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Regional cerebral glucose metabolism in subjects with
histories of polysubstance abuse was compared to that in
control subjects who were drawn from the same
community. The substance abuse group showed lower
absolute metabolic rates for glucose in lateral occipital
gyrus and higher normalized metabolic rates in temporal
and frontal areas, including orbitofrontal cortex. It is

suggested that some patterns of brain function associated
with polysubstance abuse may represent consequences of
drug exposure, or they could reflect pre-existing
differences that may be relevant to the etiology and
maintenance of polysubstance abuse.
[Neuropsychopharmacology 13:21-31, 1995]
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Previous studies in our laboratory have demonstrated
that cerebral glucose utilization is reduced after acute
administration of morphine or cocaine in polysubstance
abuse subjects (London et al. 1990a, b). As long-lasting
cognitive impairments have been observed in substance
abuse patients after detoxification, it was of interest to
assess whether neuroanatomical patterns of functional
brain activity, inferred from regional cerebral metabolic
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rate(s) for glucose (rCMRglc), differ in detoxified sub-
stance abuse subjects compared to control subjects
drawn from the same community.

The constellation of deficits in neuropsychological,
electrophysiological, structural, and biochemical mea-
sures of brain function associated with substance abuse
has been characterized more thoroughly for ethanol
than for any other single drug or combination of drugs.
Detoxified alcoholics show residual impairments in
visuospatial processing, memory, and mental control
functions, even in the absence of alcohol amnestic dis-
order or alcohol-related dementia (Eckardt and Ryback
1981; Parsons et al. 1987). They also show abnormali-
ties in spontaneous electroencephalographic activity
and event-related potentials as well as reductions in re-
gional cerebral blood flow and rCMRglc (Berglund and
Ingvar 1976; Martin et al. 1992; Porjesz and Begleiter
1983; Sachs et al. 1987; Volkow et al. 1992a).

Effects of other drugs on brain function are less well
documented, but clear findings regarding some drugs
have been reported (Miller 1985; Parsons and Farr 1981).
Chronic use of inhalants, such as toluene, can produce
long-lasting encephalopathy (Allison and Jerrom 1984;
Knox and Nelson 1966; Mahmood 1983; Rosenberg et
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al. 1988). Cocaine has been reported to produce abnor-
malities in the brain, particularly related to the cerebral
vasculature. The abnormalities include cerebral hemor-
rhage, migraine-like headache, and reduced cerebral
blood flow (Lipton et al. 1989; Nalls et al. 1989; Row-
botham 1988; Satel and Gawin 1989; Spivey and Eu-
erle 1990; Volkow et al. 1988). Chronic use of phency-
clidine (PCP) has been associated with cognitive
impairment, particularly in memory functions, and with
reduced glucose utilization in frontal lobe compared to
controls (Fauman and Fauman 1978; Lewis and Hor-
dan 1986; Wu et al. 1991).

Polysubstance abuse is of particular interest since
it has become a common pattern of drug abuse. Impair-
ments in neuropsychological performance have been
reported in several studies, and polysubstance abuse
subjects have been reported to show ventricular dila-
tation on x-ray roentgenographic computerized tomog-
raphy (CT) and focal perfusion abnormalities on single
photon emission computed tomography (Cascella et al.
1991; Grant and Mohns 1975; Grant et al. 1978; Hol-
man et al. 1991; Meek et al. 1989; Schmitt et al. 1984).
Assessment of neuroanatomical patterns of cerebral glu-
cose metabolism may contribute to characterizing the
alterations in brain function associated with polysub-
stance abuse.

METHODS

Subjects were right-handed, male volunteers, 23 to 43
years of age, recruited by newspaper advertisements.
They showed no pathological conditions in a complete
physical examination and in standard diagnostic tests,
including complete blood cell count, serum electrolyte
assay, liver function tests, fasting blood glucose level,
prothrombin and partial thromboplastin times, thyroid
function tests, urinalysis, electrocardiography, and tests
for exposure to tuberculosis, viral hepatitis, and human
immunodeficiency virus. The patency of radial and
ulnar arteries in both arms was demonstrated by Al-
len’s test.

