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Objective: Methamphetamine has raised
concerns because it may be neurotoxic to
the human brain. Although prior work
has focused primarily on the effects of
methamphetamine on dopamine cells,
there is evidence that other neuronal
types are affected. The authors measured
regional brain glucose metabolism, which
serves as a marker of brain function, to
assess if there is evidence of functional
changes in methamphetamine abusers in
regions other than those innervated by
dopamine cells.

Method: Fifteen detoxified metham-
phetamine abusers and 21 comparison
subjects underwent positron emission to-
mography following administration of
[18F]fluorodeoxyglucose.

Results: Whole brain metabolism in the
methamphetamine abusers was 14%
higher than that of comparison subjects;
the differences were most accentuated in
the parietal cortex (20%). After normaliza-
tion for whole brain metabolism, meth-
amphetamine abusers exhibited signifi-
cantly lower metabolism in the thalamus

(17% difference) and striatum (where the
differences were larger for the caudate
[12%] than for the putamen [6%]). Statisti-
cal parametric mapping analyses corrob-
orated these findings, revealing higher
metabolism in the parietal cortex and
lower metabolism in the thalamus and
striatum of methamphetamine abusers.

Conclusions: The fact that the parietal
cortex is a region devoid of any significant
dopaminergic innervation suggests that
the higher metabolism seen in this region
in the methamphetamine abusers is the
result of methamphetamine effects in
circuits other than those modulated by
dopamine. In addition, the lower metab-
olism in the striatum and thalamus (ma-
jor outputs of dopamine signals into the
cortex) is likely to reflect the functional
consequence of methamphetamine in
dopaminergic circuits. These results pro-
vide evidence that, in humans, metham-
phetamine abuse results in changes in
function of dopamine- and nondopa-
mine-innervated brain regions.

(Am J Psychiatry 2001; 158:383–389)

Methamphetamine is a highly addictive drug (1),
and methamphetamine abuse has risen substantially in
several areas of the United States (2, 3) and the world (4).
As methamphetamine abuse rises, concern about its po-
tential neurotoxic effects on human abusers increases,
since methamphetamine administration has been shown
to produce long-lasting damage to select cell populations
in the brains of laboratory animals. Specific damage has
been documented in dopamine cells (5, 6). Metham-
phetamine has consistently been reported to cause per-
sistent decreases in markers of dopamine cell function
and structure (7). Moreover, these changes have been as-
sociated with long-lasting motor deficits, which indicate
that the neurotoxic effects are functionally significant (8).
There is also evidence that methamphetamine causes de-
creases in markers of serotonin cell function (9) and that
it also affects nonmonoaminergic cortical neurons (10,
11). Data from human studies are very limited, and both
postmortem as well as imaging studies have mainly fo-
cused on the effects of methamphetamine on dopamine

cells. These studies have shown a marked reduction in
dopamine transporters, which serve as markers for dopa-
mine cell terminals in methamphetamine abusers (12–
14). However, there are no data on the effects of metham-
phetamine in nondopamine neurons in humans. The
purpose of this study was to assess whether there are
changes in brain regions other than those innervated by
dopamine.

Following administration of [18F]fluorodeoxyglucose
(FDG), positron emission tomography (PET) was used to
measure regional brain glucose metabolism. Cerebral
glucose metabolism serves as a marker of neuronal activ-
ity (15) and is a sensitive indicator of brain dysfunction
(16, 17). The methamphetamine abusers and 18 of the
comparison subjects also underwent PET imaging to
measure dopamine transporter levels in the brain. The re-
sults from these measures, which showed marked striatal
dopamine transporter reductions in methamphetamine
abusers, are reported in a separate article in this issue of
the Journal (18).
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Method

