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Abstract Positron emission tomography (PET) and the
deoxyglucose method were used to measure cerebral me-
tabolism in 14 normals and 13 schizophrenics at rest and
during performance of simple and complex finger-move-
ment sequences. The normals, but not the schizophrenics,
showed significant metabolic activation in mesial frontal
and contralateral sensorimotor and premotor regions dur-
ing the complex movement. The relative metabolism of
schizophrenics was significantly lower than normal in
frontal regions and higher than normal in thalamus and
basal ganglia under all scanning conditions. The results
suggest that schizophrenics may have a brain dysfunction
which limits their capacity to produce a focal metabolic
response to stimulation in several functionally distinct
brain regions.
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Introduction

Since Kraepelin differentiated Dementia Praecox from af-
fective illnesses there has been speculation concerning the

Wilfried Guenther (24)
Psychiatric University Hospital, Nussbaumstr. 7, 80336 Munich,
Germany

JonathanD. Brodie (B<) - ElsaJ. Bartlett - Kenneth Alper

Adam Wolkin - Robert Cancro

Department of Psychiatry, New York University Medical Center,
550 First Avenue, New York, NY 10017, USA

StephenL. Dewey - NoraD. Volkow - Alfred P. Wolf
Department of Chemistry, Brookhaven National Laboratory,
Upton, NY 11973, USA

Fritz A. Henn

Department of Psychiatry and Behavioral Sciences, New York
State University at Stony Brook School of Medicine,

Stony Brook, NY 11694, USA

Correspondence to: W. Giinther or J. Brodie (USA/Canada)

anatomical basis for schizpohrenic disorders (Kraepelin
1971; Bleuler 1950). Much of the initial neuropathologi-
cal work has been difficult to duplicate and appears to
have been done without appropriate control groups (Kirch -
and Weinberger 1986). In recent years it has been possible
to carry out controlled studies using live patients with a
variety of techniques including computed tomography
(CT), magnetic resonance imaging (MRI), positron emis-
sion tomography (PET), and regional cerebral blood flow
(rCBF). The former two techniques allow quantitative es-
timates of anatomical structures, whereas PET and rCBF
are able to look at aspects of metabolic or neurotransmit-
ter function or blood flow in specified brain regions. The
anatomical studies point to smaller brains (Bogerts et al.
1985; Brown et al. 1986; Pakkenberg 1987, 1992), larger
ventricles (Nasrallah et al. 1986; Takeuchi et al. 1994),
and subtle changes in the medial temporal and limbic ar-
eas (Schiebel and Kovelman 1981; Jakob and Beckmann
1986; Suddath et al. 1989; Falkai et al. 1988; Bogerts et
al. 1990; Colombo et al. 1993; Seidman et al. 1994). These
findings are reasonably consistent across methodologies,
including postmortem neuropathological examination, CT
scans, and MRI studies. A study using monozygotic twins
discordant for schizophrenia again found these abnormal-
ities in the ill twin, suggesting that the structural changes
may not be genetic in nature (Suddath et al. 1990). The
Sfunctional studies have been somewhat less consistent but
suggest that the frontal lobes may be dysfunctional, with
metabolic hypofrontality reported in many PET studies
but not all (Wolkin et al. 1985, 1992; Buchsbaum et al.
1984, 1986, 1990, 1992; Weinberger and Berman 1988;
Siegel et al. 1993) and lack of activation, e.g., of the dor-
solateral prefrontal cortex found in rCBF studies using the
Wisconsin card-sorting task as activation (Weinberger et
al. 1986, 1988). However, a central question in the rCBF
studies is the specificity of a task probing a hypothesized
dysfunctional area; the specificity between Wisconsin
card-sorting test performance and frontal dysfunction has
been questioned recently, suggesting that other factars are
involved also in schizophrenic patients’ dysfunction with
this challenge (Metz et al. 1994; Seidman et al. 1994).
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We have chosen to examine the question of specificity
by looking at the activation of mesial frontal and left sen-
sorimotor regions, because single photon emission CT
(SPECT) findings obtained with the Xenon-133 inhala-
tion method suggested dysfunction of primary motor cor-
tical regions (Guenther et al. 1986, 1991). We used for
this PET study a paradigm developed by Roland et al.
(1980, 1982) that compares activation during a compiex
finger-sequencing task with activation during a repetitive
finger-movement-control task. We have taken advantage
of the stability of the deoxyglucose method in a repeated-
measures design (Bartlett et al. 1988) to assess metabolic
activity during performance of the two tasks in schizo-
phrenics and normal controls. Both medicated and un-
medicated schizophrenic patients were used, and meta-
bolic activation in multiple cortical and subcortical brain
regions was examined.

Patients and methods
Schizophrenics

A group of 13 right-handed male inpatients in a stable phase after
an acute exacerbation of the disease (age range 20-43 years; mean
age 30.5 years; SD 6.8 years) participated in the study. All patients
were interviewed independently by two participating psychiatrists
and fulfilled DSM-III-R and RDC criteria for chronic schizophre-
nia. No patient with a history of drug or alcohol abuse, brain in-
jury, or abnormal neurological or metabolic history was included
in the study. Patient characteristics are summarized in Table 1.
Nine patients were studied on a maintenance neuroleptic treatment
protocol. Individual plasma haloperidol concentrations ranged be-
tween 5.3 and 21.8 ng/cc on the morning of the PET investiga-
tions. Four subjects were studied while neuroleptic-free. Of these,
1 was medication-naive and the others were medication-free for at
least 1 year (range 1-5 years). No differences in psychopathology
or stability of symptoms were observed between drug-free and
neuroleptically treated patients.

Table 1 Patient characteristics

Normal controls

A total of 14 right-handed male persons volunteered for the study
after an advertisement action in the geographical area of New York
University (age range 2141 years; mean age 26.0 years; SD 5.4
years). Upon medical examination all were found to be clinically
healthy with no history of drug or alcohol abuse and no abnormal
neurological, metabolic, or psychiatric history. Handedness in all
subjects was determined by the Edinburgh Handedness Question-
naire (Oldfield 1971). The study had the approval of the partici-
pating institutional review boards and their respective radiation
safety committees. All subjects were paid a constant free accord-
ing to our institutional volunteer subject guidelines and gave in-
formed consent to participate. No payment deduction was consid-
ered for performance quality.

