET. 

This early work with structural and functional neu
roimaging has raised many crucial questions, most of 
which have not yet been definitively addressed. What 
are the sites of primary neural abnormality in patients 
suffering from schizophrenia? What are the sites through 
which antipsychotic medications exert their therapeutic 
effects? Do the therapeutic effects of antipsychotics dif
fer for different types of symptoms (e.g., psychotic, neg
ative or deficit, disorganized, cognitive) in ways that 
can be separated using neuroimaging techniques? What 
is the relationship between receptor blockade and cere
bral blood flow and metabolism? Do antipsychotic 
medications have measurable effects on brain anatomy 
as well as physiology? Are the various effects on brain 
anatomy and physiology reversible and, if so, over 
what time interval? Obviously these myriad questions 
represent a long-term agenda for structural and func
tional imaging studies of the psychopharmacology of 
schizophrenia. In the present report we examine one 
small piece of this puzzle: the effect of antipsychotics on 
regional cerebral blood flow in schizophrenic patients, 
using a within-subjects design to examine regional 
changes while on and off medications. We sought to de
termine which specific regions differ while on and off 
medications. To our knowledge, this is the first study 
using [15O]H2O PET scanning to measure the effect of 
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antipsychotic medication on regional blood flow in sub
jects suffering from schizophrenia. 

METHODS 

Subjects 

As can be seen in Table 1, the sample consisted of a 
group of 17 subjects who met DSM-IV criteria for 
schizophrenia (APA 1994). Three subjects were "anti
psychotic naive" and 14 subjects were nonnaive pa
tients who had been chronically ill. The mean age was 
32.8 years (SD, 10.7 years), and the mean educational 
achievement was 12.8 years (SD, 2.0 years). Thirteen pa
tients were male, and 4 were female. The mean educa
tional level of their fathers was 13.5 years (SD, 2.6 
years). The patients average height was 182.5 cm (SD, 
14.8 cm), and the average weight was 79.6 kg (SD, 15.7 
kg). Mean age of onset was 23.5 years (SD, 6.9 years) 
and mean duration of illness was 97.6 months (SD, 
139.3 months). On average they had five hospitaliza
tions during their lifetimes (SD, 8.1), and the mean life
time duration of hospitalization was 13.2 months (SD, 
35.6 months). All patients have been followed for at 
least six months, and their diagnosis of schizophrenia 
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has been confirmed. All gave written informed consent 
to the protocol approved by the University of Iowa Hu
man Subjects Institutional Review Board. 

Medication Status 

Antipsychotic naive patients (n = 3) were first scanned 
prior to starting antipsychotic medication. Patients who 
had been on chronic antipsychotic treatment (n = 14) 
had the off-medication scan after undergoing a three
week medication "washout" period. Some of these pa
tients were scanned first while on a dose of antipsy
chotic that had been adjusted to optimize clinical re
sponse and had not changed in three weeks, and 
subsequently after undergoing the three-week drug 
washout (n = 4). The others underwent the drug wash
out first and had the second scan after being on a dose 
of antipsychotic medication, adjusted to clinical re
sponse, for three weeks (n = 10). Patients were on a vari
ety of antipsychotic medications when the on-medica
tion scans were completed (7 haloperidol, 3 olanzapine, 
2 risperidone, 2 trifluoperazine, 1 thiothixene, 1 cloza
pine, and 1 loxitane). The mean antipsychotic dose was 
1288.24 ± 1561.60 chlorpromazine equivalents per day 
(range = 300 to 6000). 

Table 1. Diagnoses, Antipsychotic Medications, Concurrent Medications, and Psychopathology Off- and (Jn-Medication 
for the 17 Subjects 

Anti psychotic Other 
Off-Medication Medications Medications On-Medication 

Subject Sex Age Subtype Diagnosis Total BPRS (mg/day) (mg/day) Total BPRS 

1 F 53 Paranoid 74 Thiothixene (120) Imipramine (200) 37 
Benztropine (2) 

2 M 39 Undifferentiated 23 Perphenazine (56) Benztropine (4) 38 
Propranolol (80) 

3 M 18 Undifferentiated 50 Haloperidol (20) Benztropine (2) 47 
4 M 20 Paranoid 53 Clozapine (200) Fluoxetine (40) 38 
5 M 26 Paranoid 43 Haloperidol (12) Benztropine (2) 32 

Propranolol (40) 
6 M 25 Disorganized 41 Haloperidol (120) Benztropine (3) 35 

Propranolol (40) 
7 M 43 Disorganized 57 Haloperidol (50) Benztropine (1) 50 

Propranolol (80) 
8 M 18 Undifferentiated 26 Loxapine (30) 50 
9 M 31 Paranoid 34 Olanzapine (20) 38 