Participants

Fifteen subjects (six men and nine women; mean age=32 years,
SD=7) who fulfilled DSM-IV criteria for methamphetamine de-
pendence were enrolled in the study. Twelve subjects were tested
within 2 weeks to 5 months of their last episode of methamphet-
amine abuse, and the other three were tested between 11 and 35
months after their last episode of methamphetamine abuse.
Methamphetamine abusers were included in the study if their av-
erage methamphetamine use involved at least 0.5 gram/day, at
least 5 days per week, for at least 2 years. Subjects were also re-
quired to have abstained from methamphetamine use for at least
2 weeks, which we confirmed by conducting a urine toxicology
screening examination. Methamphetamine abusers were ex-
cluded from the study if they were seropositive for HIV or had a
history of comorbid psychiatric illness or neurological disorder,
abnormal results on laboratory screening tests, current or lifetime
history of addiction to drugs other than methamphetamine or
nicotine, or a history of head trauma with loss of consciousness
for more than 30 minutes. Subjects were recruited from several
local drug rehabilitation centers in the Los Angeles area. After po-
tential research subjects underwent an initial telephone or an on-
site face-to-face evaluation, a physician (L.C.) conducted a de-
tailed medical and drug use history and physical and neuropsy-
chiatric evaluations. Blood test screenings, including HIV serol-
ogy, were conducted to determine whether abnormalities were
present. Diagnosis and exclusion criteria were corroborated by
another physician (M.J.S., G.-J.W., or D.F.).

The comparison subjects consisted of 21 healthy volunteers
(15 men and six women; mean age=31 years, SD=8) who re-
sponded to a local advertisement. Exclusion criteria were the
same as those for methamphetamine abusers except the current
or lifetime history of addiction to drugs included dependence or
abuse of methamphetamine. As was done for the methamphet-
amine abusers, a physician (G.-J.W. or D.F.) conducted a complete
medical, neurological, and psychiatric examination to ensure
lack of disease. The comparison subjects also underwent the
same laboratory screening tests (except for HIV serology) as those
given to the methamphetamine abusers.

No subject was taking medication at the time of the study, and
prescan urine tests were conducted to ensure absence of psycho-
active drug use in the comparison subjects and methamphet-
amine abusers. Written informed consent was obtained from the
subjects after the procedures had been fully explained. The study
was approved by the institutional review boards at Brookhaven
National Laboratory, the State University of New York at Stony
Brook, and Harbor-UCLA Medical Center.

Neuropsychological Evaluation

Within 2 weeks of the PET scans, the methamphetamine abus-
ers were administered a neuropsychological battery (19) that
measured 1) motor function (by means of the Timed Gait and
Grooved Pegboard tasks); 2) attention (assessed with the Califor-
nia Computerized Assessment Package [20], Symbol Digit Modal-
ities Test, Trail Making Test, and Stroop Test); 3) memory (through
the Rey Auditory Verbal Learning Test); 4) mood (subjects were
administered the Center for Epidemiologic Studies Depression
Scale [21]); and 5) general intelligence (assessed with the New
Adult Reading Test Revised).

Scans

PET scans were performed with a CTI 931 scanner (Siemens,
Knoxville, Tenn.) (15 slices, spatial resolution: 6 × 6 × 6.5 mm full
width at half maximum). Details on procedures for positioning,
arterial and venous catheterization, quantification of radiotracer,
and transmission and emission scans have been published (22).

Briefly, one 20-minute emission scan was taken 35 minutes after
an intravenous injection of 4–6 mCi of FDG. During the study,
subjects were kept lying in the PET camera with their eyes open;
the room was dimly lit and noise was kept to a minimum. A nurse
remained with the subjects throughout the procedure to ensure
that the subject did not fall asleep during the study.

Image and Data Analysis

Regions of interest were selected by using a previously pub-
lished template that locates 114 regions of interest (22). The re-
gions of interest corresponding to the same anatomical regions
were averaged to obtain measures for 10 composite brain regions
and one for global metabolism (average metabolism in the 15
planes scanned). To minimize the variation effect of whole brain
metabolism on the regional measures, we computed the ratio of
the regional to the global metabolic measures to obtain relative
measures of metabolism.

Differences between groups in absolute and relative metabolic
measures were tested with two-tailed Student’s t tests. Pearson
product-moment correlation analyses were performed between
the regional metabolic measures with between-group differences
and 1) neuropsychological test scores, 2) the years and doses of
methamphetamine used, and 3) days since last methamphet-
amine use. To correct for multiple comparisons, we set the signif-
icance threshold at p<0.01. We chose this criterion of significance
as being intermediate between the p<0.05 considered significant
for an individual variable and the p<0.005 value required by the
Bonferroni adjustment. The Bonferroni criterion assumes that
variables are independent (23), but regional metabolic values are
highly dependent on one another (24).