PET scan procedures

All subjects were scanned in the low-resolution mode on the PETT
VI at Brookhaven National Laboratory (spatial resolution at full
width of half-maximum = 11.8 mm in the plane of section and 14.4
mm in the axial direction). Prior to the first isotope injection each
subject’s head was positioned in a plane paraliel to the canthome-
atal line. Transmission scans were then performed using a
68Ge/%Ga ring source. These were used for attenuation correction
and to define the size and center of the brain for each PET image.
Catheters were inserted into a dorsal vein of the left hand for blood
sampling and a right antecubital vein for isotope administration 45
min before the first injection. Each subject’s left hand was heated
to maintain skin temperature at 44° C in order to arterialize venous
blood (Phelps et al. 1979).

Plasma from arterialized blood was assayed for radioactivity
after each injection. No control for oxygen tension was performed.
Each subject received three isotope injections of a bolus of be-
tween 5.8 and 6.5 mCi of 1!C-2-deoxyglucose (CDG) each (Mac-
Gregor et al. 1978), administered at approximately 10:30 a.m.,
12:30 p.m., and 2:30 p.m. on a single day. No corrections for re-
maining radioactivity between investigations were necessary given
the 22-min half-life of 11-CDG. Scans were obtained at 35 min
and again at 45 min after injection. Seven simultaneous images
were obtained from each scan. After the 35-min scan the subject
was moved 7.2 mm, which resulted in a set of 14 interleaved PET
images slightly displaced in time.

Patient Age Education  Diagnosis Duration Medication BPRSP® AIMSe® Errord
no. (years) (years) of illness status?
(years)

1 33 12 Undifferentiated 20 Off 42 0 -

2 20 14 Paranoid 2 Off 34 0 Low

3 24 11 Undifferentiated 3 Off 26 0 High

4 32 12 Paranoid 10 On 32 12 Low

5 36 11 Paranoid 15 On 22 0 Low

6 32 5 Undifferentiated 20 On 30 8 High

7 28 9 Undifferentiated 9 On 24 6 High

8 22 10 Paranoid 5 Off 37 0 Low

9 43 6 Disorganized 20 On 32 1 High
10 35 7 Undifferentiated 15 On 26 14 High
11 27 11 Undifferentiated 11 On 30 0 Low
12 35 12 Paranoid 9 On 26 0 -
13 33 13 Disorganized 14 On 36 18 Low

2 Qn or off haloperido! treatment regimen (see text)
b Score on day before PET scan (Overall and Gorham 1998)
¢ Score on day before PET scan (Guy 1976)

4 Number of errors produced on finger-sequencing task (see text; data for patients 1 and 12 are missing)



Experimental conditions
Baseline

The subjects lay quietly on the scanner table with eyes open and
ears unoccluded. They were instructed to relax, refrain from con-
versation, and remain awake.

Repetitive motor task

The subjects flexed their right thumb against their index finger re-
peatedly at the rate of approximately once every 1.5 s,

Complex motor-sequence task

This is similar to the motor-sequence task of Roland et al. (1980).
The subjects produced a sequence of finger movements in which
the thumb of the dominant (right) hand is flexed against the fingers
as follows: thumb against the index finger twice, against the mid-
dle finger once, against the fourth finger three times, and against
the little finger twice. The sequence is then reversed.

All subjects were scanned first in the baseline condition. Seven
normal and six schizophrenic subjects performed the repetitive and
then the sequencing task. Seven normal and seven schizophrenic
subjects were studied in the reverse order. All motor tasks were
performed for the first 15 min after injection. The subjects then lay
quietly until they were positioned for scanning. The tasks were per-
formed with eyes open and ears unoccluded, and were videotaped
for later analysis of errors and rate of movement. The subjects were
pretrained on each task. In addition to videotaping motor perfor-
mance as a control for vigilance, in 9 of 13 schizophrenic subjects
vigilance was reassured by simultaneous EEG recordings (yielding
also PET/EEG “coupling” information; Guenther et al. 1993).

Fig.1 Regions of interest
(ROIs) obtained from nine
contiguous positron emission
tomography (PET) images lo-
cated between approximately
4.7 and 10.3 cm above the
cantholeatal line. ROIs were
first outlined on a subject’s CT
or MRI image and then trans-
ferred by computer software
onto a comparable PET image
(see text). The outermost corti-
cal boundaries were drawn by
computer software at the outer-
most pixels representing the
30th percentile of metabolic
activity for a given image. This
cut-off best approximates the
outermost limit of cortical tis-
sue as determined in our labo-
ratory by transmission scans
and CT. / left, right parietal
region; 2 mesial frontal region;
3 left, right sensorimotor region;
4 left, right premotor region;

5 left, right prefrontal region;
6 left, right temporal region;

7 left, right thalamus; § left,
right basal ganglia; 9 left, right
middle frontal region; /0 left,
right inferior frontal region

117

Baseline control subjects

Additional data were obtained from the PET scans of 11 healthy
right-handed male volunteers (mean age 21.2 years; SD 1.9 years)
scanned twice in a baseline resting condition with eyes open and
ears unoccluded under a protocol described by Bartlett et al.
(1988). Each subject received two injections of CDG in a single
day. The metabolic images of these subjects were reanalyzed for
the present study according to the procedures described herein.

Image analysis

Regions of interest (ROIs) were obtained from nine contiguous im-
ages located between approximately 10.3 and 4.7 cm above the
canthomeatal line. Scan sections were not standardized among
subjects. MRI or CT images from approximately the same planes
of section were available for 9 normal and 10 schizophrenic' sub-
jects who performed the motor tasks, and 7 of the baseline control
subjects. For these subjects ROIs were first outlined on the MRI or
CT images and then transferred by computer software onto corre-
sponding metabolic images. For all other subjects regions were
outlined by drawing boundaries from the standard neuroanatomi-
cal atlas of Matsui and Hirano (1978) onto corresponding PET im-
ages. Comparisons of ROI values obtained by the CT/MRI method
vs the Matsui/Hirano method showed no significant differences
between methods for any ROI (Bartleit et al. 1994).