Twenty polysubstance abuse subjects participated
in a study of the acute effects of cocaine on rCMRglc,
measured by using positron emission tomography
(PET) with the [F-18]fluorodeoxyglucose (FDG) method
(London et al. 1990b). Cerebral metabolic activity was
measured in two sessions, one under the influence of
cocaine and one with saline (placebo). While studies
on the substance abuse subjects were ongoing, 10 nor-
mal control subjects were recruited specifically for the
present study, and they participated in two PET ses-
sions, both with placebo. Results from our laboratory
suggest that when metabolic rate is measured with iden-
tical procedures on two separate occasions in the same
subjects, there is a difference in metabolic rate between
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the first and second PET session (Stapleton et al. manu-
script in preparation). For this reason, the present study
utilized data from only those polysubstance abuse sub-
jects (n = 10) who received placebo for their first PET
session, and their data were compared to the data from
the first PET session for the control subjects (n = 10).

Control subjects were recruited, by advertisement,
from the same community as the substance abuse sub-
jects. A subject was excluded from the control group
if he reported any intravenous (IV) drug use. Past ex-
perimental use of drugs by other routes was permitted
(fewer than 10 times in a lifetime), but no regular or
current use, except for light use of alcohol and mari-
juana as well as unlimited tobacco smoking and un-
limited consumption of beverages containing caffeine.
To qualify for the cocaine study, the substance abuse
subjects were required to have had prior experience
with cocaine by the intravenous route. They also used
tobacco, opioids, marijuana, amphetamine, and/or eth-
anol. Self-reports of current and past drug use were ob-
tained from all subjects using a structured interview and
the Addiction Severity Index (McLellan et al. 1980).

The National Institute of Mental Health Diagnos-
tic Interview Schedule (DIS), modified for computer-
ized self-administration, was used to detect psychiatric
disorders (Robins et al. 1981). Criteria of the Diagnos-
tic and Statistical Manual of Mental disorders (DSM III)
(APA 1980) were applied. No Axis I diagnoses other
than those related to substance abuse and/or depen-
dence were found for subjects in the substance abuse
group. No control subjects met criteria for any Axis I
diagnosis other than nicotine dependence. Six sub-
stance abuse subjects met criteria for antisocial person-
ality disorder, and one met criteria for pathological gam-
bling. No other Axis II diagnoses were present in the
substance abuse group, and none were found in the
control group. A score of at least 18 on the Vocabulary
subtest of the Shipley Institute of Living Scale was re-
quired (Zachary 1986). Subjects were excluded from fur-
ther study if they showed any visible brain abnormal-
ity on a noncontrast CT or magnetic resonance imaging
(MRI) scan of the brain. All subjects were paid for their
participation and gave written informed consent un-
der the supervision of the Institutional Review Boards
of Johns Hopkins Hospital and Francis Scott Key Med-
ical Center, Baltimore, MD, which houses the Addic-
tion Research Center.

All subjects (Substance Abuse and Control) resided
on a supervised residential unit during the study to en-
sure compliance with restrictions on self-administration
of drugs outside the research protocol. Subjects were
admitted at least 14 days before the first PET scan and
remained until the morning after the second PET scan.
Nicotine (cigarettes) and caffeine (beverages) were per-
mitted ad libitum except on study days. Compliance
was monitored by urine toxicology screening for opi-
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ates, cocaine, marijuana, and amphetamines. Testing
was performed on admission and at random, unan-
nounced time points during residence. Prior to the PET
scan, each substance abuse subject participated in four
preliminary sessions, two with placebo and two with
cocaine (20 and 40 mgIV). The last preliminary session
(40 mg cocaine IV) occurred at least 24 hours and no
more than 30 days before the PET scan. The last self-
administered cocaine exposure occurred 16 to 58 days
before the PET scan. Control subjects participated in
one preliminary session with placebo in order to be-
come familiarized with the procedures. Spontaneous
EEG was recorded during preliminary sessions.

