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Objective: Methamphetamine is a highly
addictive drug of abuse that is neurotoxic
to dopamine terminals. The authors re-
cently reported that decreases in dopa-
mine transporters (used as markers of
dopamine terminals) in the striatum of
methamphetamine abusers recover with
protracted abstinence and that relative to
comparison subjects, recently detoxified
methamphetamine abusers have lower
metabolism in the striatum and thalamus.
In this study, the authors assessed whether
metabolism recovers with protracted
abstinence.

Method: Brain glucose metabolism was
measured with positron emission tomog-
raphy and ["®F]fluorodeoxyglucose in five
methamphetamine abusers who were
evaluated after both a short (<6 months)
and protracted (12-17 months) abstinence
interval, eight methamphetamine abusers
tested only after protracted abstinence,
and 11 comparison subjects who were not
drug users.

Results: Significantly greater thalamic,
but not striatal, metabolism was seen fol-
lowing protracted abstinence relative to

metabolism assessed after a short absti-
nence interval, and this increase was asso-
ciated with improved performance in mo-
tor and verbal memory tests. Relative to
the comparison subjects, the metham-
phetamine abusers tested after protracted
abstinence had lower metabolism in the
striatum (most accentuated in the caudate
and nucleus accumbens) but not in the
thalamus.

Conclusions: The persistent decreases in
striatal metabolism in methamphetamine
abusers could reflect long-lasting changes
in dopamine cell activity, and decreases in
the nucleus accumbens could account for
the persistence of amotivation and anhe-
donia in detoxified methamphetamine
abusers. The recovery of thalamic metabo-
lism could reflect adaptation responses to
compensate for the dopamine deficits,
and the associated improvement in neu-
ropsychological performance further indi-
cates its functional significance. These
results suggest that while protracted absti-
nence may reverse some of the metham-
phetamine-induced alterations in brain
function, other deficits persist.

(Am J Psychiatry 2004; 161:242-248)

r]?he rapidly escalating abuse of methamphetamine
places a sense of urgency on understanding its effects on
the human brain and its medical consequences. Metham-
phetamine is a particularly problematic drug in that not
only is it highly addictive but its administration to labora-
tory animals results in damage to dopamine terminals (1).
Studies in the brains of methamphetamine abusers have
also documented a significant loss of dopamine transport-
ers, which have been used as markers of dopamine termi-
nals (2-4). The dopamine transporter loss reported in
methamphetamine abusers has been found to be associ-
ated with reduced motor speed and impaired verbal learn-
ing (3). Although early studies have proposed that meth-
amphetamine-induced dopamine terminal damage is
irreversible (5), subsequent studies in rodents (6, 7), non-
human primates (8, 9), and humans (10) have revealed sig-
nificant recovery with protracted abstinence. This sug-
gests that methamphetamine-induced damage to the
dopamine terminals may recover with protracted absti-
nence. However, while imaging studies have reported sig-

242 http.//ajp.psychiatryonline.org

nificant dopamine transporter increases with abstinence,
this recovery has not been associated with the same de-
gree of recovery in neuropsychological function. This
could be explained if the dopamine transporter increases
reflected 1) incomplete recovery of dopamine terminals,
2) enhanced arborization of viable dopamine synapses, or
3) methamphetamine’s effects on other neurotransmitter
systems that have less recovery. Using positron emission
tomography (PET), we have previously shown that meth-
amphetamine abusers have significant reductions in stri-
atal and thalamic metabolism, which likely reflected the
effects of dopamine terminal damage on projection re-
gions (11). In this study, we assessed whether the de-
creases in striatal and thalamic metabolism recover with
protracted methamphetamine abstinence and the extent
to which recovery is associated with improved neuropsy-
chological function.