Metabolic images were also analyzed by using the software
package for statistical parametric mapping SPM 98 (25). Statisti-
cal parametric maps were displayed in coronal, transverse, and
sagittal views, with only those pixels that reached a statistical sig-
nificance of p<0.005 and a contiguous count criterion of at least
250 pixels per cluster showing.

Results

Global metabolic rate was significantly higher (14%) for
the methamphetamine abusers (mean=38.4 µmol/100 g/
minute, SD=8) than for the comparison subjects (33.6
µmol/100 g/minute, SD=5) (t=2.2, df=34, p<0.05) (Figure
1). Analysis of the regional measures showed that relative
to the comparison subjects, metabolism in the parietal
cortex was 20% higher in the methamphetamine abusers,
which was a significant difference (Figure 2). While not
achieving significance, higher metabolism (differences of
11%–12%) was seen in the frontal cortex (t=2.1, df=34,
p<0.05), temporal cortex (t=2.0, df=34, p<0.05), occipital
cortex (t=2.4, df=34, p<0.05), and hippocampus (t=2.2, df=
34, p<0.05) of the methamphetamine abusers. After nor-
malizing for whole brain metabolism (relative metabo-
lism), the only brain region in which the methamphet-
amine abusers showed significantly higher metabolism
was the parietal cortex, where metabolism was 5% higher
(Figure 3). However, the analysis of the relative measures
also revealed that the methamphetamine abusers had sig-
nificantly lower metabolism in the thalamus, caudate, and
putamen (differences of 17%, 12%, and 6%, respectively).
To determine if metabolic changes in the caudate were
significantly larger than those in the putamen, we con-
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ducted a factorial (comparison subjects versus metham-
phetamine abusers) repeated measure (caudate versus
putamen) ANOVA. This showed a significant diagnosis-by-
region interaction effect (F=4.8, df=1, 34, p<0.05), indicat-
ing that the differences between comparison subjects and
the methamphetamine abusers were greater in the cau-
date than in the putamen.

To assess if there was any evidence of recovery with
detoxification, we conducted a separate analysis that in-
cluded only the three subjects who had been detoxified for
11 months or longer; similar results were found as those
obtained for the whole group. These long-detoxified meth-
amphetamine abusers had significantly lower relative me-
tabolism in the caudate than comparison subjects (12%
difference; t=3.6, df=22, p<0.002) and, although not signifi-
cant, also had global metabolism that was 13% higher and
relative metabolism in the thalamus that was 10% lower.
We also measured the correlations between the metabolic

measures that differed between the groups and days since

last methamphetamine use; none were significant.

There were no significant correlations between whole

brain metabolism and neuropsychological scores, but rel-

ative metabolism in the parietal cortex was significantly

correlated with performance on the Grooved Pegboard

task (r=0.73, df=14, p<0.003); there were no significant

correlations between neuropsychological scores and

thalamic or striatal metabolic measures. Whole brain me-

tabolism was negatively correlated with years of metham-

phetamine use (r=–0.62, df=14, p<0.02), but this effect was

not significant after covarying for age. Correlations be-

FIGURE 1. Parietal Cortex, Thalamic, and Striatal Metabo-
lism in a Detoxified Methamphetamine Abuser and in an
Age-Matched Comparison Subject With No History of Drug
Abusea

a The upper images were taken at the level of the centrum semi-
ovale, where the parietal cortex can be visualized. Note the higher
metabolism in the cortex and the lower metabolism in the thala-
mus and the caudate in the methamphetamine abuser.
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FIGURE 2. Regional Cerebral Glucose Metabolism in Detox-
ified Methamphetamine Abusers and Comparison Subjects
With No History of Drug Abuse

a Significant difference between groups (t=2.9, df=34, p<0.01).

FIGURE 3. Relative Cerebral Glucose Metabolisma in Detox-
ified Methamphetamine Abusers and Comparison Subjects
With No History of Drug Abuse

a Regional metabolism normalized for global brain activity (region of
interest/global).

b Significant difference between groups (t=3.7, df=34, p<0.001).
c Significant difference between groups (t=5.5, df=34, p<0.0001).
d Significant difference between groups (t=2.7, df=34, p<0.01).
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tween metabolic measures and methamphetamine dose

were not significant.