Procedures for PET data collection have previously
been described in detail (London et al.-1990b) and are
briefly summarized here. Each subject was fitted with
a molded plastic face mask to facilitate positioning in
the PET scanner as well as for CT and/or MRI scanning.
On the day of each PET scan, the subject was given a
standard, nonketogenic, caffeine-free breakfast and
then was deprived of food for at least 4 hours and of
cigarettes for at least 2 hours before the injection of
radiotracer. A radial arterial catheter was inserted after
the administration of local anesthetic (0.5% lidocaine
HCl, subcutaneously). Intravenous catheters were
placed in forearm veins of both arms. An intravenous
infusion of 0.45% NaCl was initiated in the arm oppo-
site to the arterial catheter. From about 30 minutes be-
fore until 30 minutes after injection of the radiotracer,
subjects were blindfolded and under headphones with
white noise and a tone presented once per minute to
prompt a self-report of subjective drug effect.

Subjects received an intravenous placebo injection
simultaneously with the radiotracer injection. The sub-
stance abuse subjects did not know whether they would
receive placebo or cocaine for their first session. Drug
order was double-blind, randomized, and counter-
balanced. Control subjects, however, knew that they
would receive placebo for all sessions. Vital signs were
monitored during all studies.

Subjects completed a set of questionnaires at about
60 minutes before, 30 minutes before, and 30 minutes
after injection of the radiotracer. Questionnaires in-
cluded a Visual Analog Scale for drug effects, the Co-
caine Sensitive Scale (CSS), and three subscales from
the Addiction Research Center Inventory (ARCI): the
Morphine Benzedrine Group (MGB) subscale, a mea-
sure of positive subjective effects; the Pentobarbital
Chlorpromazine Alcohol Group (PCAG) subscale, sen-
sitive primarily to fatigue and sedation, and the LSD
subscale, a measure of disorientation and weird feel-
ings (Haertzen 1974; Muntaner et al. 1989). The CSS
was also administered over the headphones at 1, 5, 15,
and 20 minutes after the injection.

PET data were collected using the FDG procedure
as previously described, including arterial blood sam-
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pling according to a fixed schedule (London et al.
1990b). Twelve images, on 8-mm centers parallel to the
inferior orbitomeatal (IOM) plane, were obtained.
Modeling of metabolic rates was performed using the
operational equation of Huang et al. (1980). Data were
quantified using a PET image analysis system (LOATS
Associates Inc, Westminster, MD). All data were ex-
pressed as metabolic rates (mg/100 g tissue/min). Fig-
ure 1shows the location of the regions of interest (ROI),
identified using an anatomical atlas (Hanaway et al.
1980). ROIs were located visually on PET images for
each session, with viewing of the CT or MRI films to
guide anatomical placement. Average rCMRglc for each
slice was determined using an edge-finding algorithm.
Global cerebral metabolic rate for glucose was estimated
by computing the weighted average of the seven slices
used for analysis of ROIs.

Statistical comparisons were performed with a
criterion of p < .05 using Biomedical Data Program
(BMDP) 4v for analysis of variance (ANOVA) with
Greenhouse-Geisser correction as appropriate, and 8D
for correlations (Dixon et al. 1988).

RESULTS

Characteristics of the subjects are shown in Table 1. The
two groups did not differ significantly in age, educa-
tion, or full scale IQ on the Wechsler Adult Intelligence
Scale-Revised. Most of the volunteers in both groups
were African American. Self-reported drug use of the
two groups is summarized in Tables 2 and 3. As ex-
pected, the control group reported only light use of al-
cohol and marijuana as well as cigarette smoking, and
the substance abuse group reported substantial recent
and past use of a variety of drugs, including heroin and
cocaine.

Each variable derived from subjective responses
and measurement of vital signs was submitted to
ANOVA with factors of Group (control or substance
abuse) by Time (-60, —30, +30 min from injection).
No statistically significant main effects or interactions
were found for the MBG, PCAG, or LSD subscales of
the ARCI or for respiration, oral temperature, or heart
rate.