10 F 20 Paranoid 54 Risperidone (6) Benztropine (1) 38 
11 M 36 Undifferentiated 49 Haloperidol (40) Benztropine (2) 62 

Propranolol ( 40) 
12 M 45 Undifferentiated 42 Haloperidol (10) 41 
13 F 41 Undifferentiated 44 Perphenazine(24) Benztropine (1) 52 

Diphenhydramine (50) 
14 M 37 Paranoid 48 Risperidone (6) 41 
15 F 27 Paranoid 56 Haloperidol (20) Benztropine (1) 56 
16 M 41 Paranoid 38 Olanzapine (15) 38 
17 M 39 Paranoid 48 Olanzapine (15) 41 
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Clinical Measures 

All patients were evaluated during an admission to the 
University of Iowa Mental Health Clinical Research 
Center. Patients were assessed clinically by means of 
the Comprehensive Assessment of Symptoms and His
tory (CASH) (Andreasen et al. 1992a). All patients were 
withdrawn from all psychotropic medications for a 
three week period. Patients receiving depot antipsy
chotics during the past 6 months were not included in 
the protocol. 

Image Acquisition and Reconstruction 

Subjects were positioned in the GE-4096 PLUS PET 
scanner in a supine position with laser light guides (in
dicating the center of the lowest slice) aligned at the 
orbital-meatal line. The subject's head was taped to a 
foam-lined head holder made of rigid plastic. A trans
mission scan was first obtained using a rotating rod 
source of [68Ge]germanium in order to correct the 
[15O]H2O emission images for attenuation. This was fol
lowed by a "sham" injection during which patients were 
performing a memory task. During the sham, all proce
dures were identical to an image acquisition condition 
from the subject's perspective but only 15 mCi of 
[15O}H20 was injected and no arterial blood was drawn. 
The sham helped to reduce the subject's anxiety and con
sequent high overall cerebral blood flow that we had con
sistently found during the first injection in pilot work. 

Regional cerebral blood flows (rCBF) were acquired 
while the patients were lying in the scanner with their 
eyes closed. A bolus injection of 50 mCi of [15O]H20 in 
5-7 mL of saline was administered, using the bolus 
[ 15O]H20 method (Ginsberg et al. 1982; Raichle et al. 
1983). Fifteen slices (6.5 mm center-to-center) were ac
quired with an intrinsic in-plane resolution of 6.5 mm 
FWHM and a 10 cm axial field of view. Emission im-
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ages were reconstructed using a Butterworth filter (cut
off frequency = 0.35 Nyquist) for a 40 second interval 
that began after the bolus of [15O]H20 anived in the 
brain, following injection into a catheter in the antecu
bital vein of the right arm. Arterial blood was sampled 
to allow calculation of tissue perfusion in milliliters per 
minute per 100 grams (mL/min/lO0g) of !issue using 
the autoradiographic method (Herscovitch et al. 1983). 

The eyes closed condition was part of a four-injection 
study designed to assess various aspects of memory. 
The results of the other conditions will be described in 
another report. 

Image Analysis 

The quantitative PET blood flow images were trans
ferred to the Image Processing Laboratory of the Uni
versity of Iowa Mental Health Clinical Research Center 
for analysis using locally-developed software (Andreasen 
et al. 1993). MRI images, acquired for each subject on a 
1.5 Tesla General Electric Signa scanner, were also trans
ferred to the Image Processing Laboratory. TI1e MRI im
ages were contiguous 1.5 mm thick coronal slices. Tech
nical parameters of the MRI image acquisition were: an 
SPGR sequence with flip angle of 40°, TE of 5 ms, TR of 
24 ms, 2 excitations. 

The first step in the analysis involved separating the 
brain from skull and background on the MRI and PET 
images. The outlines of the brain were manually traced 
on the MRI images, and the outlines of the PET brains 
were automatically identified with an edge detection al
gorithm (Cizadlo et al. 1994). 

The MRI and PET brain outlines were then co-regis
tered using software that performed a least-squares 
minimization to fit the surface of the PET and MRI im
ages (Pelizzari et al. 1989; Andreasen et al. 1993; Ciza
dlo et at. 1994). The PET image for each subject was co-

Table 2. Regions with Significant Differences Between On-Medication Resting Condition 
and Off-Medication Resting Condition" 

Number 
Region X y z t-max of Voxels 

Positive Values (On-medication flow higher) 
Left putamen -13 5 -6 4.7 327 
Left fusiform gyrus -28 -83 -2 4.0 103 