Metabolic values were obtained from 18 ROIs chosen on the
basis of physiology and the spatial resolution of the camera (Fig.
1). These included four frontal regions hypothesized to subserve
motor activation: a bilateral mesial area anterior to the central sul-
cus (MF), a contralateral (left) sensorimotor area (LSM) adjacent
to the central sulcus and contralateral premotor (LPM) and pre-
frontal (LPF) regions; three control motor homologue regions:
ipsilateral (right) sensorimotor (RSM), premotor (RPM), and pre-
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frontal (RPF) regions; four subcortical regions: left and right thal-
amus (LTH and RTH) and basal ganglia (LBG and RBG); and six
large cortical regions that contained both white and gray matter:
two frontal regions implicated in the dysfunction of schizophrenia
{Buchsbaum and Haier 1987; Weinberger and Berman 1988), the
middle (MdF) and inferior (IF) frontal lobes and the left and right
parietal (LP and RP) and temporal (LT and RT) lobes (Fig.1).
Whole-slice values (which included ventricles and gray and white
matter) were also obtained for each of the nine contiguous images
and a whole brain region (WB) was then obtained as the sum of
the nine whole-slice regions.

Regions drawn on images obtained from one injection were
copied by computer software onto comparable images from the
other injections to insure that all regions were of comparable size
and shape across all scans for a given subject. The order in which
a subject’s images were processed was randomly determined to
control for the effects of drawing vs copying.

Data quantitation

Reginal cerebral metabolic rates for glucose are reported as the
mean metabolic value calculated from the data in the constituent
pixels of a given ROIs using the Sokoloff et al. (1977) model as
extended by Huang et al. (1980) and modified for the use of CDG
by Reivich et al. (1982).

Statistical analysis

to minimize Type-I error multivariate analyses of variance
(MANOV As) were used to make group comparisons across multi-
ple regions. SYSTAT multivariate general linear hypothesis rou-
tines were used (Wilkinson 1988). On the basis of our research hy-
potheses we cormbined separate regions into five multivariate vec-
tors: (1) a set of frontal regions hypothesized to subserve motor ac-
tivity (MF, LSM, LPM, and LPF), (2) a set of control motor ho-
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Fig.2 Average percent change in metabolic activity from baseline
to motor stimulation in the group of normal subjects (n = 14) and
average percent change from a first to a second baseline scan in the
group of baseline control subjects (r = 11). Repetitive-rest is
percent change during repetitive movement; sequencing-rest is
percent change during finger sequencing; rest-rest percent change

mologues (RSM, RPM, and RPF), (3) a set of subcortical regions
(LTH, RTH, LBG, and RBQG), (4) a set of frontal regions (MdF
and IF), and (5) a set of temporal and parietal regions (LP, RP, LT,
and RT).

Statistical analyses were performed on measures of regional
activation, which provided information concerning metabolic
changes from baseline due to motor stimulation, and measures of
relative metabolism, which provided information concerning the
pattern of regional activity observed within a given scanning con-
dition. Regional activation can be seen as consisting of two com-
ponents: (1) a change due to the effects of a specific task or probe
and (2) a fluctuation due to nonspecific aspects of the scanning ex-
perience (e.g., scan order, time of day, and random errors of the
method). To control for nonspecific fluctuation we multiplied the
metabolic values obtained during the motor tasks by a correction
factor that scales each value to the whole brain value obtained dur-
ing the baseline scan. For each subject the correction factor for the
second set of scans was whole brain-1/whole brain-2, and for the
third it was whole brain-1/whole brain-3 (Bartlett et al. 1988). Re-
gional activation was then defined as the difference between a
scaled motor task regional value and a baseline regional value.

Relative metabolism can be defined as the proportion of total
activity contributed by each region and expressed as the ratio re-
gion/whole brain. Relative regional rates were computed sepa-
rately for each subject in each region under each stimulation con-
dition.

Task compliance

Task compliance was measured in two ways: Response frequency,
defined as the number of finger-to-thumb movements observed
during the first and last 4 min of motor activity, was computed for
each motor-stimulation condition. Response error, defined as the
number of erroneous (i.e., out of sequence) finger-to-thumb move-
ments observed during the first and last 4 min of activity, was
computed for the finger-sequencing condition.

LPF RPF

RF LP RP LT RT

Bl Repetitive-Rest
B Sequencing -Rest
(3 Rest-Rest

from first to second baseline scan. MF mesial frontal; LSM left
sensorimotor; LPM left premotor; LPF left prefrontal; RSM right
sensorimotor; RPM right premotor; RPF right prefrontal; LTH left
thalamus; RTH right thalamus; LBG left basal ganglia; RBG right
basal ganglia; LF left frontal;RF right frontal; LP left parietal; RP
right parietal; LT left temporal; RT right temporal
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Table 2 Results of multivariate analysis of variance (MANOV As) to test group differences in regional cerebral metabolic activation:

normal motor subjects (n = 14) vs normal baseline subjects (n = 11)

Multivariate results

Source of variance Motor Baseline F P
Mean SD Mean SD
Rest-sequencing vs rest-rest
Motor regions (MF, LLPF, LPM, LSM) 4 2 1 2 4.71 0.005%
Control motor homologues (RPF, RPM, RSM) 2 2 0.2 2 1.09 0.37
Frontal lobes (MdF, IF) 0.3 2 0.1 1 0.02 0.89
Temporal/parietal lobes (LT, RT, LP, RP) 0.1 1 1 4 0.10 0.75
Subcortical regions (LTH, RTH, LBG, RBG) 2 4 2 2 0.73 0.58
Rest-repetitive task vs rest-rest
Motor regions (MF, LPF, LPM, LSM) 2 2 1 2 0.28 0.89
Control motor homologues (RPF, RPM, RSM) 1 2 0.2 2 0.41 0.75
Frontal lobes (MdF, IF) 0.3 2 1 1 0.39 0.54
Temporal/parietal lobes (LT, RT, LP, RP) 0.3 1 0.2 2 0.74 0.40
Subcortical regions (LTH, RTH, LBG, RBG) 2 3 2 2 0.08 0.76
Univariate results
Source of variance Motor Baseline F P
Mean SD Mean SD
Rest-sequencing vs rest-rest
Motor regions MF (RS > RR) 7 4 2 3 7.88 0.01*
LPF 2 3 1 3 0.14 0.72
LPM 2 3 0.2 2 3.11 0.09
LSM (RS > RR) 5 3 0.2 5 9.92 0.004*

* Significant at the Bonferroni-adjusted level of 0.05/4 (P = 0.0125)

Note: Results expressed as percent change: rest-scaled sequencing/rest X 100; rest-scaled repetitive task/rest X 100; rest 1-scaled rest 2/
rest 1 X 100. RS rest sequencing; RR rest-rest (see text for other abbreviations)

Results

Adequacy of task: normal subjects

Figure 2 shows the average regional change in metabolic
activity from baseline to motor stimulation in the group of
normal subjects as well as the average regional change
from a first to a second baseline scan in the group of base-
line control subjects.