For this purpose, we used PET and ['®F]fluorodeoxyglu-
cose (FDG) to measure regional brain glucose metabolism,
which serves as a marker of neuronal activity (12). The ini-
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tial group (11), which comprised 12 methamphetamine
abusers, was tested within 6 months of last methamphet-
amine use. They were followed and retested at least 9
months later if they remained drug free. Only five metham-
phetamine abusers were able to stay drug-free and were re-
tested. Here we report the results from the repeated studies
for these subjects and for eight additional methamphet-
amine abusers who were tested only once after having
been abstinent for at least 9 months. The metabolic mea-
sures were compared with those of 11 age-matched com-
parison subjects who were not drug users and seven meth-
amphetamine abusers whom we had previously tested
within 6 months of abstinence (11). In parallel, we also
measured selected neuropsychological functioning shown
to correlate with dopamine transporter recovery (3).

Method

Subjects

Five methamphetamine users (three women and two men;
mean age=29 years, SD=3) were evaluated twice, first after a short
interval of abstinence (mean=3 months, SD=1.6) and then after
at least 9 months of protracted abstinence (mean=14 months,
SD=2). These five methamphetamine users were from an original
group of 12 methamphetamine abusers (11) who were able to re-
main drug free for at least 9 months following the first PET scan
evaluation. The seven other methamphetamine users of the orig-
inal group of 12 who did not remain drug free constituted a
short-term abstinence comparison group. In addition, we also
evaluated eight additional methamphetamine users (six women
and two men; mean age=36 years, SD=3) who were tested only
once after having been detoxified for at least 9 months (mean=17
months, SD=10). The methamphetamine users fulfilled DSM-IV
criteria for methamphetamine dependence (average metham-
phetamine use of at least 0.25 g/day at least 5 days per week for
at least 2 years) and had been abstinent for at least 2 weeks. Sub-
jects were excluded if seropositive for HIV or if comorbid neuro-
psychiatric disorder, medical illness, or current or past drug de-
pendence other than methamphetamine and nicotine were
found. Details for the screening procedures have been published
(11). Methamphetamine users were enrolled in a California drug
court monitoring rehabilitation program and were evaluated
weekly or biweekly with drug screens, along with daily visits to
the center, to ensure lack of regular drug use during the absti-
nence period.

The healthy comparison subjects were 11 volunteers (seven
women and four men, mean age=31 years, SD=7) who were re-
cruited by local advertisement. Exclusion criteria were the same
as those for methamphetamine users except for dependence or
abuse of methamphetamine. As for the methamphetamine us-
ers, a complete medical and psychiatric examination was per-
formed in the subjects to ensure lack of medical, psychiatric, or
neurological disease (G.-J.W,, L.C.). The same screening labora-
tory tests as those given to the methamphetamine users (except
for HIV serology) were obtained in these subjects. Prescan urine
tests ensured absence of psychoactive drug use in all subjects.
The protocol was approved by the Institutional Review Boards at
Brookhaven National Laboratory, the State University of New
York Stony Brook Medical Center, and the Harbor-UCLA Medical
Center. All subjects gave written informed consent after the ex-
perimental procedure was explained and after they had read the
consent form.
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Scanning

Subjects were scanned by using FDG with a CTI-931 scanner.
Details on procedures for positioning, arterial and venous cathe-
terization, and quantification of radiotracer and transmission
and emission scans have been published previously (13). Briefly,
one emission scan (20 minutes) was taken 35 minutes after an in-
travenous injection of 4-6 mCi of FDG. During the study, subjects
were positioned supine 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 they did not fall asleep during the study.

Neuropsychological Evaluation

For the methamphetamine users, we assessed performance on
a selected set of neuropsychological tests that had previously
been shown to be correlated with dopamine transporter levels
(3). The tests were performed within 2 weeks of the PET studies
and included 1) motor function tests (as quickly as possible, sub-
jects walked in a straight line for a defined distance [timed gait
test of gross motor function] and inserted pegs in small holes an-
gled in different directions [grooved pegboard test of fine motor
coordination]); 2) memory function tests (subjects had to learn
and recall lists of unrelated words immediately, after a time delay,
and after a distractor [Rey Auditory Verbal Learning Test]); and
3) attention tests (subjects had to identify the number associated
with each one of the symbols arranged randomly in a row [Sym-
bol Digit Modalities Test]).