Negative Values (Off-medication flow higher) 
Left dorsolateral frontal -27 18 38 -4.5 206 
Inferior frontal 10 36 -28 -4.2 122 
Anterior cingulate 3 43 16 -5.7 5142 
Left cerebellum -24 -84 -26 -4.6 980 
Right cerebellum 26 -80 -24 -5.5 1689 

aoata show the highest t-value (t-max) associated with each peak and the location of the voxel with the 
highest t-value in terms of Talairach coordinates. Coordinates are shown only for peaks consisting of 50 or 
more contiguous voxels that exceed a I-value of 3.61; x represents left/right, y front/back and z superior/in
ferior. 
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Figure 1. PET images showing on-medication resting condition minus off-medication resting condition in 17 subjects with 

schizophrenia. Three orthogonal views are shown, with transaxial at the top, sagittal in the middle, and coronal on the bot

tom. Green crosshairs are in the same location in the three views. The locations were chosen to optimally visualize the rele

vant brain regions. Images follow radiological convention and show location as if the viewer were standing at the foot of the 

bed (transaxial views) or facing the patient (coronal views). Statistical maps maps) of the PET data, showing regions that 

are significantly different, are superimposed on a composite MRI image derived by averaging the MRI scans from the sub

jects. The value oft is shown on the color bar on the right. Two types of statistical maps are provided. The "peak maps" (left 

side of images) show the small areas where all contiguous voxels exceed the predefined threshold for statistical significance 

(3.61). The "t maps" (right side of images) show the value oft for all voxels in the image and provides a general overview of 

the landscape of changes in blood flow during the on-medication in comparison to the off-medication resting condition. In 

this figure, regions in which flow was higher in the on-medication condition are positive (red tones), and regions in which 

flow was higher in the off-medication condition are negative (blue tones). (A) Positive peaks are seen in the left putamen and 

left fusiform gyrus and negative peaks are seen in the left dorsolateral frontal region. (B) Negative peaks are seen in the infe

rior frontal region, anterior cingulate, and left and right cerebellum. 
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registered to his or her MRI to compensate for small 
movements that might have occurred. Following co
registration, each MRI brain image was placed into 
standardized Talairach atlas (Talairach J 1988) using a 
three-dimensional (3-D) linear transformation (Andreasen 
et al. 1995). This procedure involved first identifying 
the anterior and posterior commissures, and the inter
hemispheric fissure on each MRI image, and then re
sampling the 1.5 mm coronal acquisition images into a 
3-D volume with 1.016 mm cubic voxels. During this 
step the brain images were aligned in a standard 3-D 
orientation. The superior and inferior points on each 
brain were then identified, as were the leftmost and 

rightmost and anteriormost and posteriormosl: points of 
the brains, and these points were used to linearly trans
form each MRI and co-registered PET brain image into 
a standard "bounding-box". 

Statistical Analysis 

Statistical analysis of the images was performed by us
ing an adaptation of the Montreal method (Worsley et 
al. 1992). An 18 mm Hanning filter was applied to the 
PET images for each cqndition to compensate for resid
ual anatomical variability by removing high spatial fre
quency detail. A within-subject subtraction of the off-
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medication resting baseline condition from the on-med
ication resting baseline condition was then performed, 
followed by across-subject averaging of the subtraction 
images and computation of voxel by voxel t-tests of the 
rCBF changes. In order to determine areas of significant 
effects across individuals, a t map was generated, using 
a technique developed by Worsley and associates 
(Worsley et al. 1992) . Regions with t-values of greater 
than 3.61, which corresponds to a p < 0.0005 (uncor
rected), were considered significant. 

In the tabled data, the positive and negative t values 
are referred to by the condition in which regional flow 
was higher. The tables indicate the brain regions that 
had significantly higher flow in either condition, rela
tive to the other, using region names based on inspec
tion of the co-registered MRI and PET images, as well 
as the x, y, and z coordinates from the Talairach atlas. 
Areas containing at least 50 continuous voxels with a 
t-value greater than 3.61 are reported in the tables, as 
well as the highest t-value (t-max) and the total number 
of voxels in the region. 

Visual display of results is shown in two ways. One 
presentation shows only the peaks, as defined by the 
volume measurement, superimposed on the composite 
average MRI brain from the 17 subjects. The other pre
sentation, referred to as the "t map," shows the color
coded t-values for all voxels in the image. The peak 
map and the t map provide complementary informa
tion. The former identifies areas of difference in flow by 
using a strict definition based on a relatively arbitrary 
cutoff point, while the latter provides a more descrip
tive picture of the geography of the circuitry involved. 

RESULTS 

The results of the image-subtraction analysis are shown 
in Table 2 and displayed in Figure l. Since the off-medi
cation scan was subtracted from the on-medication 
scan, the brain regions that had relatively higher flow 
on medications are shown as positive values and those 
with relatively higher flow off medications are shown 
as negative values. 