Mean rCMRglc (+ SEM) for each ROI is shown in
Table 4. Data for each brain structure were submitted
to ANOVA with factors of Group (control or substance
abuse) by Laterality (left or right), with the Laterality
factor omitted for midline structures. The substance
abuse group showed lower glucose utilization than the
control group in lateral occipital gyrus. For both groups,
rCMRglc was higher on the right than on the left for
superior frontal gyrus, supramarginal gyrus, primary
visual cortex, cuneus, putamen, and thalamus. It was
higher on the left than on the right for superior tem-
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poral gyrus, amygdala, and hippocampus. For middle
frontal gyrus and precentral gyrus, statistically
significant interactions between Group and Laterality
were found, but these interactions were in opposite
directions. For middle frontal gyrus, rCMRglc on the
right exceeded rCMRglc on the left more for the con-
trol group than for the substance abuse group. For
precentral gyrus, rCMRglc on the right exceeded

Table 1. Characteristics of Research Subjects

Control Substance Abuse

Age (years)’ 29.7 + 1.2 326 + 1.7
Education (years) 127 + 0.6 125 + 0.4
Full Scale 1Q* 94.4 + 3.7 97.8 + 4.4
Race

White 2/10 4/10

African American 7/10 6/10

Native American 1/10 0/10

¢ Each value is the mean + SEM for n = 10 per group.
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Figure 1. Template of ROIs for sam-
pling rCMRglc. Placement of ROIs is
indicated by white boxes on transforms
of PET images, color-coded according
to rCMRglc (mg/100g/min). Regions
measured include: (1) superior frontal
gyrus (left and right), middle frontal
gyrus (left and right), precentral gyrus
(left and right), postcentral gyrus (left
and right), paracentral lobule (mid-
line); (2) superior parietal gyrus (left
and right), cuneus (left and right),
precuneus (midline); (3) supramar-
ginal gyrus (left and right); (4) inferior
frontal gyrus (left and right); (5) an-
terior cingulate gyrus (midline), insula
(left and right), caudate nucleus (left
and right), putamen (left and right),
thalamus (left, right and midline), pri-
mary visual cortex (left and right),
lateral occipital gyrus (left and right);
(6) orbitofrontal cortex (left and right);
(7) gyrus rectus (midline), superior
temporal gyrus (left and right), mid-
dle temporal gyrus (left and right), in-
ferior temporal gyrus (left and right),
amygdala (left and right), hippocampus
(left and right), parahippocampal gy-
rus (left and right), midbrain (midline);
(8) pons (midline), cerebellum (left,
right and midline); (9) temporal pole
(left and right).

rCMRglc on the left more for the substance abuse group
than the control group.

Visual inspection of color-coded brain images re-
vealed that the control subjects showed a relatively uni-
form pattern of cerebral glucose metabolism compared
to the substance abuse subjects, whose rCMRglc ap-
peared to be reduced posteriorly (Figure 2). To derive
a composite measure for each cortical iobe, a weighted
average of all ROIs measured bilaterally in a given lobe
was computed. The frontal and occipital composite
measures were submitted to an ANOVA with factors
of Group (control or substance abuse) by Anterior-
Posterior (frontal or occipital) by Laterality (left or right).
In addition to statistically significant Anterior-Posterior
(frontal > occipital) and Laterality (right > left) effects,
this analysis yielded a statistically significant interac-
tion of Group by Anterior-Posterior. This interaction
reflected alarger difference between frontal and occip-
ital composite measures of glucose metabolism for the
substance abuse group (frontal: 9.54 + 0.18, occipital:
8.70 + 0.21) than for the control group (frontal: 9.56 +
0.21, occipital: 9.43 + 0.23).

Mean global metabolic rate (mg/100g tissue/min.)
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Table 2. Incidence of Drug Use
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Control (n)

Substance Abuse (n)

Subjects Who

Subjects Who

Subjects Who  Subjects Who

Ever Used Recently Used Ever Used Recently Used”
Cigarettes 6 6 10 10
Alcohol 10 3 10 7
Heroin 0 0 9 5
Other opiates 1 0 6 0
Cocaine 1 0 10 7
Marijuana 6 2 10 7
Minor tranquilizers 0 0 4 0
Amphetamine 1 0 4 1
Barbiturates 0 0 2 1
Hallucinogens ] 0 5 1
Phencyclidine 0 0 3 0
Inhalants 0 0 1 0