To determine if gender differences between groups (the

methamphetamine group had a larger proportion of

women [60%] than did the comparison group [28%]) af-

fected the results, we conducted separate comparisons for

each gender. The findings were consistent with those

when both genders were included. The women (nine

methamphetamine abusers and six comparison subjects)

had higher whole brain metabolism (t=2.2, df=13, p<0.05)

and lower relative metabolism in the thalamus (t=3.8, df=

13, p<0.002) and caudate (t=3.0, df=13, p<0.01); the men
(six methamphetamine abusers and 15 comparison sub-
jects) had lower relative metabolism in the thalamus (t=
3.6, df=19, p<0.002), caudate (t=4.4, df=19, p<0.001), and
putamen (t=2.2, df=19, p<0.05) (data not shown).

Statistical parametric mapping analyses revealed signif-
icant differences between the comparison subjects and
the methamphetamine abusers that corroborated the
findings from the region of interest analysis. Methamphet-
amine abusers had significantly higher metabolism than
comparison subjects in the parietal cortex (Brodmann’s
areas 39 and 40) and significantly lower metabolism in the
thalamus, caudate, and putamen (Figure 4).

Discussion

This study documented significantly higher whole brain
metabolism that was most marked in the parietal cortex
and significantly lower relative metabolism in the thala-
mus and striatum of detoxified methamphetamine abus-
ers. These metabolic differences were present even in the
three methamphetamine abusers who had been detoxi-
fied for at least 11 months. These findings are similar to
those that have been reported in laboratory animals,
which showed persistent reductions in subcortical metab-
olism after repeated administration of methamphetamine
to rats (26). The striatum receives direct projections from
dopamine mesencephalic cells, which in animals have
been shown to be sensitive to methamphetamine’s neuro-
toxic effects (5–7); hence, the reduction in brain metabo-
lism could reflect methamphetamine-induced disruption
to these cells. The thalamus, on the other hand, mainly re-
ceives dopamine signals from the striatum (27). Thus, one
could also postulate that the lower metabolism in the thal-
amus of the methamphetamine abusers reflects disrup-
tion in dopamine-linked pathways. Thus, these findings
provide evidence that methamphetamine at the doses
abused by humans causes long-lasting changes in brain
metabolism in both regions that are directly or indirectly
connected to dopamine pathways (striatum and thala-
mus) as well as regions that are not (parietal cortex).

The finding of brain hypermetabolism in the metham-
phetamine abusers was unexpected, since most studies
have revealed decrements in brain metabolism in drug
abusers (detoxified alcoholics or cocaine abusers) (28). A
review of the literature showed that brain disease states for
which higher metabolism has been reported, such as head
trauma (29) and radiation damage (30, 31), usually involve
inflammation and gliosis (32). Studies in laboratory ani-
mals have documented that methamphetamine induces
gliosis (33, 34), and although such an effect has not been
directly documented in the human brain, studies with
magnetic resonance spectroscopy have shown increases
in the concentration of myo-inositol, which serves as a
glial marker, in methamphetamine abusers (35). Thus,
one could speculate that the hypermetabolism in the

FIGURE 4. Regions of Significant Differences in Metabolism
Between 15 Detoxified Methamphetamine Abusers and 21
Comparison Subjects With No History of Drug Abusea

a Statistical parametric mapping images show areas in which signifi-
cantly higher and significantly lower metabolism was seen in the
methamphetamine abusers relative to the comparison subjects as
determined by two-tailed Student’s t tests (df=34). Only pixels that
met a significance level of p<0.005 and a contiguous count crite-
rion of at least 250 pixels per cluster are shown.

Regions With Higher Metabolism
in Methamphetamine Abusers

Regions With Lower Metabolism
in Methamphetamine Abusers
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methamphetamine abusers could reflect gliosis/inflam-
mation, and studies to evaluate this possibility merit fur-
ther investigation.