As can be seen in Table 2 the two groups differed only
in the activation of mesial frontal and left sensorimotor ar-
eas during motor sequencing. Activation during motor se-
quencing was found to be focal, restricted only to these
regions. The repetitive control task did not result in any
significant regional metabolic activation.

Schizophrenic response to motor stimulation

When schizophrenics were compared with normals the
only differences were in the motor areas identified previ-
ously. As seen in Table 3 the schizophrenics showed a
lack of metabolic activation in the mesial frontal and left

sensorimotor areas. Figure 3 shows that this was equally
true for the medicated and nonmedicated patients. This in-
dicates that regions far from the dorsolateral prefrontal
area implicated by the Wisconsin card-sort procedure also
fail to activate in response to a complex stimulation task.

Motor-sequencing-task compliance

The rate and accuracy of task performance was assessed
for 11 normals and 11 schizophrenic patients from video-
tapes of the experiment. The groups showed a similar rate,
but differed in the accuracy of their performance. The
schizophrenics made significantly more errors (Table 4)..

To examine the effect of error rate on cortical activation
the schizophrenics were divided into groups of high- and
low-error subjects (high-error schizophrenics: 7 = 5; mean
error 154 + 95; low-error schizophrenics: n = 6; mean er-
ror 17 = 15). Each schizophrenic group showed a clear
difference from normals in the activation of motor regions
(low-error schizophrenics vs normals: F[1, 18] = 6.05; P
= 0.02; high-error schizophrenics vs normals: F[1, 17] =
11.86; P = 0.003), but not in the set of control motor
homologues (low-error schizophrenics vs normals: F[1,



120

Table 3 Results of MANOV As to test group differences in regional cerebral activation: normals (n = 14) vs schizophrenics (n = 13)

Multivariate results

Source of variance Normals! Schizophrenics! F P
Mean SD Mean SD
Rest-sequencing
Motor regions (MF, LPF, LPM, LSM) 4 2 2 2 8.49 0.007*
Control motor homologues (RPF, RPM, RSM) 2 2 1 3 0.40 0.53
Frontal lobes (MdF, IF) 1 2 0.2 2 1.23 0.28
Temporal/parietal lobes (LT, RT, LP, RP) 0.1 1 1 2 0.53 0.47
Subcortical regions (LTH, RTH, LBG, RBG) 2 4 4 7 0.76 0.39
Rest-repetitive task vs rest-rest
Motor regions (MFE, LPF, LPM, LSM) 2 2 1 2 0.30 0.59
Control motor homologues (RPF, RPM, RSM) 1 2 0.2 2 0.94 0.34
Frontal lobes (MdF, IF) 03 2 0.2 2 0.02 0.88
Temporoparietal (LT, RT, LP, RP) 0.3 1 1 2 3.48 0.07
Subcortical regions (LTH, RTH, LBG, RBG) 2 3 2 7 0.001 0.98
Univariate results
Source of variance Motor Baseline F P
Mean SD Mean SD
Rest-sequencing
Motor regions MEF (N > S) 7 4 2 4 9.26 0.005*
LPF(N=S) 2 3 1 4 0.26 0.61
LPM (N > S) 2 3 2 4 0.14 0.72
LSM (N> S) 5 3 2 3 6.60 0.017

* Significant at the Bonferroni-adjusted level of 0.05/4 (P = 0.0125)
Note: Results expressed as percent change: scaled sequencing-rest/rest x 100; scaled repetitive movement-rest/rest x 100
I Mean percent change and SD calculated for each set of regions
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Table 4 Motor-sequencing
performance results

Normals (n = 11) Schizophrenics (n = 11)  P*

Mean SD Mean SD
Number of finger movements
First 4 min 221.0 51.0 190 60 0.17

. Last 4 min 211.0 61.0 201 41 0.85
* All comparisons are by
Mann-Whitney U-test Number of errors
** Significant beyond Bon- First 4 min 1.4 1.5 32 38 0.002%*
ferroni-adjusted 0.05/4 Last 4 min 27 32 52 81 0.003%*

(P =0.0125)

Table 5 Results of MANOVAS to test group differences in relative regional metabolism (expressed as the ratio: region/whole brain

Source of variance Normals! Schizophrenics! Multivariate
Mean SD Mean SD F P

Motor regions (MF, LPF, LPM, LSM)

Rest 1.22 0.02 1.21 0.06 0.42 0.52

Repetitive movement 1.24 0.03 122 0.06 0.18 0.67

Finger sequencing 1.25 0.03 1.23 0.07 1.71 0.20
Motor homologues (RSM, RPM, RPF)

Rest 1.19 0.04 1.18 0.04 1.07 0.31

Repetitive movement 1.20 0.04 1.18 0.05 2.24 0.15

Motor sequencing 1.21 0.04 1.18 0.05 1.56 0.22
Frontal cortex (MdF, IF)

Rest 1.11 0.04 1.07 0.05 5.32 0.03*

Repetitive movement 1.11 0.04 1.06 0.04 9.96 0.004*

Finger sequencing 1.10 0.03 1.06 0.05 7.71 0.01**
Temporal/parietal cortex (LP, RP, LT, RT)

Rest 1.10 0.03 1.11 0.03 2.61 0.12

Repetitive movement 1.10 0.03 1.11 0.03 0.17 0.69

Finger sequencing 1.10 0.03 1.11 0.03 0.74 0.40
Subcortical regions (LTH, RTH, LBG, RBG)

Rest 1.19 0.05 1.28 0.11 7.89 0.01%*

Repetitive movement 1.21 0.04 1.30 0.08 14.38 0.001**

Finger sequencing 1.21 0.05 1.32 0.08 19.40 0.000**

! Mean ratio and SD calculated for each multivariante set of regions

* Trend toward significance
** Significant at 0.01 level or beyond

18] = 1.63; P = 0.22; high-error schizophrenics vs nor-
mals: F[1, 17] = 0.00; P = 099). The two schizophrenic
groups did not differ from each other in either set of re-
gions {motor regions: F[1, 9] = 1.43; P = 0.26; control
motor homologues: F[1, 9] = 0.40; P = 0.53). These data
suggest that the failure to activate focal motor areas in re-
sponse to a complex sequencing task is not “linearly” cor-
related to the accuracy of task performance in schizo-
phrenics. However, it should be kept in mind that even the
“good” schizophrenics performed distinctly poorer {mean
error 17) than any normal control (mean error 2).