7 Recently used = within 2 weeks before the preadmission interview.

for the substance abuse group (6.91 + 0.17) did not
differ significantly from the rate for the control group
(7.27 + 0.21). Metabolic rate data for each region were
submitted to Analysis of Covariance (ANCOVA) with
the global metabolic rate as a covariate. Table 5 shows
the resulting adjusted means. In these analyses the sub-
stance abuse group showed higher glucose utilization
in superior frontal gyrus, middle temporal gyrus, in-
sula, and orbitofrontal cortex than the control group.
Main effects of laterality were found for the same struc-
tures as in the ANOVAs without covariate.

For the data from substance abuse subjects only,
correlations were computed between rCMRglc for each
ROl and five measures of cocaine use and withdrawal.
Significant positive correlations were found between
the number of days before the PET scan since the last
exposure to cocaine (40 mg IV, given in the laboratory)
and rCMRgic in primary visual cortex, left [ (df 8) =-
0.68, p = .03] and right [r (df 8) = 0.65, p = .04].
Significant positive correlations were found between
the number of days since the last self-administration
of cocaine (preadmission) and rCMRglc in left caudate
nucleus [r (df 8) = 0.66, p = .04] and left putamen
[r (df 8) = 0.77, p = .01]. No significant correlations

Table 3. Amount of Recent Drug Use?

were found between rCMRglc in any region and the
number of days of cocaine use in the last 14 days before
the report (preadmission) or the average amount of self-
reported preadmission cocaine use.

DISCUSSION

These data demonstrate that, compared to control sub-
jects, polysubstance abuse subjects showed a steeper
anterior-posterior gradient and lower absolute rCMRglc
in the lateral occipital gyrus, with a tendency toward
similar effects in other posterior areas, particularly in
the occipital lobe. Studies on abusers of PCP, cocaine,
and ethanol (with or without organic brain syndrome)
have reported no significant differences from controls
in rCMRg]c of the occipital lobe (Martin et al. 1992; Sachs
et al. 1987; Volkow et al. 1992a; Wu et al. 1991). This
discrepancy could reflect differences in the populations
studied. Our subjects differed from those of previous
studies in several ways, including a required history
of intravenous drug use and use of a wide range of
drugs, including opioids. Alternatively, it could reflect

Control Substance Abuse

Cigarettes (number of cigarettes)
Alcohol (number of drinks)
Marijuana (grams)

Heroin (grams)

Cocaine (grams)

145.8 + 31.8 (6)

150.9 + 20.5 (9)

7.0 + 15 (3) 38.4 + 13.0 (7)
45 1 25 (2) 21.7 + 7.2 (7)
0 55 + 1.4 (5)
0 281 1.2(7)

“Mean + SEM. (n). Data reflect self-reports of average drug use per week for the 2 weeks preced-
ing the preadmission interview. Only data from subjects who indicated use of a specified drug re-

cently (within 2 weeks) are included.
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Figure 2. Color-coded transforms showing rCMRglc at three levels (80, 48, and 16 mm above IOM) in a typical subject
from each of the two groups. Cerebral metabolism is more homogeneous in control subjects, whereas subjects in the sub-
stance abuse group appear to have lower rates of metabolism in posterior brain regions (primarily in occipital lobe).

procedural differences. All of the previously cited
studies were conducted with the subjects having their
eyes open, either resting or performing a visual task.
In contrast, all subjects in the current study had eyes
closed and covered. In normal subjects, increased vi-
sual stimulation leads to increased rCMRglc in visual
areas (Kushner et al. 1988; Phelps et al. 1981). It is pos-
sible that rCMRglc in areas of visual cortex in substance
abuse subjects does not differ from controls under con-
ditions of low-level visual stimulation, but that the vi-
sual system is less spontaneously active in substance
abusers in the absence of stimulation.