As can be seen in Table 2 and Figure l, when on med
ications patients had significantly higher flow in the left 
basal ganglia and left fusiform gyri. Although these re
sults appear to suggest that the activation of the basal 
ganglia was unilateral, inspection of the t map data in
dicates a similar but much smaller area of increased 
flow on the right; its maximal t-value (3.63, p < 0.0007) 
reached the significance threshold selected as standard 
for this and other studies currently completed by our 
group, but this area of increased flow was quite small (7 
contiguous voxels). The increase in flow in the putamen 
is consistent with our earlier SPECT studies (Miller et 
al. 1997) and with other studies suggesting increased 
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metabolic activity in the basal ganglia in response to an
tipsychotic treatment (Farde et al. 1986; Holcomb et al. 
1996) . The increase in flow in the fusiform region has 
not been previously reported. 

Significant differences were also seen in the subjects 
when they were medication-free. Negative t-values 
were seen for large regions in the anterior cingulate, left 
dorsolateral frontal, inferior frontal, and right and left 
lateral cerebellum. Since the subtraction analysis can in
dicate only relative differences between the two condi
tions, we could not determine from these analyses 
whether the changes represent an absolute decrease in 
the on-medication state with respect to the off-medica
tion state or an absolute increase in the off-medication 
state with respect to the on-medication state. Since we 
have absolute blood flow data for all subjects, however, 
we were able to measure this directly, and these results 
are shown in Table 3. This table reports the average tis
sue perfusion in ml/min/100 g of tissue for the various 
regions that were found to have significantly different 
blood flow by the t map analysis in the seventeen sub
jects. These data reflect the mean and standard devia
tion of the spatially normalized data at the location of 
the highest tin each region. The data in the table are not 
intensity normalized by whole brain blood flow, but the 
results after normalization are essentially the same. 
(Mean whole brain blood flow for the subjects while on 
and off medication was 53.2 ± 11.4 and 51.8 ± 9.3 mL/ 
min/100 g of tissue, respectively.) 

The results reported in Table 3 indicate that antipsy
chotic medications produce absolute increases in blood 
flow in basal ganglia and left fusiform gyri, and that ab
solute increases occur in the anterior cingulate, left dor
solateral and inferior frontal cortex, and cerebellum 
when antipsychotics are withdrawn. 

DISCUSSION 

Mapping the effects of antipsychotic medication gives 
us many different kinds of information. One type of in
formation is about the neurochemical circuits affected 
by antipsychotics. It can be hypothesized that some of 
the regions in which blood flow is increased during 
treatment reflect increased metabolic activity in the 
dopamine receptors embedded in neuronal membranes, 
which are upregulated as a consequence of chronic 
blockade leading to a corresponding upsurge in meta
bolic need. This is possibly the case with the increased 
flow observed in the basal ganglia. Increases in metabo
lism in the basal ganglia as measured with [18F]fluoro
deoxyglucose, increased receptor blockade as measured 
with [1 1C]raclopride, or increased blood flow as mea
sured with SPECT have now been noted in a number of 
studies (Brodie et al. 1984; Delisi et al. 1985; Wolkin et 
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Table 3. Tissue Perfusion in the On- and Off- Medication Conditions for Regions with Significant Differences" 

On-Medication % of Whole Brain Off-Medication % of Whole Brain 
Region Tissue Perfusion Blood Flow Tissue Perfusion Blood Flow 

Left putamen 63.8 ± 13.2 119.9 60.6 ± 15.4 116.9 
Left fusiform gyrus 49.5 ± 10.8 93.0 44.8 ± 7.7 86.5 
Left dorsolateral frontal 62.5 ± 9.9 117.5 68.5 ::':: 16.9 132.2 
Inferior frontal 36.4 ::':: 10.8 68.4 43.5 ::':: 16.9 84.0 
Anterior cingulate 62.5 ::':: 10.8 117.5 72.5 ::':: 22.3 140.0 
Left cerebellum 61.2 ::':: 14.1 115.0 68.5 ::':: 15.4 132.2 
Right cerebellum 67.7 ::':: 15.1 127.2 76.4 ± 19.9 147.7 
Whole brain 53.2 ::':: 11.4 51.8 ::':: 9.3 

'Values are mean ± SD milliliters per minute per 100 grams of tissue (ml/min/lOOg). 

al. 1985; Parde et al. 1986; Buchsbaum et al. 1987; Wik et 
at. 1989; Holcomb et al. 1996; Miller et al. 1997). 

