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Global Cerebral Blood Flow Increase Reveals 
Focal Hypoperfusion in Schizophrenia
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Recent functional neuroimaging strategies have evaluated 
cerebral blood flow (CBF) to determine specific sites of 
action of pharmacologic agents. Since many pharmacologic 
agents change global CBF, we investigated the effects of 
global CBF changes on regional perfusion with 
acetazolamide, which increases global CBF via non-
neuronal mechanisms. We used the [

 

15

 

O]PET technique to 
measure CBF before and after we infused 8 schizophrenic 
patients and 10 healthy control subjects with acetazolamide. 
The rostral anterior cingulate cortex demonstrated a greater 
perfusion increase in the schizophrenic subjects after 

acetazolamide infusion, relative to other areas of the brain. 
During the baseline condition, this area showed relative 
hypoperfusion in our sample of schizophrenic subjects, 
consistent with previous functional neuroimaging studies. 
The results demonstrate the need for caution in interpreting 
CBF changes after pharmacologic challenge, because global 
CBF changes can confound the assessment of regionally-
specific pharmacologic action. 

 

[Neuropsychopharmacology 21:368-371, 1999]
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A recent application of functional neuroimaging tech-
niques to the study of schizophrenia involves the measure-
ment of cerebral activity under pharmacological challenge,
e.g., using apomorphine (Dolan et al. 1995) or ketamine
(Lahti et al. 1995). While perturbations of regional activity
may demonstrate how neurotransmitter systems exert re-
gionally-specific effects on brain function, interpretation of
results is confounded by several factors, such as polysyn-
aptic effects, non-specific changes and the interference of
pharmacologic doses of drug on the coupling between the

neuroimaging signal and neuronal activity. Another im-
portant confound occurs in global cerebral blood flow
(CBF) changes, which are usually not measured in activa-
tion paradigms relying on relative activity changes or the
fMRI BOLD signal. In fact, agents such as apomorphine or
ketamine do increase global cerebral blood flow (Edvins-
son et al. 1993), but the effect of global CBF changes on rel-
ative perfusion in schizophrenia is not well-understood.

In order to investigate the hemodynamic response of
the cerebral vasculature in schizophrenia, we infused
subjects with acetazolamide, which reversibly inhibits
carbonic anhydrase, decreasing intravascular pH and
thereby increases CBF throughout the brain (Vorstrup
et al. 1984; Bonte et al. 1988). Our data demonstrate that
merely by increasing global flow, areas hypoperfused
in the baseline state show regionally-enhanced increase
in a sample of schizophrenic patients.

 

MATERIALS AND METHODS

 

We recruited 8 stable schizophrenic patients (3 inpa-
tients prior to discharge and 5 outpatients; 3 females, 5
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males), whose diagnoses were established by struc-
tured clinical interview according to DSM-IV criteria
(American Psychiatric Association 1994). All were tak-
ing psychotropic medications (6 on clozapine). Mean
age (

 

6

 

SD) was 38.0 

 

6

 

 5.8 years, and mean duration of
illness was 15.3 

 

6

 

 5.7 years. Ten (4 females, 6 males),
psychiatrically-healthy comparison subjects were se-
lected to match the age range of the patient subjects
(mean 

 

5

 

 35.8 years, SD 

 

5

 

 6.2). After complete descrip-
tion of the study to all subjects, written informed con-
sent was obtained.

PET scans were performed with a Siemens CTI 931

 

/

 

08–12 camera (CTI Inc., Knoxville, TN). For each emis-
sion scan, subjects received an i.v. bolus injection of 66
mCi of [

 

15

 

O]H

 

2

 

O. In 7 controls and 5 patients, arterial
samples provided data for an input function and quan-
titative calculation of CBF. Subjects underwent a total of
6 PET scans (60 sec acquisition); we focus here only on a
baseline scan, which was pseudo-randomized with the
first 5 scans and the 6th scan, obtained fifteen minutes
after an i.v. infusion of 1 gm of acetazolamide. During
these two scans, subjects had their eyes covered, were
instructed to lie still and heard only ambient noise from
cooling fans. Acetazolamide infusion always occurred
prior to the last scan. The other scans involved presen-
tation of visual stimuli and are reported elsewhere
(Taylor et al. 1997).

An automated algorithm (Minoshima et al. 1992,
1993, 1994) transformed each reconstructed image to a
standardized atlas system (Talairach and Tournoux
1988). Count data were proportionally normalized to
the mean activity for gray-matter voxels (arbitrarily set
to 1000), and the images were averaged within each

 

group. Images were smoothed to an effective full width
at half-maximum of 

 

z

 

13 mm. The mean difference for
each normalized voxel during the acetazolamide condi-
tion compared to the baseline condition was expressed
as a Z-score, and corrected probabilities for rejecting the
null hypothesis of no difference were calculated (Wors-
ley et al. 1992). By examining differences in the normal-
ized pattern of (relative) CBF, we searched for activity
in the schizophrenic subjects which either increased
more or less than the rest of the brain after acetazola-
mide. The center-of-mass atlas coordinates of signifi-
cant foci enabled the placement of a spherical volume of
interest (13.5 mm diameter) on the anatomically-stan-
dardized image of each subject, permitting comparison
between groups.