Relative regional metabolism
in normal and schizophrenic subjects

Aside from the activation of specific areas the scans were
also analyzed to see if differences in the overall metabolic
patterns of schizophrenics and normal controls could be
identified under any scanning condition. In all three con-
ditions (rest, repetitive movement, and motor sequencing)
the frontal cortex showed less relative metabolic activity
and the subcortical regions showed more relative meta-
bolic activity than that found in normals (Table 5). These
differences may be related to medication, because they are
not seen in the four unmedicated patients. Figure 4 shows
the relative metabolic rates in frontal cortex plooted
against the relative subcortical metabolic rates of individ-
ual subjects during motor sequencing. It is apparent that
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MOTOR SEQUENCING
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Fig.4 Frontal and subcortical relative metabolism observed in
normal (n = 14) and schizophrenic (n = 11) subjects during finger
sequencing. Relative metabolism is expressed as a ratio of a sub-
ject’s regional metabolism to his whole brain metabolism: re-
gion/whole brain. Subcortical ratios are an average of values cal-
culated from the set of subcortical regions: LTH, RTH, LBG, and
RBG. Frontal ratios are an average of values calculated from the
set of frontal regions: MdF and IF. Normal subjects are apen cir-
cles; medicated schizophrenics are closed triangles, unmedicated
schizophrenics are open triangles

the metabolic values of the unmedicated schizophrenics
are in the normal range.

Discussion
Methodological considerations

Major considerations in any neuroimaging study include
the trade-off between sensitivity and reproducibility, tem-
poral and spatial resolution, and the specificity of the re-
sponse to the putative stimulus. In the present study we
used PET and the deoxyglucose method to investigate
cerebral metabolism in response to motor stimulation in
both schizophrenics and normal subjects. The advantages
of this method include its documented intrasubject stabil-
ity (Bartlett et al. 1988, 1994; Duara et al. 1986) and
quantitation (Reivich et al. 1982, 1985). Among the dis-
advantages are the long time period (approximately 35
min) required for quantitation (Huang et al. 1980) and the
possibility that the method is not sufficiently sensitive to
metabolic changes induced by the stimulation, because
the very stability of the deoxyglucose method creates an
insensitivity to mental state (Bartlett et al. 1988).

The motor-sequencing task has been demonstrated to
cause a 20%-35% change in rfCBF in the supplementary
motor (mesial frontal) and contralateral sensory, motor,
and premotor areas (Roland et al. 1980, 1982). The use of
the deoxyglucose method clearly decreased the sensitivity
of these measures, because only a 5—7% metabolic change
in these areas was observed. Although the relationship

between metabolism, as assessed by the deoxyglucose
method, and rCBF is complex, similar patterns of activa-
tion are generally found, although the metabolic response
is often smaller (Ginsberg et al. 1988; Fox et al. 1988).

The degree of activation may be partly dependent on
task duration (Ginsberg et al. 1987). We chose to limit the
time of the task to 15 min, which is when subjects began
to complain of fatigue and stated that they “go on auto-
matic pilot”. This was sufficient to give a detectable meta-
bolic signature while still making it likely that subjects
would attend to the task. However, this may have resulted
in a diminished measure of activation, because the task
was not performed for the entire 35-min isotope-uptake
period.

The activation measures were computed on metabolic
values, which were scaled to the whole brain metabolic
rate. This methodological procedure controls for scan or-
der, time of day, and random-error effects, but does tend
to provide a conservative estimate of activation by mini-
mizing the difference between the resting and stimulated
measurements. Nonetheless, the resulting activation com-
pares well to the 5% change seen in the rCBF studies us-
ing the Wisconsin card-sort (Weinberger et al. 1986,
1988). We failed to detect a metabolic response to the
repetitive-movement task in the normal controls. In a
topographically organized brain region, such as motor
cortex, the number of muscles participating in a task will
affect the spatial extent of tissue showing activation. Had
we used a task involving a larger number of muscles, we
might have obtained a detectable metabolic response.

Normals vs schizophrenics
Response to motor stimulation

In contrast to the focal activation seen in normal controls,
the schizophrenic subjects did not activate the mesial
frontal and contralateral sensorimotor areas when per-
forming the motor-sequencing task. From our data it ap-
pears unlikely that this lack of activation is related to ei-
ther task accuracy or task speed. Because the sample of
unmedicated schizophrenics is small, we cannot deter-
mine whether the result is independent of current medica-
tion exposure at this time. The contralateral sensorimotor
cortex is implicated primarily in the execution of volun-
tary movements (Evarts 1981; Ghez 1985). The function
of the mesial frontal (supplementeray) motor area is less
certain, but may involve the internal “planning” of move-
ment, either by maintaining the system’s “readiness” or
“intention” to move (Goldberg 1985) or by specifying the
actual subroutines of complex motor sequences (Roland
et al. 1980). In any case our results show a failure to acti-
vate in two functionally distinct sensorimotor areas.
Weinberger et al. (1986, 1988) have suggested that
schizophrenics show a regionally specific inability to acti-
vate frontal cortex in response to complex stimuli. They
point to their rCBF experiments, which showed an inabil-
ity to activate prefrontal cortex following the Wisconsin



card-sort task, but no such inability to activate more
posterior regions during performance of the Raven’s Pro-
gressive Matrices. This had led to the suggestion that
there is a specific defect in the dorsolateral prefrontal
cortex in schizophrenia. Current data suggest that the lack
of frontal activation may involve more than this area.

