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Abst rac t  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 
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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 
functional 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 factors are 
involved also in schizophrenic patients' dysfunction with 
this challenge (Metz et al. 1994; Seidman et al. 1994). 
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W e  h a v e  c h o s e n  to e x a m i n e  the  q u e s t i o n  o f  spec i f i c i ty  
by  l o o k i n g  at the  ac t i va t i on  o f  m e s i a l  f ron ta l  and  lef t  sen-  
s o r i m o t o r  r eg ions ,  b e c a u s e  s ing le  p h o t o n  e m i s s i o n  C T  
( S P E C T )  f ind ings  o b t a i n e d  wi th  the  X e n o n - 1 3 3  inha la -  
t ion  m e t h o d  s u g g e s t e d  d y s f u n c t i o n  o f  p r i m a r y  m o t o r  cor -  
t ica l  r eg ions  ( G u e n t h e r  et  al. 1986, 1991). W e  u s e d  fo r  
this P E T  s tudy  a p a r a d i g m  d e v e l o p e d  by  R o l a n d  et  al. 
(1980,  1982) that  c o m p a r e s  ac t iva t ion  dur ing  a c o m p l e x  
f i n g e r - s e q u e n c i n g  task  wi th  ac t i va t i on  du r ing  a r epe t i t i ve  

f i n g e r - m o v e m e n t - c o n t r o l  task. W e  h a v e  t aken  a d v a n t a g e  
o f  the  s tabi l i ty  o f  the  d e o x y g l u c o s e  m e t h o d  in a r epea t ed -  
m e a s u r e s  d e s i g n  (Bar t le t t  et  al. 1988) to assess  m e t a b o l i c  
ac t iv i ty  dur ing  p e r f o r m a n c e  o f  the t w o  tasks  in sch izo-  
ph ren i c s  and  n o r m a l  cont ro ls .  B o t h  m e d i c a t e d  and un-  
m e d i c a t e d  s c h i z o p h r e n i c  pa t ien ts  w e r e  used ,  and m e t a -  
bo l i c  ac t i va t i on  in m u l t i p l e  co r t i ca l  and subcor t i ca l  b ra in  

r eg ions  was  e x a m i n e d .  

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. 

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 21-41 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 parallel to the canthome- 
atal line. Transmission scans were then performed using a 
6SGe/6SGa 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 btood 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 11C-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 l l -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. 

Table  1 Patient characteristics 

Patient Age Education Diagnosis Duration Medication BPRS b AIMS c Error d 
no. (years) (years) of illness status a 

(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 l0 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 

a On or off haloperidol treatment regimen (see text) 
b Score on day before PET scan (Overall and Gorham 1998) 
c Score on day before PET scan (Guy 1976) 
d 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 rain 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. 1 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; 8 left, 
right basal ganglia; 9 left, right 
middle frontal region; 10 left, 
right inferior frontal region 
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Baseline control subjects 

Additional data were obtained from the PET scans of l 1 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 (Bartlett et al. 1994). 

Metabolic values were obtained from t 8 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 sulcns 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 Haler 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 e ta l .  (1977) model as 
extended by Huang et al. (1980) and modified for the use of CDG 
by Reivich etal .  (1982). 

mologues (RSM, RPM, and RPF), (3) a set of subcortical regions 
(LTH, RTH, LBG, and RBG), (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-l/whole brain-2, and for the 
third it was whole brain-l/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. 

Statistical analysis 

to minimize Type-I error multivariate analyses of variance 
(MANOVAs) 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 combined 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- 

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 rain 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. 
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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 (n = 11). Repetitive-rest is 
percent change during repetitive movement; sequencing-rest is 
percent change during finger sequencing; rest-rest percent change 

RF LP RP LT RT 

~ 1  Repetitive-Rest 
Sequenclng-Rest 
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 (MANOVAs) 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 

Res t - sequenc ing  vs rest-rest  

Motor regions (MF, LPF, LPM, LSM) 
Control motor hornologues (RPF, RPM, RSM) 
Frontal lobes (MdF, IF) 
Temporal/parietal lobes (LT, RT, LP, RP) 
Subcortieal regions (LTH, RTH, LBG, RBG) 

Rest-repet i t ive  task  vs rest-rest  

Motor regions (MF, LPF, LPM, LSM) 
Control motor hornologues (RPF, RPM, RSM) 
Frontal lobes (MdF, IF) 
Temporal/parietal lobes (LT, RT, LP, RP) 
Subcortical regions (LTH, RTH, LBG, RBG) 

4 2 1 2 4.71 
2 2 0.2 2 1.09 
0.3 2 0.1 1 0.02 
0.1 1 1 4 0.10 
2 4 2 2 0.73 

0.005* 
0.37 
0.89 
0.75 
0.58 

2 2 1 2 0.28 0.89 
1 2 0.2 2 0.41 0.75 
0.3 2 1 1 0.39 0.54 
0.3 1 0.2 2 0.74 0.40 
2 3 2 2 0.08 0.76 