Further work is needed in order to illuminate the 
precise mechanism by which the increase occurs, as 
well as its related effects. One fundamental question is 
whether the increased metabolism is a direct conse
quence of D2 blockade. If the increase in metabolism/ per
fusion in the basal ganglia associated with antipsychotic 
treatment is related to D2 antagonism in this region, med
ications that are more potent D2 receptor antagonists 
would be expected to have a greater effect on blood 
flow or metabolism. Future studies examining whether 
antipsychotics with differing dopamine D2 blocking po
tency have differing effects on blood flow in the basal 
ganglia should be useful in addressing this question. A 
comparison of typical vs. atypical antipsychotics should 
be especially helpful. Another possibility is that the an
tipsychotic medications may be changing relative cere
bral blood flow in the basal ganglia or other regions in
directly via neural circuit mechanisms. For example, 
Holcomb and colleagues (Holcomb et al. 1996) in a 
study examining the effects of withdrawal from halo
peridol over a thirty day period, observed that this par
ticular typical antipsychotic produces increased glucose 
metabolism in caudate, putamen, and thalamus, while 
withdrawal from it produces increased metabolism in 
anterior cingulate, and medial and inferior frontal cor
tex. They argue that the basal ganglia changes are pri
mary, while the cortical, thalamic, and cingulate 
changes are secondary and reflect downstream conse
quences of a primary action on the basal ganglia. Their 
argument is based primarily on two lines of evidence: a 
low density of D2 receptors in some of the regions 
showing changes (e.g., thalamus), and anatomic infor
mation about the interconnectivity of the various path
ways involved (e.g., thalamic glutamatergic efferents to 
cingulate and frontal cortex). More detailed mapping of 
receptor antagonists and agonists with specific ligands, 
coupled with the more indirect methods of examining 
effects of various classes of medications on blood flow 
and metabolism, will be needed to determine the pre
cise nature of the primary and secondary effects. 

While not conclusive, the results of this study are 
congruous with the speculation that receptor blockade 
may produce measurable effects on brain structure in 
regions where blood flow and metabolism are in
creased. That is, these findings may provide a partial 
explanation for the observation of increased size of the 
basal ganglia in schizophrenia, which has been re
ported in numerous studies (Jernigan et al. 1991; Breier 
et al. 1992; Swayze et al. 1992; Chakos et al. 1994; Kesha
van et al. 1994; Hokuma et al. In press). Both Chakos 
(1994) and Keshavan et al. (1994) have conducted longi
tudinal studies of first episode patients, and the Kesha
van subjects were initially antipsychotic naive as well; 
both groups reported progressive increase in basal gan
glia size over time. Coupled with the functional imag
ing data, the findings suggest that antipsychotic treat
ment may lead to structural changes. The precise nature 
of the changes requires further study. Various explana
tions are possible; for example, the increased flow may 
lead to vascular engorgement; or chronic blockade may 
produce such intense receptor proliferation that changes 
in the dendritic tree lead to a measurable size increase. 
A study combining MRI and PET measurements in a 
single group of subjects withdrawn from medication 
might assist in addressing these questions. 

The interconnections of the basal ganglia are well
established (Alexander et al. 1986; Alexander and 
Crutcher 1990; Goldman-Rakic and Selemon 1990; 
Graybiel 1990; Smith and Bolam 1990: Andreasen et al. 
1995), and this brain region is well-positioned in order 
to have downstream effects on cognition and emotion, 
in addition to motor behavior, by virtue of these con
nections. Changes in blood flow were observed in this 
study in a variety of regions in addition to the basal 
ganglia, however. For example, patients also had higher 
flow in the left fusiform gyrus while on medication. The 
reasons for this are unclear. This region is association 
cortex, and its increased flow presumably reflects an ef
fect of antipsychotics on cognitive activities mediated 
by this region. In this study the subjects were lying with 
their eyes closed and thinking about whatever came to 
mind; although this condition is often referred to as 
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"resting," with the implication that the brain is rela
tively inactive, we have elsewhere discussed the likeli
hood that most subjects are engaged in thinking about 
events from the past or planning for the future and that 
the condition probably therefore activates memory cir
cuits of the brain (Andreasen et al. 1995). Antipsychotic 
medications may permit these regions to function more 
effectively. 