 

RESULTS

 

No subjects experienced any subjective effects of aceta-
zolamide during the PET scan, although a few noted
mild parasthesias within 2 minutes of injection. With
acetazolamide, both groups showed the expected, glo-
bal increase in CBF (39.2 

 

6

 

 20.7 [% 

 

6

 

 SD] for normals
and 54.1 

 

6

 

 38.1 for schizophrenics, t 

 

5

 

 

 

2

 

0.79, NS). An
analysis of variance revealed no group effects on global
CBF and no interaction between scan and group. Exam-
ination of the difference image in the schizophrenic
group (normalized acetazolamide flow minus normal-
ized baseline flow) revealed one, well-focused positive
peak which mapped to the rostral anterior cingulate
cortex (ACC; coordinates: 3 mm left, 39 mm anterior
and 18 mm superior of the anterior commissure; Z 

 

5

Figure 1. (a) The hatched circle in the anterior cingulate cortex shows the one area of significantly greater perfusion
increase in the schizophrenic subjects after acetazolamide infusion, relative to the other areas of the brain. The diameter of
the circle (13.5 mm) indicates the maximum cross-section of the spherical volume of interest used to analyze individual, ana-
tomically-standardized images. (b) The graph shows that at the location indicated in (a), normalized flow was significantly
less in the schizophrenic, compared to the normal, subjects during the baseline condition (* t 5 4.13, df 5 16, p , .001).
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4.4, 

 

p

 

 

 

5

 

 .05, corrected). There were no other foci, posi-
tive or negative, with Z 

 

.

 

 3.8. At the ACC focus, we
found that whereas CBF during the acetazolamide con-
dition was equal in both groups, CBF in the ACC was
significantly less than the normal controls in this region
during the baseline state (Figure 1). There were no dif-
ferences between relative activity in the ACC for the
two groups during acetazolamide infusion or between
the infused and non-infused conditions for the healthy
control group.

 

DISCUSSION

 

In our schizophrenic group, the hypoperfused ACC in-
creased more than other regions as global CBF in-
creased with acetazolamide. By perturbing global CBF,
we identified a region of apparent “reserve flow” in the
schizophrenic brain. Hypoperfusion of the ACC in un-
medicated patients is consistent with findings from
other groups, measuring both metabolism (Haznedar et
al. 1997; Tamminga et al. 1992) and cerebral blood flow
(Andreasen et al. 1992; Lewis et al. 1992). Furthermore,
some groups have reported that antipsychotic medica-
tions may depress activity in the ACC

 

/

 

medial prefron-
tal cortex (Holcomb et al. 1996), a finding of possible
relevance for our sample of medicated schizophrenic
subjects. Whatever the etiology of reduced ACC activ-
ity in the patient group, in the comparison between the
baseline scan and the acetazolamide infusion scan for
the schizophrenic subjects, the ACC appeared as an
“activation,” probably reflecting CBF in the ACC region
catching up with the normal pattern of regional CBF.

The perfusion change in the ACC suggests an impor-
tant interpretation. The finding that blood flow in a hy-
poactive region could increase to normal levels sup-
ports the idea that reductions in metabolism or blood
flow are not secondary to atrophic changes or other
structural deficits. We would not conclude that by re-
storing flow to the ACC, we had restored function to
this region; rather, we prefer the interpretation that
neuronal function itself is abnormal in this region, and
the metabolic demand for CBF is lower in the patients.

Several caveats should be kept in mind. An effect of
scan order may have differentially influenced activity
in the ACC, since the acetazolamide scan always fol-
lowed the baseline scan in our subjects. While possible,
it would be very unusual to find a region, such as the
ACC, which does not activate in schizophrenia (An-
dreasen et al. 1992; Lewis et al. 1992), show greater acti-
vation than healthy subjects. Nevertheless, a group
with a placebo infusion would be helpful to definitively
establish an effect of acetazolamide on regional CBF
changes. Our patients were medicated at the time of the
study, which may have influenced our findings, al-
though the effects of acetazolamide occur via alteration

of intravascular pH and not via a neurogenic mecha-
nism (Vorstrup et al. 1984).

These results demonstrate that global CBF changes
are not uniform and may lead to erroneous interpreta-
tion of normalized, non-quantitative perfusion images.
For example, Figure 1 could be interpreted as an inter-
action between the ACC and a pharmacologic agent,
but if that agent also increased global CBF, the pharma-
cologic interpretation would be confounded by global
CBF changes. Measurement of brain metabolism, e.g.,
with a [

 

18

 

F]fluorodeoxyglucose PET study, may avoid
this confound, since metabolism exhibits significantly
less variability than CBF. While we only examined a
sample of schizophrenic patients, the results suggest
the need for cautious interpretation of pharmacologi-
cally-induced CBF changes in any patient group known
to have regional perfusion abnormalities.
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