The hypermetabolic activity in the brain of the metham-
phetamine abusers was most prominent in the parietal
cortex (association cortex), a brain region that is poorly in-
nervated by dopamine terminals. Hence, the hypermetab-
olism most likely reflects the effects of methamphetamine
on neuronal types or circuits other than dopamine. In lab-
oratory animals, the parietal cortex was found to be par-
ticularly sensitive to neurotoxicity from methamphet-
amine (36). In the parietal cortex, methamphetamine
produces degeneration of myelinated processes, damages
pyramidal glutamatergic cells (10, 11), and damages sero-
tonergic terminals (37). Methamphetamine also increases
glutamate receptors in the parietal cortex (38), which
would make it more sensitive to glutamate excitotoxicity.
Unfortunately, none of the neuropsychological tests used
to evaluate the methamphetamine abusers specifically
targeted functions of the parietal cortex. Nonetheless, we
found that in the methamphetamine abusers metabolism
in the parietal cortex was correlated with performance on
the Grooved Pegboard task. Although the Grooved Peg-
board is considered a motor task (22), there is a spatial
component to it: the subject has to make a decision about
where to insert the pegs and then orient the grooves in a
certain way in order for them to match and be inserted
into the holes. Although preliminary in its interpretation,
this significant association suggests that hyperactivity of
the parietal cortex may be functionally significant.

Methamphetamine abusers also showed significantly
lower relative metabolism in the thalamus and striatum.
This pattern is reminiscent of the metabolic abnormalities
reported in patients with atypical Parkinson’s disease (who
also show relatively lower thalamic and striatal metabo-
lism [39]) but differs from abnormalities reported in
patients with Parkinson’s disease (who show either no
metabolic changes [40] or higher striatal and thalamic
metabolism [41]). The findings of dopamine transporter
reductions in methamphetamine abusers (12–14) also
more closely resemble the findings from patients with
atypical Parkinson’s disease than patients with idiopathic
Parkinson’s in that the former, like the methamphetamine
abusers, exhibit equivalent dopamine transporter reduc-
tions in the caudate and putamen (42), whereas the pa-
tients with Parkinson’s disease have greater dopamine
transporter reductions in the putamen than in the caudate
(43, 44). This is relevant because patients with atypical
Parkinson’s disease in addition to dopamine cell damage
have degeneration of pallidal efferents, whereas patients
with idiopathic Parkinson’s have a predominant involve-
ment of dopamine cells. Moreover, in patients with atypi-
cal Parkinson’s disease, the decrements in subcortical me-
tabolism are believed to reflect degeneration of striatal

efferents (45). Thus, one could postulate that the abnor-
malities in the striatum and thalamus in the methamphet-
amine abusers reflect not only methamphetamine’s ef-
fects in dopamine terminals (12–14) but also its effects on
striatal efferents. In fact, animal studies have shown that
methamphetamine, in addition to damaging dopamine
terminals, also induces degeneration of striatal efferents
(46). Thus, the results from this study coupled with the
findings of dopamine transporter reduction in metham-
phetamine abusers (12–14) should alert clinicians of the
possibility of a higher risk for neurodegenerative diseases
in these subjects.

The pattern of regional brain metabolic abnormalities
seen in these methamphetamine abusers differs from
that reported after acute methamphetamine administra-
tion in humans, which showed decreases in cortical me-
tabolism and increases in cerebellar metabolism (47).
This indicates that the regions that may be most sensitive
to acute administration are not necessarily the same as
those that are vulnerable to the long-term effects of meth-
amphetamine.

In generalizing the findings from this study it is relevant
to address its limitations. This study was done with outpa-
tients, and thus it is not possible to determine with cer-
tainty that the period since last methamphetamine use
was accurate. Also, in this type of clinical study there are
inaccuracies regarding exact amount and histories of drug
use by the substance abusers as well as denial of drug use
by the comparison subjects. Although we performed a
careful physical examination and obtained routine labo-
ratory tests, we did not test for all potential confounding
diseases (e.g., HIV in the comparison subjects). Neurocog-
nitive tests were only performed by the methamphet-
amine abusers, and thus it is not possible to determine the
extent to which the groups differed. There are also con-
founds from differences in the groups investigated; the
percentage of smokers in the methamphetamine group
(73%) was higher than in the comparison group (24%),
and although we excluded subjects if they were addicted
to drugs apart from nicotine (or methamphetamine for
the methamphetamine abusers), it is likely that the meth-
amphetamine abusers consumed larger amounts of other
drugs (i.e., alcohol, marijuana) than the comparison
group.

In summary, the results from this study provide evi-
dence that methamphetamine at doses abused by hu-
mans induces long-lasting metabolic changes in brain
regions neuroanatomically connected with dopamine
pathways but also in areas that are not innervated by
dopamine. Prospective studies coupled with neuropsy-
chological assessment of methamphetamine abusers are
required to determine if these changes recover and if they
predispose to neurodegenerative diseases.
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