Univariate results 

Source of variance Motor Baseline F P 

Mean SD Mean SD 

Res t - sequenc ing  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 • 100; rest-scaled repetitive task/rest • 100; rest 1-scaled rest 2/ 
rest 1 x 100. RS  rest sequencing; R R  rest-rest (see text for other abbreviations) 

Results 

Adequacy  of  task: normal subjects 

Figure 2 shows the average regional change in metabolic 
activity f rom 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 o f  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 o f  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 f rom 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 o f  task performance was assessed 
for 11 normals and 11 schizophrenic patients f rom video- 
tapes o f  the experiment. The groups showed a similar rate, 
but differed in the accuracy o f  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: n = 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 o f  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 o f  control motor  
homologues  (low-error schizophrenics vs normals: F[1, 
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Table  3 Results of MANOVAs to test group differences in regional cerebral activation: normals (n = 14) vs schizophrenics (n = 13) 

Multivariate results 

Source of variance Normals t Schizophrenics I F P 

Mean SD Mean SD 

Rest~sequencing 

Motor regions (MF, LPF, LPM, LSM) 
Control motor homologues (RPF, RPM, RSM) 
Frontal lobes (MdF, IF) 
Temporal/parietal lobes (LT, RT, LP, RP) 
Subcortical regions (LTH, RTH, LBG, RBG) 

Rest-repetitive task vs rest-rest 

Motor regions (MF, LPF, LPM, LSM) 
Control motor homologues (RPF, RPM, RSM) 
Frontal lobes (MdF, IF) 
Temporoparietal (LT, RT, LP, RP) 
Subcortical regions (LTH, RTH, LBG, RBG) 

4 2 2 2 8.49 0.007* 
2 2 1 3 0.40 0.53 
1 2 0.2 2 1.23 0.28 
0.1 1 1 2 0.53 0.47 
2 4 4 7 0.76 0.39 

2 2 1 2 0.30 0.59 
1 2 0.2 2 0.94 0.34 
0.3 2 0.2 2 0.02 0.88 
0.3 1 1 2 3.48 0.07 
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 MF (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 

Mean percent change and SD calculated for each set of regions 

Fig. 3 Percent change in meta- 
bolic activity from baseline to 
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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 rain 211.0 61.0 201 41 0.85 

* All comparisons are by 
Mann-Whitney U-test Number of errors 
** Significant beyond Bon- First 4 rain 1.4 1.5 32 38 0.002** 
ferroni-adjusted 0.05/4 Last 4 min 2.7 3.2 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 1 Schizophrenics I 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 1.22 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. t 8 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 l. 11 0.03 2.61 0.12 
Repetitive movement 1. I0 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; h igh-er ror  schizophrenics  vs nor-  
mals:  F[1,  17] = 0.00; P = 099). The  two sch izophrenic  
groups did  not  differ  f rom each other  in ei ther set of  re- 
g ions  (motor  regions:  F[1,  9J = 1.43; P = 0.26; control  
mo to r  homologues :  F[1, 9] = 0.40; P = 0.53). These  data 
suggest  that the fai lure to act ivate  focal  motor  areas in re- 
sponse to a complex  sequencing task is not  " l inear ly"  cor-  
re la ted to the accuracy  o f  task per fo rmance  in schizo-  
phrenics.  However ,  it should be kept  in mind  that even the 
"good"  schizophrenics  pe r fo rmed  dis t inct ly  poorer  ( m e a n  
error  17) than any normal  control  (mean error  2). 

Relative regional metabolism 
in normal and schizophrenic subjects 

Aside  from the act ivat ion o f  specif ic  areas the scans were 
also analyzed  to see i f  differences in the overal l  metabol ic  
pat terns o f  schizophrenics  and normal  controls  could  be 
ident i f ied under  any scanning condit ion.  In all three con- 
di t ions (rest, repet i t ive movement ,  and motor  sequencing)  
the frontal  cortex showed less re la t ive  metabol ic  act ivi ty  
and the subcort ical  regions  showed more  re la t ive  m e t a -  
bol ic  act ivi ty  than that found in normals  (Table 5). These  
dif ferences  may  be related to medicat ion ,  because  they are 
n o t  seen in the four unmedica ted  patients.  F igure  4 shows 
the relat ive metabol ic  rates in frontal  cortex p l o t t e d  
against  the re la t ive  subcort ical  metabol ic  rates o f  indiv id-  
ual subjects  during motor  sequencing.  It is apparent  that 
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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- 
jec t ' 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 open cir- 
cles; medicated schizophrenics are closed triangles; unmedicated 
schizophrenics are open triangles 

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

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. 

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 rCBF 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 

Normals vs schizophrenics 

Response to motor stimulation 

In contrast to the focal activation seen in normal controls, 
the schizophrenic subjects did not activate the mesiat 
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. 
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