Image Analysis and Modeling

Regions in the striatum (caudate, putamen) were obtained
from three sequential planes, in the thalamus from two sequen-
tial planes, and in the occipital cortex from three sequential
planes (as a control) using a template that we had previously pub-
lished (13). We also computed a value for global metabolism by
averaging the activity in the 15 planes scanned. To minimize the
effects of overall changes in brain metabolism on the regional
measures, we normalized them using the ratio of the region to the
global metabolic measures (“relative” measures).

Statistical Analysis

Differences between metabolic measures obtained after short
and protracted intervals of abstinence in the methamphetamine
abusers were compared with paired t tests (two tailed). Pearson
product correlations were used to assess the relationship be-
tween the changes in metabolism and the changes in neuropsy-
chological performance between the first and second evaluation.

Differences in global and regional metabolism between the 11
comparison subjects, 10 methamphetamine users evaluated after
protracted abstinence (the five methamphetamine abusers who
were tested twice and five of the methamphetamine abusers eval-
uated only once during protracted abstinence), and the original
sample of 12 methamphetamine users tested after a short interval
of abstinence (seven women and five men; mean age=30 years,
SD=6; mean days of abstinence=64, SD=40) were tested with un-
paired t tests (two-tailed).

Differences between the two methamphetamine groups and
the comparison subjects were also tested using the software
package for statistical parametric mapping SPM 99 (14). Before
the analysis, each subject’s PET image was mapped onto the
Montreal Neurological Institute template closely resembling the
Talairach brain and smoothed via a Gaussian kernel with full
width half maximum at 16 mm. The relative (normalized) image
is obtained by dividing the signal level of each voxel with the glo-
bal mean, which is the average signal level of all voxels in the PET
image. The analysis was performed using both the absolute and
the relative metabolic images. Pixels that were significantly dif-
ferent (p<0.001) from those in the comparison subjects were
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FIGURE 1. Thalamic and Striatal Activity After a Short Inter-
val of Abstinence and Protracted Abstinence in Five Meth-
amphetamine Abusers
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bntervals of abstinence less than 6 months were classified as short;
protracted abstinence referred to methamphetamine-free intervals
of 12-17 months.

identified with respect to the Talairach and Tournoux stereotac-
tic coordinates and displayed on the axial MR images. The
threshold for the cluster size was set at 200 voxels, and only the
corrected p values <0.05 at the cluster level were considered
significant.

Results

Brain Metabolism in Methamphetamine Users
After Short and Protracted Abstinence Intervals

Among the methamphetamine users who were evalu-
ated twice, there were no differences in global metabolism
measured after short versus protracted intervals of absti-
nence (mean=42.6 umol/100 g per minute [SD=4.0] and
40.8 pmol/100 g per minute [SD=3.4], respectively) or in
the absolute metabolic measures in the striatum, thala-
mus, or occipital cortex. As seen in Figure 1, comparison
of “relative” metabolism measured after short and pro-
tracted intervals of abstinence showed significant in-
creases in thalamic activity after protracted abstinence
(mean=12%, SD=9%) (t=2.3, df=9, p<0.05) but no signifi-
cant changes in the striatum (mean=2.7%, SD=6.7%) (t=
1.3, df=9, p<0.23) or occipital cortex (mean=0.4%, SD=9%)
(t=1.2, df=9, p<0.28).

As seen in Figure 2, analysis of the correlation between
thalamic activity changes and changes in performance on
neuropsychological tests for which we hypothesized an
association with metabolic changes showed a significant
association for timed gait, Symbol Digit Modalities Test,
and delayed recall but not with the changes in the grooved
pegboard task (r=0.26, df=3, p=0.68) or the immediate or
interference recall (r=0.32, df=3, p=0.60).
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Comparison of Healthy Subjects
With Methamphetamine Users Tested After
Short and Protracted Abstinence Intervals

Absolute global brain metabolism was not significantly
different in the methamphetamine abusers tested either
after a short interval of abstinence (mean=38.5 umol/100 g
per minute, SD=8.5) or after protracted abstinence (mean=
37.3 umol/100 g per minute, SD=6.3) than in the compari-
son subjects (mean=33.8 umol/100 g per minute, SD=7.4).