Metabolic patterns

This study also demonstrated a generalized hypofrontal
pattern of metabolic activity along with an elevated sub-
cortical metabolic pattern in the brains of medicated
schizophrenics. A similar pattern was previously reported
in medicated schizophrenics at rest and during visual
stimulation (Volkow et al. 1986). However, the signifi-
cance of these findings remains unclear. Tabulation of
data from a large number of normal and schizophrenic
subjects has revealed a significant skewing of the schizo-
phrenic sample toward hypofrontality (Buchsbaum et al.
1990; Kishimoto et al. 1987). Nonetheless, hypofrontality
is not specific to schizophrenia, because it has been found
in patients with affective disorders as well (Buchsbaum et
al. 1984, 1986; Baxter et al. 1985, 1989). It is possible
that this metabolic pattern may reflect a chronic effect of
antipsychotic medication on frontal areas, because 4-week
wash-out schizophrenics of similar psychopathology
show hypometabolism in frontal and basal ganglia areas
{Siegel et al. 1993). Furthermore, it has been shown that
chronic treatment with antipsychotics can increase rela-
tive glucose metabolism in the basal ganglia (Wolkin et al.
1985, 1992; Szechtman et al. 1988; Gur et al. 1987). Be-
cause the clinical effectiveness of a neuroleptic seems to
be correlated with its potency in binding to dopamine re-
ceptors in the basal ganglia (Creese et al. 1984; Schlyer et
al. 1992), and because the role of dopamine may be in-
hibitory in the basal ganglia, it is possible that the in-
creased relative metabolism may be due to the effects of
disinhibition and a consequent increase in neuronal activ-
ity in the basal ganglia. However, although animal find-
ings suggest that the selective destruction of dopamine ef-
ferents in the frontal cortex of rats resulted in increased
subcortical dopamine activity (Pycock et al. 1980), is it
not yet clear how subcortical hypermetabolism is related
to the diminished frontal metabolism observed in normal
humans and schizophrenic patients.

Conclusions

This study has demonstrated that schizophrenics show a
regionally specific inability to activate metabolically two
functionally distinct areas of frontal cortex in response to
complex motor stimulation. Other laboratories have re-
ported failures to activate in response to behavioral chal-
lenges of various cortical regions. These include: (1) dor-
solateral prefrontal cortex in response to the Wisconsin
card-sort paradigm (Weinberger et al. 1986), (2) so-
matosensory cortex in response to pain stimulation
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(Buchsbaum et al. 1984), (3) frontal and temporoparietal
regions in response to the visual Continuous Performance
Test paradigm (Buchsbaum et al. 1990) and (4) prefrontal
and left temporal regions in response to an auditory dis-
crimination (Cohen et al. 1987, 1988). Taken together
these studies indicate that schizophrenics show a failure to
activate in several functionally and anatomically distinct
frontal regions, and may fail to activate in temporal or
parietal regions as well. We propose, therefore, that schiz-
ophrenia involves a derangement of brain organization
that limits the ability of these patients to produce a focal
metabolic response to stimulation of a number of func-
tionally distinct cortical regions, despite their ability to
perform the task. This becomes especially obvious in
complex demands, which can only be performed with mi-
nor quality by these persons.

Acknowledgements Supported in part by the National Institute
of Mental Health grant MH-42647, the National Institute of Health
grant NS-15638, NATO grant 700/87, and the Department of En-
ergy. The authors are indebted to JoannaS. Fowler, Karin Karl-
strom, Elizabeth Jellett, David Christman, Renee Moadel, Payton
King, Noel Netuscil, Theodore Johnson, Robert Carciello, C. Bar-
rett, Peter Klieger, David Schlyer, Donald Warner, D. Alexoff, R.
R. MacGregor, Motris Meissner, Kenneth Bonnet, David Breitling,
Berekte Tewelde, Thomas Cooper, Drs. Kirshbaum, Hames, Gra-
ham, Sunnen, Salzman, Silbert, and the Bellevue Hospital staff.

References

American Psychiatric Association (1987) Diagnostic and statistical
manual of mental disorders (DSM-III-R), 3rd edn, revised.
American Psychiatric Association, Washington DC

Bartlett EJ, Brodie JD, Wolf AP, Christman DR, Laska E, Meiss-
ner M (1988) Reproducibility of cerebral glucose metabolic
measurements in resting human subjects. J Cereb Blood Flow
Metab 8:502-512

Bartlett E, Brodie JD, Simkowitz P, Dewey SL, Rusinek H, Wolf
AP, Fowler JS, Volkow ND, Smith G, Welkin A, Cancro R
(1994) Effects of a haloperidol challenge on regional cerebral
glucose utilization in normal human subjects. Am J Psychiatry
151:681-686 '

Baxter LR, Phelps ME, Mazziotta JC, Schwartz JM, Gerner RH,
Selin CE, Sumida RM (1985) Cerebral metabolic rates for glu-
cose in mood disorders. Arch Gen Psychiatry 42 : 441447

Baxter LB, Schwartz JM, Phelps ME, Mazziotta JC, Guze BH,
Selin CE, Gerner RH, Sumida RM (1989) Reduction of pre-
frontal cortex glucose metabolism common to three types of
depression. Arch Gen Psychiatry 46 : 243-250

Bleuler E (1950) Dementia Praecox or the group of schizophre-
nias. New York International Press, New York

Bogerts B, Meertz E, Schonfeldt-Bausch R (1985) Basal ganglia
and limbic system pathology in schizophrenia: a morphometric
study of brain volume and shrinkage. Arch Gen Psychiatry 42:
784-791

Bogerts B, Ashtari M, Degreef G, Alvir IMJ, Bilder MR, Lieber-
man JA (1990) Reduced temporal limbic structure volumes on
magnetic resonance images in first episode schizophrenia. Psy-
chiatry Res 35:1-13

Brown R, Colter N, Corsellis JA et al. (1986) Postmortem evi-
dence of structural brain changes in schizophrenia: differences
in brain weight, temporal horn area and parahippocampal gyrus
compared with affective disorder. Arch Gen Psychiatry 43:
36-42

Buchsbaum MS, Haier RT (1987) Functional and anatomical brain

imaging: impact on schizophrenia research. Schizophr Bull
13:115-132



124

Buchsbaum MS, DeLisi LE, Holcomb HH, Cappelletti J, King
AC, Johnson J, Hazlett E, Dowling-Zimmerman S, Post RM,
Morihisa J, Carpenter W, Cohen R, Pickar D, Weinberger DR,
Margolin R, Kessler RM (1984) Antero-posterior gradients in
cerebral glucose use in schizophrenia and affective disorders.
Arch Gen Psychiatry 41:1159-1166

Buchsbaurn MS, Wu I, DeLisi LE, Holcomb H, Kessler R, John-
son J, King AC, Hazlett E, Langston K, Post RM (1986)
Frontal cortex and basal ganglia metabolic rates assessed by
positron emission tomography with ['8F]2-deoxyglucose in af-
fective illness. J Affective Disord 10:137-152

Buchsbaum MS, Nuechterlein KH, Haier RJ, Wu J, Sicotte N, Ha-
zlett E, Asarnow R, Potkin S, Guich SM (1990) Glucose meta-
bolic rates in normals and schizophrenics during the continu-
ous performance test assessed by positron emission tomogra-
phy. Br J Psychiatry 156:216-227

Buchsbaum MS, Potkin SG, Siegel BV, Lohr J, Katz M,
Gottschalk LA, Gulasekaram B, Marshall JF, Lottenberg S,
Teng CY, Abel L, Plon L, Bunney W Jr (1992) Striatal meta-
bolic rate and clinical response to neuroleptics in schizophre-
nia. Arch Gen Psychiatry 49:966-974

Cohen RM, Semple WE, Gross M, Nordahl TE, DeLisi LE, Hol-
comb HH, King AC, Morihisa JM, Pickar D (1987) Dysfunc-
tion in a prefrontal substrate of sustained attention in schizo-
phrenia. Life Sci 40:2031-2039 .