The present data cannot address the issue of
whether the difference between substance abuse sub-
jects and controls is a consequence of drug exposure
or is a pre-existing difference. It is tempting to specu-
late that an abnormality in self-generated brain activity
could be a predisposing factor related to the high lev-
els of sensation-seeking thought to be characteristic of
individuals that engage in substance abuse (Zuckerman
1986). It is also possible that cocaine withdrawal may
contribute to the group differences. The four significant
correlations reported between tCMRglc and measures
of cocaine use and withdrawal are fewer than would
be expected by chance. Nevertheless, the finding of
significant correlations between rCMRglc in caudate
and putamen and a measure of cocaine withdrawal is
concordant with a previous report (Volkow et al. 1991)
of correlation between number of days of withdrawal

and rCMRglc in basal ganglia. On the other hand, we
did not see a correlation between duration of abstinence
and rCMRglc in orbitofrontal cortex as reported by
Volkow et al. (1991). This discordance may be due to
differences in placement of ROIs. It appears that our
orbitofrontal measure was more lateral than that of
Volkow et al. Our findings agree with those of Volkow
et al. (1991) in that our substance abuse group, tested
more than 14 days after the last self-administration of
cocaine, did not show higher absolute global glucose
metabolism or higher rCMRglc in orbitofrontal cortex
or in basal ganglia as reported for subjects withdrawn
less than 1 week.

Data from a previous study in our laboratory (Lon-
don et al. 1990a) were reanalyzed utilizing only the
placebo data for those polysubstance abuse subjects that
received placebo for their first PET session. The period
of data collection for the two studies overlapped, but
the present study was completed 3 years after the previ-
ous one. Nevertheless, the subjects were drawn from
the same community using similar recruitment proce-
dures, except that subjects in the earlier study were re-
quired to have experience with intravenous opiate use.
Those subjects (n = 4) showed a pattern similar to the
substance abuse group in the present study, with alarge
difference between frontal and occipital composite
scores (frontal: 10.05 + 0.33, occipital: 8.92 + 0.26). On
the other hand, preliminary data from a nonsubstance
abuse group (n = 2) of a study in progress (Stapleton
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Table 4. Absolute Regional Cerebral Metabolic Rates for Glucose’

Control Substance Abuse
Neocortex Left Midline Right Left Midline Right
Frontal lobe
Superior frontal gyrus” 8.25 + 0.27 8.45 + 0.2 8.21 + 0.27 8.65 + 0.26
Middle frontal 9.70 + 0.42 10.63 + 0.3 9.69 + 0.34 9.70 + 0.34
Gyrus? ¢
Inferior frontal gyrus 10.35 + 0.35 10.31 + 0.39 10.09 + 0.28 9.79 + 0.36
Precentral gyrus™¢ 10.96 + 0.36 11.26 + 0.39 10.15 + 0.43 11.06 + 0.42
Gyrus rectus 8.72 + 0.45 872 + 0.32
Orbitofrontal cortex 8.12 + 0.39 828 + 0.29 8.75 + 0.24 8.90 + 0.37
Anterior cingulate gyrus 10.31 + 0.33 10.37 + 0.33
Temporal lobe
Temporal pole 6.23 + 0.26 6.16 + 0.28 599 + 0.27 6.01 + 0.23
Superxor temporal 6.71 + 0.21 6.32 £+ 027 7.12 + 0.30 6.87 + 0.38
Gyrus®
Middle temporal gyrus 8.09 + 0.35 833 + 038 8.27 + 0.33 8.44 + 0.35
Inferior temporal gyrus 8.84 + 0.39 845 + 0.30  8.41 + 0.37 8.45 + 0.31
Insula 10.41 + 0.46 10.13 + 0.49 10.22 + 0.33 10.77 + 0.41
Parietal lobe
Supramarginal gyrus’ 8.72 + 0.32 961 + 0.33 833 + 0.17 8.79 + 0.33
Superior parietal gyrus 9.84 + 0.35 988 + 036 952+ 0.4 9.11 + 0.36
Postcentral gyrus 9.62 + 0.40 9.61 + 0.38  8.80 + 0.37 8.96 + 0.35
Paracentral lobule 9.32 + 0.47 8.43 + 0.27
Occipital lobe
Primary visual cortex” 9.80 + 0.32 10.67 + 0.3¢4  9.15 + 0.32 9.76 + 0.36
Lateral occipital gyrus? 8.65 + 0.45 899 + 037 7.61 % 0.22 8.16 + 0.39
Cuneus? 8.74 + 0.31 ‘ 930 £ 045 8.04 + 0.47 8.45 + 0.42
Precuneus 11.61 + 0.35 11.53 + 0.47
Hippocampal formation
and amygdala
Amygdala® 5.71 £ 0.17 553 + 0.22 549 + 0.17 5.04 + 0.15
Hippocampus® 6.03 + 0.18 589 + 022 6.06 +0.14 5.65 + 0.20
Parahippocampal gyrus 7.34 + 0.32 747 + 029  6.90 + 0.36 6.78 + 0.37
Basal ganglia
Caudate nucleus 9.13 + 0.39 2+05 8.62 + 0.28 8.62 + 0.18
Putamen? 9.86 + 0.54 8 + 0.5 9.47 + 0.28 10.09 + 0.33
Thalamus
Lateral® 7.80 + 0.38 829 + 0.3¢ 7.49 1+ 0.26 7.77 + 0.29
Medial 7.23 + 0.30 7.60 + 0.25
Midbrain 559 + 0.28 5.18 + 0.25
Pons 5.35 + 0.29 5.44 + 0.24
Cerebellum
Cortex 8.37 + 0.29 844 + 0.35 8.05 + 0.28 8.01 + 0.28
Vermis 7.04 £ 0.28 6.90 + 0.23

