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Temporal Lobe Metabolic Differences in
Medication-Free Outpatients with
Schizophrenia via the PET-600

Thomas E. Nordahl, M.D., Ph.D., Natalia Kusubov, M.T.(A.S.C.P.), Cameron Carter, M.B.B.S.,
Shahriar Salamat, M.D., Ph.D., Anne M. Cummings, M.D., Linda O'Shora-Celaya, R.N.C.,
Jamie Eberling, Ph.D., Lynn Robertson, Ph.D., Ronald H. Huesman, Ph.D.,

William Jagust, M.D., and Thomas F. Budinger, M.D., Ph.D.

Regional cerebral glucose metabolic rates (rCMRglc) were
compared in 18 unmedicated outpatients with
schizophrenia and 11 normal controls using high resolution
positron emission tomography (PET) and the tracer [F-18]-
2-fluoro-2D-deoxyglucose (FDG). From previous work we
expected to see abnormal hippocampal rCMRglc in the
patients, but no striatal abnormalities. Trial-by-trial Stroop
cognitive task, which has been shown to activate the
anterior cingulate, was performed within a day of the PET
study. As our patients performed abnormally on the Stroop
we tested for a correlation between the anterior cingulate
rCMRglc and Stroop performance. We found no whole slice
cortical average glucose metabolic abnormalities. As

predicted we found abnormally decreased left hippocampal
rCMRglc in the patients. No striatal or cingulate rCMRglc
abnormalities were noted in patients, but they demonstrated
a highly positive correlation between anterior and cingulate
rCMRglc and Stroop facilitation. Patients with higher
Stroop interference had more prominent hippocampal
metabolic decreases. These localized temporal lobe
abnormalities could account for some of the patient’s
positive symptoms and are consistent with recent findings
in the literature. © 1996 American College of
Neuropsychopharmacology
[Neuropsychopharmacology 15:541-554, 1996]
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In this study we used high spatial resolution positron
emission tomography (PET) and F-18-1abeled fluoro-
deoxyglucose (FDG) in order to study medial and lat-
eral temporal cortical regions, basal ganglia, and ante-
rior cingulate in unmedicated patients with chronic
schizophrenia. Many lines of evidence, including mag-
netic resonance imaging (MRI), PET, electrophysiologic
studies, and temporal lobe stimulation studies have im-
plicated medial as well as lateral temporal lobe struc-
tures in the pathophysiology of schizophrenia symp-
toms (Barta et al. 1990; Buchsbaum et al. 1990, 1992;
Catafau et al. 1994; Chua and McKenna 1995; Del.isi et
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al. 1989; Gur and Pearlson 1993, Lee et al. 1988; Shenton
et al. 1992; Siegel et al. 1993; Tamminga et al. 1992). In
previous work using a poorer resolution tomograph we
found evidence of abnormal medial and lateral tempo-
ral metabolism but no evidence of striatal abnormalities
in patients with schizophrenia (Cohen et al. 1987, 1989).
Based upon our previous findings as well as findings in
the literature we predicted that there would be medial
temporal hypometabolism as well as lateral temporal
cortical metabolic abnormalities, but no striatal meta-
bolic abnormalities for our schizophrenia patients with
active positive symptoms.

We imaged three slices parallel to the long axis to the
temporal lobe and one to two superior slices through
the basal ganglia and the thalamus with a high resolu-
tion (2.6 mm in plane and 6 mm axially) PET scanner.
The high resolution of the scanner permitted us to sam-
ple and quantitate smaller regions of the brain than
heretofore possible on commercially available PET sys-
tems. To better visualize the temporal lobe, we imaged
the brain parallel to the long axis of the temporal lobe
rather than obliquely to the long axis as is generally
done. To reduce the variation due to patient clinical
state (Andreasen and Carpenter Jr. 1993), we chose to
study mild to moderately (positively) symptomatic,
medication-free outpatients. Trial-by-trial Stroop was
also performed by most patients within a day of the im-
aging study. As their Stroop performance was abnor-
mal, we performed a preliminary linear regression
analysis, examining the relationship between Stroop
performance and the rCMRglc of the anterior cingulate,
and certain temporal lobe regions of interest.
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SUBJECTS AND METHODS

Eighteen medication-free patients, 10 undifferentiated
and eight paranoid subtype, who met DSM-III-R (Amer-
ican Psychiatric Association 1987) criteria for chronic
schizophrenia, were studied (see Table 1). All but two
patients were interviewed using the Structured Clinical
Interview for DSM-III-R (SCID-P) (Spitzer et al. 1989).
SCID-P evaluations were done on the other two pa-
tients via chart reviews. All but two of the patients had
overt hallucinations or delusions at time of PET study.
All were physically healthy (physical exam, urine anal-
ysis, complete blood count, and chemistry 20 panel,
chest x-ray, electrocardiogram), and all except one had
been outpatients for at least 2 months before the onset
of the protocol. One patient, who had required inpa-
tient treatment before the PET study, had just been
competitively employed and was stable at the time of
the PET study. PET studies of six additional subjects
were not included in the analysis because of positive
toxicology screens for amphetamine (2) and opiates (1),
recent unauthorized antipsychotic use (1), insufficient
washout of haloperidol decanoate (1), or poor quality
PET scans (1).