Cohen RM, Semple WE, Gross M, Nordahl TE (1988) From
symptom to illness: delineating the pathophysiology of schizo-
phrenia with PET. Schizophr Bull 14:169-176

Colombo C, Abbruzzese M, Livian S, Scotti G, Locatelli M, Bon-
fanti A, Scarone S (1993) Memory functions and temporal-lim-
bic morphology in schizophrenia. Psychiatry Res 50:45-56

Creese I, Burt DR, Snyder SH (1984) Dopamine receptor binding
predicts clinical and pharmacological potencies of antischizo-
phrenic drugs. Science 225:728-731

Duara R, Gross-Glenn K, Barker WW, Apicella A, Loewenstein
D, Boothe T (1986) Behavioral activation and the variability of
cerebral glucose metabolic mesurements. J Cereb Blood Flow
Metab 83:1140-1144

Evarts EV (1981) Functional studies of the motor cortex. In:
Schmitt FO, Worden FG, Alderman G, Dennis SG (eds) The
organization of the cerebral cortex. MIT Press, Cambridge,
Mass

Falkai P, Bogerts B, Rozumek M (1988) Limbic pathology in
schizophrenia: the entorhinal regions — a morphometric study.
Biol Psychiatry 24:515-521

Fox PT, Raichle ME, Mintun MA, Dence C {1988) Nonoxidative
glucose consumption during focal physiologic neural activity.
Science 241:462-463

Ghez C (1985) Cortical control of voluntary movement. In: Kandel
ER, Schwartz JH (eds) Principles of neural science, 2nd edn.
Elsevier, New York, pp 487-500

Ginsberg MD, Dietrich WD, Busto R (1987) Coupled forebrain in-
creases of local cerebral glucose utilization and blood flow dur-
ing physiological stimulation of a somatosensory pathway in
the rat: demonstration by double-label autoradiography. Neu-
rology 37:11-19

Ginsberg MD, Chang JY, Kelley RE, Yoshii F, Barker WW, In-
genito G, Boothe TE (1988) Increases in both cerebral glucose
utilization and blood flow during execution of a somatosensory
task. Ann Neurol 23:152-160

Goldberg G (1985) Structure and function of the supplementary
motor area: review and hypothesis. Behav Brain Sci 8:567-616

Gur RE, Resnick SM, Alavi A, Gur RC, Caroff S, Dann D, Silver
FL, Saykin AJ, Chawluck JB, Kushner M, Reivich M (1987)
Regional brain function in schizophrenia: I. A positron emis-
sion study. Arch Gen Psychiatry 44:119-125

Guenther W, Moser E, Mueller-Spahn F, Vefele K, Buell U, Hip-
pius H (1986) Pathological cerebral blood flow during motor
function in schizophrenic and endogenous depressed patients.
Bijol Psychiatry 21:889-899

Guenther W, Petsch R, Steinberg R, Moser E, Streck P, Heller H,
Kurtz G, Hippius H (1991) Brain dysfunction during motor ac-
tivation and corpus callosum alterations in schizophrenia mea-
sured by cerebral blood flow and magnetic resonance imaging.
Biol Psychiatry 29:535-555

Guenther W, Alper K, Bartlett E, Barouche F, Wolf A, Dewey S,
Henn F, Riedel R, Klages U, Brodie J, John R {1993) Simulta-
neous electroencephalogram mapping and positron emission
tomography in chronic schizophrenia: preliminary results in
neuroleptic treated patients. In: Maurer K (ed) Imaging of the
brain and related fields. Springer, Berlin Heidelberg New
York, pp 325-333

Guy W (1976) ECDEU assessment manual for psychopharmacol-
ogy, revised DHEW Pub. No. (ADM) 76-338. National Insti-
tute of Mental Health, Rockville, MD

Huang S-C, Phelps ME, Hoftman EJ, Sideris K, Selin CJ, Kuhl DE
(1980) Noninvasive determination of local cerebral metabolic
rate of glucose in man. Am J Physiol 238 : E69-E82

Jakob H, Beckmann H (1986) Prenatal developmental distur-
bances in the limbic allocortex in schizophrenics. J Neural
Transm 65:303-326

Kirch DG, Weinberger DR (1986) Anatomical neuropathology in
schizophrenia: post-mortem findings. In: Nasrallah HA, Wein-
berger DR (eds) The neurology of schizophrenia. Handbook of
schizophrenia, vol 1. Elsevier, Amsterdam, pp 325-348

Kishimoto H, Kuwahara H, Ohno S, Takazu O, Hama Y, Sato C,
Ishii T, Nomura Y, Fujita H, Miyauchi T, Matsushita M, Yokoi
S, lio M (1987) Three subtypes of chronic schizophrenia iden-
tified using ''C-glucose positron emission tomography. Psychi-
atry Res 21:285-292

Kraepelin E (1971) Dementia praecox and paraphrenia. RE
Krieger, New York

MacGregor RR, Fowler JS, Wolf A, Shive CY, Lade RE, Wan CN
(1978) A synthesis of 2-deoxy-D-(1-!'C)glucose for regional
metabolism studies. J Nucl Med 22 :800-803

Matsui T, Hirano H (1978) An atlas of the human brain for com-
puterized tomography. Igaku-Shoin, Tokyo

Metz JT, Johnson MD, Pliskin NH, Luchins DJ (1994) Mainte-
nance of training effects on the Wisconsin card sorting test by
patients with schizophrenia or affective disorders. Am J Psy-
chiatry 151:120-122

Nasrallah HA, Olson SC, McCalley-Whitters M et al. (1986) Cere-
bral ventricular enlargement in schizophrenia. Arch Gen Psy-
chiatry 43:157-159

Oldfield RD (1971) The asssessment and analysis of handedness:
the Edinburgh inventory. Neuropsychologia 9:97-113