Antipsychotic medications also affect other aspects 
of brain function, either as a consequence of receptor 
blockade or in addition to receptor blockade. They clearly 
diminish psychotic symptoms; however, their effects on 
negative and cognitive symptoms are less well under
stood and more controversial. We observed that medi
cation withdrawal led to increases in blood flow in 
three brain regions that perform important cognitive 
functions: the anterior cingulate, the prefrontal cortex, 
and the lateral cerebellum. The increase in blood flow in 
the frontal and cingulate cortex following medication 
withdrawal is particularly intriguing as these areas 
have been implicated in the pathophysiology of schizo
phrenia (Weinberger et al. 1986; Benes and Bird 1987; 
Andreasen et al. 1992). It is unclear whether these 
changes are related to a direct effect of the antipsychotic 
medication decreasing blood flow in these regions or if 
they reflect downstream consequences of a primary ac
tion on the basal ganglia. As the basal ganglia have a 
variety of regulatory functions, it could be hypothe
sized that an increase in blood flow and activity in this 
region may lead to more efficient frontal/ cingulate and 
cerebellar function with a resultant decrease in blood 
flow. Two recent reports support this inference. Dolan 
et al. (1995) have noted that a dopamine agonist, apo
morphine, modulated cerebral blood flow and cogni
tive activation in the anterior cingulate. In addition, Sil
bersweig and associates (Silbersweig et al. 1995) have 
reported increases in the anterior cingulate and left cer
ebellum during auditory hallucinations. Both these re
ports are consistent with the observations in the present 
study. More work is needed, however, in order to de
termine the circuits and chemical mechanisms by which 
antipsychotic medications exert their therapeutic effects 
on the cognitive and clinical symptoms of schizophrenia. 

ACKNOWLEDGMENTS 

This research was supported in part by NIMH Grants 
MH31593, MH40856 and MH43271, a Research Scientist 
Award, MH00625; and an Established Investigator Award 
from NARSAD. 

REFERENCES 

Alexander G, Crutcher M (1990): Functional architecture of 
basal ganglia: Neural substrates of parallel processing. 
Trends in Neurosci 13:266-271 

NEUROPSYCHOPHARMACOLOCY 1997-VOL. 17, NO. 4 

Alexander G, DeLong M, Srick P (1986): Parallel organiza
tion of functionally segregated circuits linking basal 
gangiia and cortex. Ann Rev Neurosci 9:357-381 

Andreasen N, Rezai K, Alliger R, Swayze V, Flaum M, Kirch
ner P, Cohen G, O'Leary D (1992): Hypofrontality in 
neuroleptic-naive patients and in patients with chronic 
schizophrenia: assessment with Xenon 133 single-photon 
emission computed tomography and the Tower of Lon
don. Arch Gen Psychiatry 49:943-958 

Andreasen NC, Arndt S, Swayze V, Cizadlo T, Flaum M, 
O'Leary D, Ehrhardt J, Yuh WTC (1994a): Thalamic 
abnormalities in schizophrenia visualized through mag
netic resonance image averaging. Science 266:294-298 

Andreasen NC, Cizadlo T, Harris G, Swayze II V, O'Leary 
DS, Cohen G, Ehrhardt J, Yuh WTC (1993): Voxel pro
cessing techniques for the antemortem study of neu
roanatomy and neuropathology using magnetic resonance 
imaging. J Neuropsychiatry & Clin Neurosci 5:121-130 

Andreasen NC, Flashman L, Flaum M, Arndt S, Swayze V, 
O'Leary DS, Ehrhardt JC, Yuh WTC (1994b): Regional 
brain abnormalities in schizophrenia measured with 
magnetic resonance imaging. JAMA 272:1763-1769 

Andreasen NC, O'Leary DS, Cizadlo T, Arndt S, Rezai K, 
Watkins GL, Ponto LLB, Hichwa R (1995): Remember
ing the past: Two facets of episodic memory explored 
with positron emission tomography. Am J Psychiatry 
152:1576-1585 

Bartlett E, Wolkin A, Brodie J, LaSka E, Wolf A, Sanfilipo M 
(1991): Importance of pharmacologic control in PET 
studies: Effects of thiothixene and haloperidol on cere
bral glucose utilization in chronic schizophrenia. Psych 
Res: Neuroimaging 40:115-124 

Benes F, Bird E (1987): An analysis of the arrangement of 
neurons in the cingulate cortex of schizophrenic 
patients. Arch Gen Psychiatry 44:608-616 

Breier A, Buchanan RW, Elkashef A, Munson RC, Kirk
patrick B, Gellad F (1992): Brain morphology and 
schizophrenia: A magnetic resonance imaging study of 
limbic, prefrontal cortex, and caudate structures. Arch 
Gen Psychiatry 49:921-926 

Brodie J, Christman D, Fowler J (1984): Patterns of metabolic 
activity in the treatment of schizophrenia. Ann Neurol
ogy 15:Suppl S166-S169 

Buchanan R, Breier A, Kirkpatrick B, Elkashef A, Munson R, 
Gellad F, Carpenter W (1993): Structural abnormalities 
in deficit and nondeficit schizophrenia. Am J Psychiatry 
150(1):59-65 

Buchsbaum M, lngvar D, Kessler R, Walters R, CappellettiJ, 
van Kammen D, King A, Johnson J, Manning R, Flynn 
R, Mann L, Bunney W, Sokoloff L (1982): Cerebral 
glucography with positron tomography. Arch Gen Psy
chiatry 39:251-259 