At the time of the PET study, all patients had been
withdrawn from oral antipsychotics for a minimum of
two weeks. Three subjects had their last decanoate in-
jection approximately 12 weeks before the study and
were placed on oral antipsychotic until 2 to 3 weeks be-
fore the study. Some subjects required anticholinergic
medications or chloral hydrate during neuroleptic
washout. However, anticholinergic medications and

Table 1. Patient Characteristics
Patient Duration of Drug-Free 1-18BPRS BPRS+ Negat Subtype
Age/sex/SSAS Illness, y Period, wks Total Total Symp Diagnosis

1. 26/m/49 15.0 300.0 47.0 16.0 49.0 undifferentiated
2. 28/m/44 9.0 2.4 57.0 16.0 48.0 undifferentiated
3. m/35/46 15.0 2.4 66.0 16.0 32.0 undifferentiated
4. m/33/42 13.0 29 38.0 14.0 69.0 undifferentiated
5. m/27/20 13.0 3.0 58.0 18.0 61.0 undifferentiated
6. m/25/65 10.0 2.6 51.0 16.0 58.0 undifferentiated
7. m/28/26 5.0 75.0 38.0 12.0 24.0 undifferentiated
8. m/39/34 21.0 3.0 36.0 12.0 61.0 undifferentiated
9. m/27/47 8.0 300.0 440 11.0 31.0 undifferentiated

10. m/27/45 6.0 23 420 11.0 undifferentiated

11. m/20/65 25 36 49.0 14.0 paranoid

12. m/49/37 9.0 2.0 50.0 10.0 paranoid

13. £/27/58 5.0 24 59.0 14.0 46.0 paranoid

14. m/34/32 10.0 3.0 58.0 20.0 34.0 paranoid

15. m/33/26 10.0 2.3 40.0 14.0 paranoid

16. m/43/52 26.0 24 46.0 15.0 47.0 paranoid

17. m/32/35 7.0 2.7 30.0 8.0 34.0 paranoid

18. m/33/33 7.0 2.0 34.0 11.0 40.0 paranoid

10.6 + 5.9 26+04 47.6 = 10.7 13.9 32 453 £ 135
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chloral hydrate were not permitted in the 48 hours be-
fore the study. Subjects who had required short acting
benzodiazepines, such as alprazolam, were gradually
tapered off this medication and had none for at least 48
hours before the study. Diphenhydramine was permit-
ted 12 hours before the study in one subject.

The 18 schizophrenic patients consisted of 17 men
and 1 woman. The schizophrenic patients had a mean
age * standard deviation of 31.4 = 7.0. Eleven normal
controls were also studied. These consisted of 10 men
and 1 woman with a mean age of 32.9 * 12.7 years. One
of the 11 controls was left-handed, whereas two of the
18 patients were left-handed by history. Controls were
also chosen to approximately match the patients in
terms of parental education (Control parents = 14.4 *
3.0, years; Patient parents = 15.4 = 2.7 years, t[24] = 0.8,
p = 043). »

The normal controls were obtained from advertise-
ments in local newspapers. Normal controls were eval-
uated by history and a semi-structured interview. Po-
tential normal controls were excluded if they had a
history of a neurologic or systemic disorder. In addi-
tion, they were required to have a normal physical
exam within 1 year of the study. Normal controls were
also required to have no personal history of DSM-III-R
Axis I disorder nor any first-degree family member
with a history of Axis I disorder. Potential normal vol-
unteers were excluded if they met DSM-III-R criteria for
substance dependence or if they had a history of sub-
stance abuse in the past year.

For each subject, the Spielberger State Anxiety Scale
(SSAS) (Spielberger et al. 1970) and radial pulse were
obtained at the time of the PET study. For patients, the
Brief Psychiatric Rating Scale (Overall and Gorham 1962,
1976) Negative Symptom Assessment (NSA) (Alphs et
al. 1989), and trial-by-trial Stroop Color Naming Task
were performed within a day of the PET study while
they were still medication-withdrawn. The Stroop task
was done in a different environment described in detail
in Carter et al. (1992).

PET Procedures

PET imaging was performed on the PET-600, a single-
slice tomograph with a 2.6-mm full-width half-maxi-
mum in plane resolution and 6-mm axial resolution.
The characteristics of this tomograph have been de-
scribed elsewhere (Derenzo et al. 1988; Valk et al. 1990;
Jagust et al. 1991). The PET procedure is similar to that
described by Jagust et al. (1993).