4 Each value is the mean + SEM regional cerebral metabolic rate for glucose (rCMRglc, mg/100 g/min). Values of rCMRglc are not ad-

justed for global metabolism.

b Laterality factor, Left different from Right, p < .05.
¢ Interactlon of Group by Laterality factors, p < .05.

4 Group factor, Substance Abuse different from Control, p < .05.

et al. 1992) showed a pattern like that of the control
group in this study, with no difference between fron-
tal and occipital composite scores (frontal: 9.98 + 0.29,
occipital: 9.96 + 0.24). Thus the data from other studies
in our laboratory using similar procedures are consis-
tent with the present study.

Comparing the present data to the most similar
study of other investigators (Volkow et al. 1992b), it is
clear that in both studies there was a tendency for ab-
solute rCMRglc to be lower in substance abuse than in

control groups, but Volkow et al. (1992b) found the
largest differences in frontal lobe structures, and in our
study the difference was largest in occipital lobe struc-
tures. Among the factors that may contribute to these
topographic discrepancies are differences in the drug
histories of the subjects (cocaine vs. polydrug abuse),
differences in the experimental conditions (eyes closed
vs. eyes open), and differences in ROI measurement.

Another methodological issue may be relevant to
these findings. Both substance abuse and control sub-
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Table 5. Regional Cerebral Metabolic Rates for Glucose, Adjusted for

Global Metabolism?

Control Substance Abuse
Neocortex Left Midline Right Left Midline Right
Frontal lobe
Superior frontal gyrus® ¢ 8.05 8.26  8.43 8.86
Middle frontal gyrus® ¢ 9.47 10.40  9.94 9.95
Inferior frontal gyrus 10.10 10.07  10.33 10.04
Precentral gyrus® ¢ 10.68 10.98 10.46 11.37
Gyrus rectus 8.47 9.00
Orbitofrontal cortex? 7.92 8.08 8.97 9.12
Anterior cingulate gyrus 10.06 10.63
Temporal lobe
Temporal pole 6.07 6.00 6.17 6.18
Superior temporal gyrus? ¢ 6.59 6.19 7.26 7.01
Middle temporal gyrus’ 7.84 8.09 8.54 8.71
Inferior temporal gyrus 8.61 8.23 8.66 8.70
Insula® ¢ 10.09 9.81 10.53 11.09
Parietal lobe
Supramarginal gyrus* 8.52 9.41 8.54 9.00
Superior parietal gyrus 9.56 9.60 9.80 9.39
Postcentral gyrus 9.35 9.34 9.11 9.26
Paracentral lobule 9.11 8.66
Occipital lobe
Primary visual cortex 9.62 10.50 9.32 9.94
Lateral occipital gyrus 8.40 8.75 7.85 8.40
Cuneus* 8.45 9.01 8.33 8.74
Precuneus 11.29 11.85
Hippocamal formation
and amygdala
Amygdala‘ 5.61 5.42 5.61 5.17
Hippocampus® 5.93 5.79 6.17 5.75
Parahippocampal gyrus 7.15 7.29 7.11 6.99
Basal ganglia
Caudate nucleus 8.87 8.87 8.88 8.88
Putamen® 9.57 9.99 9.76 10.38
Thalamus
Lateral® 7.58 8.07 7.71 7.99
Medial 7.08 7.74
Midbrain 5.38 5.41
Pons 5.17 5.63
Cerebellum
Cortex 8.17 8.24 8.27 8.23
Vermis 6.89 7.07