Buchsbaum M, Potkin S, Marshall J, Lottenberg S, Teng C, 
Heh C, Taffalla R, Reynolds C, Abel L, Pion L, Bunney 
W (1992a): Effects of clozapine and thiothixene on glu
cose metabolism rate in schizophrenia. Neuropsycho
pharmacology 6:115-163 

Buchsbaum M, Potkin S, Siegel B, Lohr J, Katz M, Gottschalk 
L, Gulasekaram B, Marshall J, Lottenberg S, Teng C, 
Abel L, Pion L, Bunney W (1992b): Striatal metabolic 



NEUROPSYCHOPHARMACOLOGY 1997-VOL. 17, NO. 4 

rate and clinical response to neuroleptics in schizophre
nia. Arch Gen Psychiatry 49:966-974 

Buchsbaum M, Wu J, DeLisi L, Holcomb H, Hazlett E, Coo
per-Langston K, Kessler R (1987): Positron emission 
tomography studies of basal ganglia and somatosensory 
cortex neuroleptic drug effects: Differences between 
normal controls and schizophrenic patients. Biol Psychi
atry 22:479-494 

Chakos M, Lieberman J, Bilder R, Borenstein M, Lerner G, 
Bogerts B, Wu H, Kinon B, Ashtari M (1994): Increase in 
caudate nuclei volumes of first-episode schizophrenic 
patients taking antipsychotic drugs. Am J Psychiatry 
151:1430-36 

Cizadlo T, Andreasen NC, Zeien G, Rajarethinam R, Harris 
G, O'Leary D, Swayze V, Arndt S, Hichwa J, Ehrhardt J, 
Yuh WTC (1994): Image registration issues in the analysis 
of multiple-injection 150 H20 PET studies: BRAINFIT. In 
SPIE-The International Society for Optical Engineering, 2168 
Newport Beach, California: Society of Photo-Optical 
Instrumentation Engineers pp. 234-245 

Cleghorn JM, Garnett ES, Nahmias C, Firnau G, Brown GM, 
Kaplan R, Szechtman H, Szechtman B (1989): Increased 
frontal and reduced parietal glucose metabolism in 
acute untreated schizophrenia. Psych Res 28:119-133 

DeLisi L, Holcomb H, Cohen R, Pickar D, Carpenter W, 
Morihisa J (1985): Positron emission tomography in 
schizophrenic patients with and without neuroleptic 
medication. J Cerebral Blood Flow and Metab 5:201-206 

Dolan R, Fletcher P, Frith C, Friston K, Frackowiak R, Grasby 
P (1995): Dopaminergic modulation of impaired cogni
tive activation in the anterior cingulate cortex in schizo
phrenia. Nature 378:180-182 

Elkashef A, Buchanan R, Gellad F, Munson R, Breier A 
(1994): Basal ganglia pathology in schizophrenia and 
tardive dyskinesia: An MRI quantitative study. Am J 
Psychiatry 151:752-755 

Parde L, Hall H, Ehrin E, Sedvall G (1986): Quantitative anal
ysis of D2 dopamine receptor binding in the living brain 
by PET. Science 231:258-261 

Ginsberg M, Lockwood A, Busto R, Finn R (1982): A simpli
fied in vivo autoradiographic strategy for the determi
nation of regional cerebal blood flow by positron 
emission tomography: Theoretical considerations and 
validation studies in the rat. J Cerebral Blood Flow and 
Metab 2:89-98 

Goldman-Rakic P, Selemon L (1990): New frontiers in basal 
ganglia research. Trends in Neurosci 13:241-244 

Graybiel A (1990): Neurotransmitters and neuromodulars in 
the basal ganglia. Trends in Neurosci 13:244-254 

Cur R, Resnick S, Cur R, Alavi A, Caroff S, Kushner M, Reiv
ich M (1987): Regional brain function in schizophrenia: 
II. Repeated evaluation with positron emission tomog
raphy. Arch Gen Psychiatry 44:126-129 

Heckers S, Heinsen H, Heinsen Y, Beckmann H (1991): Cor
tex, white matter, and basal ganglia in schizophrenia: A 
volumetric posbnortem study. Biol Psychiatry 29:556-566 

Herscovitch P, Markham J, Raichle M (1983): Brain blood 
flow measured with intravenous H2150. I. Theory and 
error analysis. J Nuc Med 24:782-789 

Hokuma H, Shenton M, Nestor P, Kikinis R, Levitt J, Metcalf 
D, Wible C, O'Donnell B, Jolesz F, McCarley R (1997): 

Antipsychotic Medication and rCBF 239 

Caudate, putamen, and globus pallidus volumes in 
schizophrenia: A quantitative MRI study. Psych Res: 
Neuroimaging (in press) 