Briefly, subjects were studied in a “resting” (base-
line) condition with eyes open and ears unoccluded.
During the uptake period, the subjects were sitting in a
chair, facing a blue screen in a dimly lit room. Sound
consisted primarily of background equipment and fan
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noise. Before the study, an arterial catheter was inserted
into the left radial artery, connected to thin teflon tub-
ing wrapped around a plastic scintillator and passed
through a peristaltic pump. The plastic scintillator was
connected to a photomultiplier tube. The photomultiplier
tube was linked to a computer for time course determi-
nation of blood radioactivity (Jagust et al. 1991, 1993).

Several seconds after beginning blood withdrawal
through this apparatus, approximately 10 mCi of FDG
were injected into a right antecubital vein. At 30 min-
utes, continuous blood withdrawal was stopped, the
patient voided, and was positioned in the PET scanner
with the gantry of the scanner tilted at an angle —20 de-
grees to the orbitomeatal line. This positioning assured
that the angle of the tomographic slice would be paral-
lel to the long axis of the temporal lobes and also permit
good visualization of the medial temporal lobes (Jagust
et al. 1993). Discrete sampling of 10 ml of blood was ob-
tained at approximately 30-minute intervals after posi-
tioning the subject in the tomograph.

After placement in the tomograph, three parallel and
contiguous slices were obtained through the middle of
the temporal lobe and then one to two slices passing
through the thalamus and striatum each containing at
least 10 minutes of data and approximately 1 X 10° co-
incidence events. Prior to obtaining emission scan data,
a 3-minute transmission scan was performed at each
level to correct for photon attenuation and to assist in
patient positioning as described elsewhere (Jagust et al.
1993). The initial slice chosen was generally 2.5 to 3 cm
above the external auditory meatus (eam), depending
upon the head size. In most subjects this produced a
slice running through the midportion of the long axis of
the temporal lobe, capturing medial temporal lobe. Be-
fore acquiring the initial emission scan, a transmission
scan and a 5-minute “scout” emission scan were ac-
quired and compared with a set of high resolution
transmission scans and emission scans, respectively, on
a standard subject (see Figure 1). This comparison could
potentially lead to a repositioning of the scanner for the
acquisition of the “hippocampal slice” emission scan
(see Figures 1 and 2). MRI, when available, was also
used to aid in the selection of the hippocampal slice.
Two subsequent emission scans were obtained, one 2.5
mm above and one 2.5 mm below this slice in order to
ensure medial temporal lobe tissue above and below
the hippocampal slice. After acquisition of the temporal
lobe slices one to two parallel slices 2.0 to 2.5 cm above
the hippocampal slice were also obtained. This allowed
us to obtain a “striatal slice” passing through the thala-
mus and striatum as well as the inferior portion of the
anterior cingulate (see Figure 3). The striatal slice was
2.38 = 0.31 cm above the hippocampal slice for the nor-
mal controls and 2.43 * 0.36 cm above the hippocampal
slice for the patients. Calibration of the arterial blood



NEUROPSYCHOPHARMACOLOGY 1996—VOL. 15, NO. 6

544 T.E. Nordahl et al.

"SNjealt A10}Ipne [eUIsixa = ured “uonoapos ao1s [edwesoddiy ui pre o3
pasn a1am pue olqns ad£30301d mo uo paureiqo saBewt ay Jo 3asqns e juasardar pakerdsip saBewr uoissnusue pue UOISSIWD UOHN]0sal Y31y jo $a1I9s oy ‘T 2nSiy

waQ'g+wes wog/ g+uwes woQg Z+wes wogg g+wea woQo'ctrwes woQg” L +wes woQQ’ L+wes

wog g+wea adls pazAjeuy



NEUROPSYCHOPHARMACOLOGY 1996~VOL. 15, NO. 6

Schizophrenia and Temporal Lobe Metabolic Differences 545

Figure 2. Circular ROIs are displayed on a hippocampal slice emission image (right). An MRI (left) is displayed, in a case in
which we had MRI, showing the location of the circular ROIs on the corresponding structural image. rad = radius.

sampling apparatus and the PET scanner was performed
at the end of the study using a radioactive standard.

Stroop Procedure

Our Stroop procedure, performed either the day before or
after the PET procedure, involved a trial-by-trial pre-
sentation of words written with different colors (data
reported in Carter et al. 1992, 1993). Words were consid-
ered congruent if they spelled out the same color as the
color of the ink they were written in, incongruent if they
spelled out a color different from the color of the ink,
and neutral if they spelled an animal name rather than a
color name. Subjects were instructed to name the color of
the ink as quickly and correctly as possible while vocal
reaction times and errors were measured. Facilitation
(speeded color naming of congruent words over neutral
words) was found to be abnormally high in patients with
schizophrenia (Carter et al. 1992). Interference (speeded
color naming neutral words over incongruent words) was
found to be abnormally high only in a subgroup of pa-
tients with paranoid schizophrenia (Carter et al. 1993).