? Each value is the mean regional cerebral metabolic rate for glucose (fCMRglc, mg/100g/min).

b Group factor. Substance Abuse different from Control, p < .05.

¢ Laterality factor, Left different from Right, p < .05.
4 Interaction of Group by Laterality factors, p < .05.

jects received a placebo injection, but they would be
expected to respond differently to this event. The sub-
stance abuse subjects may have shown conditioned
drug effects, even though the PET study situation was
markedly different from the typical conditions of drug
self-administration. Since the substance abuse subjects
were studied in a double-blind procedure, they may
have experienced an emotional reaction (e.g., disap-
pointment) when they realized that the injection was
placebo. Such a reaction did not occur for the control
subjects, who had no intravenous drug experience and
expected to receive placebo.

The tendency for the substance abuse group to
show overall lower absolute rCMRglc than the control
group was more pronounced in posterior structures.
When the data were analyzed using global metabolic
rate as a covariate, relative rCMRglc was revealed to
be higher in the substance abuse group than in the con-
trol group in frontal and temporal areas. Absolute and
relative measures of rCMRglc may yield different in-
formation. In this study, since the control group showed
a tendency toward higher global metabolic rates, and
the metabolic rates for most ROIs showed high posi-
tive correlations with global metabolic rate, normaliz-
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ing the databy ANCOVA tended to dampen differences
due to control values being greater than those in the
substance abuse group and to enhance differences in
the opposite direction. It may be noteworthy that the
group difference in normalized glucose metabolism,
with higher levels in the substance abuse group, was
largest in orbitofrontal cortex, a limbic structure that
has been implicated in emotional control, including ag-
gressive and impulsive behaviors. In this regard, previ-
ous studies have identified abnormalities in orbitofron-
tal metabolism in patients with obsessive compulsive
disorder (Baxter 1990; Benkelfat et al. 1990). Frontal nor-
malized rCMRglc also is abnormal in patients with bor-
derline personality disorder (Goyer et al. 1994); how-
ever, as none of the subjects in either group met
diagnostic criteria for borderline personality disorder,
this disorder was unrelated to the higher normalized
rCMRglc in the substance abuse group.

Psychometric assessment of the subjects in this
study (including also the substance abuse subjects who
received placebo for the second PET) indicated that the
substance abuse group showed significantly higher
scores for impulsivity on the Eysenck Impulsiveness-
Venturesomeness-Empathy scale, and for aggressive-
ness on the Buss-Durkee Hostility Inventory than the
control group (Parsons et al. 1987; Stapleton et al. 1991a,
b). The substance abuse group also showed higher
scores than the control group on the Psychopathic Devi-
ate scale (4) of the Minnesota Multiphasic Personality
Inventory and a higher incidence of Antisocial Person-
ality Disorder. Therefore, differences in rCMRglc be-
tween the groups could be related to psychological char-
acteristics associated with substance abuse.

It should be pointed out that these psychological
characteristics, as well as patterns of glucose metabo-
lism discussed in this study, may be specific to a cer-
tain type of substance abuse subject. Our subjects were
drawn from a population of adult males who were not
seeking treatment for their substance abuse problem.
It remains to be seen whether conclusions concerning
cerebral and psychological function in this population
would also hold true for different substance abuse
populations, such as women or patients in substance
abuse treatment programs.
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