Overall JE, Gorham DR (1988) Introduction: the brief psychiatric
rating scale: recent developments in ascertainment and scaling.
Psychopharmacology Bull 24:97-99

Pakkenberg B (1987) Post-mortem study of chronic schizophrenic
brains. Br J Psychiatry 151:744-752

Pakkenberg B (1992) Stereological quantitation of human brains
from normal and schizophrenic individuals. Acta Neurol Scand
137 (Suppl): 20-33

Phelps ME, Huang S-C, Hoffman EJ, Selin C, Sokoloff L, Kuhl
DE (1979) Tomographic measurement of local cerebral glu-
cose metabolic rate in humans with [!8F]-2-fluoro-2-p-de-
oxyglucose: validation of method. Ann Neurol 6:371-388

Pycock CJ, Kerwin RW, Carter CJ (1980) Effects of lesion of cor-
tical dopamine terminals on subcortical dopamine receptors in
rats. Nature 286:74-77

Reivich M, Alavi A, Wolf A, Greenberg JH, Fowler J, Christman
D, MacGregor R, Jones SC, London J, Shive C, Yonekura Y
(1982) Use of 2-deoxy-D-[''Clglucose for the determination of
local cerebral glucose metabolism in humans: variation within
and between subjects. J Cereb Blood Flow Metab 2:307-319

Reivich M, Alavi A, Wolf A, Fowler J, Russell J, Arnett C, Mac-
Gregor RR, Shine CY, Atkins H, Anand A, Dann R, Greenberg
JH (1985) Glucose metabolic rate kinetic model parameter de-
termination in humans: the lumped constants and rate constants
for [!8F]fluorodeoxyglucose and [!!Cldeoxyglucose. J Cereb
Blood Flow Metab 5:179-192



Roland PE, Larsen B, Lassen NA, Shinhoj E (1980) Supplemen-
tary motor area and other cortical areas in organization of vol-
untary movements in man. J Neurophysiol 43:118-136

Roland PE, Meyer E, Shibasaki T, Yamamoto YL, Thompson CJ
(1982) Regional cerebral blood flow changes in cortex and
basal ganglia during voluntary movements in normal human
volunteers. J Neurophysiol 48:467-480

Schiebel AB, Kovelman JA (1981) Disorientation of the hip-
pocampal pyramidal cell and its processes in the schizophrenia
patient. Biol Psychiatry 16:101-102

Schlyer DJ, Volkow ND, Fowler JS, Wolf AP, Shiue CY, Dewey
SL, Bendriem B, Logan J, Raulli R, Hitzeman R, Brodie J,
Alavi AA, McGregor RR (1992) Regional distribution and ki-
netics of haloperidol binding in human brain: a PET study with
18FHaloperidol. Synapse 11:10-19

Seidman LJ, Yurgelun-Todd D, Kremen WS, Woods BT, Gold-
stein JM, Faraone SV, Tsuang MT (1994) Relationship of pre-
frontal and temporal lobe MRI measures to neuropsychological
performance in chronic schizophrenia. Biol Psychiatry 35:
225-246

Siegel BV, Buchsbaum MS, Bunney W Jr, Gottschalk LA, Haier
RJ, Lohr JB, Lottenberg S, Najafi A, Nuechterlein KH, Potkin
SG, Wu JC (1993) Cortico-striatal-thalamic circuits and brain
glucose metabolic activity in 70 unmedicated male schizo-
phrenic patients. Am J Psychiatry 150:1325-1336

Sokoloff L, Reivich M, Kennedy C, Des Rosiers CS, Patlak CS,
Pettigrew KD, Sakurada O, Sinohara M (1977) The [“C]de-
oxyglucose method for the measurement of local cerebral glu-
cose utilization: theory, procedure and normal values in the
conscious and anesthetized albino rat. J Neurochem 28:897—
916

Suddath RL, Casanova MF, Goldberg TE, Daniel DG, Kelsoe JR
Jr, Weinberger DR (1989) Temporal lobe pathology in schizo-
phrenia: a quantitative magnetic resonance imaging study. Am
J Psychiatry 146:464-472

125

Suddath RL, Christison GW, Torrey EF, Casanova MF, Wein-
berger DR (1990) Anatomical abnormalities in the brains of
monozygotic twins discordant for schizophrenia. N Engl J Med
322:789-794

Szechtman H, Nahmias C, Garnett S, Firnau G, Brown GM, Ka-
plan RD, Cleghorn JM (1988) Effect of neuroleptics on altered
cerebral glucose metabolism in schizophrenia. Arch Gen Psy-
chiatry 45:523-532

Takeuchi K, Takigawa M, Fukuzako H, Hokazono Y, Hirakawa K,
Fukuzako T, Ueyama K, Fujimoto T, Matsumoto K (1994)
Correlation of third ventricular enlargement and EEG slow
wave activity in schizophrenic patients. Psychiatry Res 55:1-11

Volkow ND, Brodie JD, Wolf AP, Gomez-Mont F, Cancro R, Van
Gelder P, Russell JAG, Overall J (1986) Brain organization in
schizophrenia. J Cereb Blood Flow Metab 6:441-446

Weinberger DR, Berman KF (1988) Speculation on the meaning
of cerebral metabolic hypofrontality in schizophrenia. Schizo-
phr Bull 14:157-168

Weinberger DR, Berman KF, Zec RF (1986) Physiological dys-
function of dorsolateral prefrontal cortex in schizophrenia: I.
Regional cerebral blood flow (rCBF) evidence. Arch Gen Psy-
chiatry 43:114~-125

Weinberger DR, Berman KF, Illowsky BP (1988) Physiological
dysfunction of dorsolateral prefrontal cortex in schizophrenia,
III: a new cohort and evidence for a monoaminergic mecha-
nism. Arch Gen Psychiatry 45 : 609-615

Wilkinson L (1988) Systat: the system for statistics. Systat, Inc.,
Evanston, IL

Wolkin A, Jaeger J, Brodie JD, Wolf AP, Fowler J, Rotrosen J,
Gomez-Mont F, Cancro R (1985) Persistence of cerebral meta-
bolic abnormalities in chronic schizophrenia as determined by
positron emission tomography. Am J Psychiatry 142:564-571

Wolkin A, Sanfilipo M, Wolf AP, Angrist B, Brodie JD, Rotrosen
I (1992) Negative symptoms and hypofrontality in chronic
schizophrenia. Arch Gen Psychiatry 49:959-965