Holcomb H, Cascella N, Thaker G, Medoff D, Dannals R, 
Tamminga C (1996): Functional sites of neuroleptic drug 
action in human brain: PET /FDG studies with and 
without haloperidol. Am J Psychiatry 153:41-49 

Ingvar D, Franzen G (1974): Abnormalities of cerebral blood 
flow distribution in patients with chronic schizophre
nia. Acta Psychiatrica Scand 15:425-462 

Jernigan TL, Zisook S, Heaton RK, Moranville JT, Hesselink 
JR, Braff DL (1991): Magnetic resonance imaging abnor
malities in lenticular nuclei and cerebral cortex in 
schizophrenia. Arch Gen Psychiatry 48:881-890 

Keshavan M, Bagwell W, Haas G, Sweeney J, Schooler N, 
Pettegrew J (1994): Changes in caudate volume with 
neuroleptic treabnent. Lancet 344:1434 

Miller D, Rezai K, Alliger R, Andreasen N (1997): The effect 
of antipsychotic medication on relative cerebral blood 
flow in schizophrenia: Assessment with TC-99M 
HMPAO SPECT. Biol Psychiatry 41:550-559 

Pearlson GD, Marsh L. (1993): Magnetic Resonance Imaging 
in Psychiatry. Washington, D. C., American Psychiatric 
Press 

Pelizzari CA, Chen GTY, Spelbring DR, Weichselbaum RR, 
Chen C-T (1989): Accurate three-dimensional registra
tion of CT, PET, and/ or MRI images of the brain. J Com
puter Assisted Tomography 13:20-26 

Raichle M, Martin W, Herscovitch P (1983): Brain bloodflow 
measured with H2150. II. Implementation and valida
tion. J Nuc Med 24:790-798 

Sedvall G, Blomquist G, DePaulis T, Ehrin E, Eriksson L, 
Farde L, Greitz T (1985): PET Studies on Brain Energy 
Metabolism and Dopamine Receptors in Schizophrenic 
Patients and Monkeys. New York, Plenum Press 

Silbersweig D, E S, C F, Cahill C, Holmes A, Grootonk S, Sea
ward J, McKenna P, Chua S, Schnorr L, Jones T, Frackow
iak R (1995): A functional neuroanatomy of hallucinations 
in schizophrenia. Nature 378:176-179 

Smith A, Bolam J (1990): The neural network of the basal 
ganglia as revealed by the study of synaptic connections 
of identified neurons. Trends in Neurosci. 13:259-265 

Swayze V, Andreasen N, Alliger R, Yuh W, Ehrhardt J 
(1992): Subcortical and temporal structures in affective 
disorder and schizoprhenia: A magnetic resonance 
imaging study. Biol Psychiatry 31:221-240 

Talairach JTP (1988): Co-planar Stereotaxic Atlas of the 
Human Brain. New York, Thieme 

Volkow N, Brodie J, Wolf A, Angrist B, Russell J, Cancro R 
(1986). Brain metabolism in patients with schizophrenia 
before and after acute neuroleptic adminilstration. J 
Neurology, Neurosurgery, and Psychiatry 49:1199-1202 

Weinberger D, Berman K, Illowsky B (1988): Physiological 
dysfunction of dorsolateral prefrontal cortex in schizo
phrenia: III. A new cohort and evidence for a monoam
inergic mechanism. Arch Gen Psychiatry 45:609-615 

Weinberger D, Berman K, Zee R (1986): Physiological dys
function of dorsolateral prefrontal cortex in schizophre
nia: I. Regional cerebral blood flow evidence. Arch Gen 
Psychiatry 43:114-124 



240 D.D. Miller et al. 

Wik G, Wiesel F, Sjogren I, Blomqvist G, Greitz T, Stone
Elander S (1989): Effects of sulpiride and chlorprom
azine on regional glucose metabolism in schizophrenic 
patients as determined by positron emission tomogra
phy. Psychopharmacology 97:309-318 

Wolkin A, Jaeger J, Brodie J, Wolf A, Fowler J, Rotrosen J, 
Gomez-Mont F (1985): Persistence of cerebral metabolic 

NEUROPSYCHOPHARMACOLOGY 1997-VOL. 17, NO. 4 

abnormalities in chronic schizophrenia as determined 
by positron emission tomography. Am J Psychiatry 
142:564-571 

Worsley KJ, Evans AC, Marrett S, Neelin P (1992): A three 
dimensional statistical analysis for CBF activation stud
ies in human brain. J Cerebral Blood Flow and Metab 
12:900-918 


	Effect of Antipsychotics on Regional Cerebral Blood Flow Measured with Positron Emission Tomography
	METHODS
	Subjects
	Medication Status
	Clinical Measures
	Image Acquisition and Reconstruction
	Image Analysis
	Statistical Analysis

	RESULTS
	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