Data Analysis

Metabolic rates were calculated in cortical and subcorti-
cal regions of interest (ROls) in the hippocampal and
striatal slices. The hippocampal slice contained a total

of 32 circular ROIs (Figure 2). The striatal slice con-
tained a total of 38 circular ROIs (Figure 3). Placement
of the circles on each slice was done blind to diagnosis
(NK and JE) in a semi-automatic fashion (Jagust et al.
1993). Adjustments of individual circles were made to
conform to the cortical surface and to minimize overlap
between adjacent circular ROIs. Regional cerebral glu-
cose metabolic rates (rCMRglcs) of the circular ROIs
were obtained by using the arterial input function and
the operational equation (Phelps et al. 1979; Reivich et
al. 1985; Sokoloff et al. 1977), with rate constants k; =
0.161, ky = 0.168, and k3 = 0.098, determined for nor-
mal controls using the PET-600 tomograph in an earlier
study (Jagust et al. 1991) and the rate constant k; =
0.0068 determined by Phelps et al. (1979).

For each tomograph slice, the circular ROls were av-
eraged (weighted by area) to evaluate rCMRglc in
larger cortical or subcortical regions. The circular re-
gions and their diameters are indicated in Figures 2 and
3. MRIs exist for some of the subjects and are included
to show the localization on a structural image. Figure 4
shows the approximate position of the hippocampal
slice on a rendered image of the lateral surface of a
brain. Circle diameters were chosen to “cover” appar-
ent cortical and subcortical gray matter on the PET im-
age of the standard normal control. Labeling of the
ROIs was accomplished with the help of a standard at-
las (Matsui and Hirano 1978). In addition, we serially
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Figure 3. Circular ROIs are displayed upon a striatal slice emission image (right). The corresponding MRI image at this

level (left) is also displayed.

sectioned three frozen heads into 7-mm thick slices at
the same —20 degree angle used in the PET study; med-
ical and lateral surface markers were then used to fur-
ther localize brain structures (Crosby et al. 1962). When
MRI was available we checked this technique further;
we chose the 20-degree hippocampal slice on a ren-
dered MRI image of the full head and then projected
this slice onto a rendered image of the brain. This con-
firmed what we had seen with cuts of frozen heads;
namely that the 20-degree cut was parallel to the long
axis of the temporal lobe and the “hippocampal slice”
sampled medial temporal lobe (sampling hippocampus
and amygdala as well as parahippocampal cortex). In
the hippocampeal slice, the ROIs were divided into three
lateral temporal cortical regions: anterior, middle, and
posterior (each sampling predominantly middle and
superior temporal gyrus) and what we call the “hippo-
campus” (containing sampling primarily hippocampus
and amygdala as well as parahippocampal cortex) bilat-
erally. No attempt was made to separate amygdala
from hippocampus. In the striatal slice, the ROIs con-
sisted of the (inferior) anterior cingulate (also contain-
ing sampling from the medial prefrontal cortex), and
the caudate and putamen bilaterally.

Metabolic and Clinical-Metabolic Comparisons

Two-tailed Student f-test comparisons were made for
the 18 patients and 11 controls comparing the whole

slice glucose metabolic rates. Subsequently, regional
metabolic rates normalized to whole slice CMRglc were
compared. First, we compared normalized rCMRglc in
the left and right hippocampus in patients and controls
as we had expected to see abnormally low values in
these ROIs. Next, the six temporal cortical ROIs were
examined using a repeated measures ANOVA. There
was one (independent) between measure consisting of
diagnostic groups (normals, schizophrenics), and two
within repeated measures: hemisphere (left, right), and
position (anterior, middle, posterior) with the depen-
dent measure being temporal lobe rCMRglc. This multi-
variate analysis was performed to evaluate laterality
and anterior-posterior differences in temporal lobe met-
abolic rates in patients and controls. The rCMRglc of
the anterior cingulate was tested using the Student
t-test as it has significant dopamine innervation (Lewis
et al. 1988), and it is activated by the Stroop cognitive
task (Bench et al. 1993; Pardo et al. 1990; Carter et al.
1995). Finally, the four striatal ROIs (caudate and puta-
men bilaterally) were examined using a repeated mea-
sures ANOVA. There was one (independent) between
measures consisting of diagnostic groups (normals,
schizophrenics), and two (repeated) within measures:
hemisphere (left, right) and striatum (caudate, puta-
men) with dependent measure being rCMRglc. Based
upon our previous work we did not expect this to be
abnormal though the striatum receives significant
dopamine innervation (Waddington 1993).