Regional changes were assessed by using the regional
values normalized by the global measures. Compared with
the relative metabolic measures seen in the striatum of the
healthy subjects (caudate: mean=1.35, SD=0.06; putamen:
mean=1.41, SD=0.09), the relative metabolic measures of
the methamphetamine abusers were significantly lower
after both a short abstinence interval (caudate: mean=1.2,
SD=0.1 [t=-4.4, df=21, p<0.0002]; putamen: mean=1.31,
SD=0.08 [t=-2.8, df=21, p<0.01]) and after protracted absti-
nence (caudate: mean=1.23, SD=0.09 [t=—4.4, df=22,
p<0.0002; putamen: mean=1.29, SD=0.1 [t=-3.1, df=22,
p<0.006]). Relative metabolism in the thalamus was signif-
icantly lower in the methamphetamine abusers after a
short abstinence interval (mean=1.11, SD=0.08) relative to
the comparison subjects (mean=1.31, SD=0.10) (t=-5.3,
df=21, p<0.0001); however, thalamic metabolism in the
methamphetamine abusers after protracted abstinence
(mean=1.23, SD=0.09) did not differ from that of the com-
parison subjects.

The statistical parametric mapping analyses of the ab-
solute metabolic values showed no differences between
groups. The normalized metabolic values, with smaller in-
tersubject variability, were also analyzed by using statisti-
cal parametric mapping, and the results were similar to
those obtained with the region of interest method. The
statistical parametric mapping analyses (Figure 3) yielded
a large contiguous cluster (4,440 voxels) that encom-
passed three subclusters (left subcortical nuclei [including
dorsal striatum, nucleus accumbens, and thalamus]: -8, 14,
—6; left insula: —-34, -6, —12; and right striatum: 14, 14, -6).
The significance of this cluster is p<0.0001 (corrected at
the cluster level).

For the region of interest method, metabolism in stria-
tum was significantly lower in the methamphetamine
abusers after both a short abstinence interval and pro-
tracted abstinence than in the comparison subjects. Simi-
larly, the statistical parametric mapping analyses revealed
significant decreases in the nucleus accumbens in the
methamphetamine abusers whether they were tested af-
ter a short or protracted interval of abstinence. In contrast,
thalamic metabolism, which was significantly lower in
methamphetamine users after a short abstinence interval,
was not different in the methamphetamine users after
protracted abstinence relative to the comparison subjects.
In addition, statistical parametric mapping revealed that
relative to the comparison subjects, methamphetamine
abusers had decreased metabolism in the left insular cor-
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FIGURE 2. Correlation Between Changes in Thalamic Activity and Neuropsychological Test Performance in Five Metham-
phetamine Abusers Evaluated After Short and Protracted Intervals of Abstinence?
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tex. The decreases in insular metabolism were more ac-
centuated in the methamphetamine abusers tested after a
short than after a protracted interval of abstinence.

Comparison Between Methamphetamine Users
Tested After Short Versus Protracted Intervals
of Abstinence

Relative metabolism in thalamus was significantly lower
(t=-3,8, df=23, p<0.001) in the 12 methamphetamine
abusers tested after a short abstinence interval than in the
13 methamphetamine abusers tested after protracted ab-
stinence (N=13). Metabolism in the striatum did not differ
between methamphetamine abusers tested after a short
abstinence interval and those tested after protracted
abstinence.

Discussion

Recovery of Thalamic but Not Striatal
Metabolism With Protracted
Methamphetamine Abstinence

In this study, we did not document recovery in striatal
metabolism with protracted methamphetamine absti-
nence. Because metabolism predominantly reflects activ-
ity from terminal regions (15), the decreased metabolism
in the striatum of methamphetamine abusers is likely to
reflect disrupted dopamine cell activity. Indeed, preclini-
cal studies have shown that methamphetamine induces
damage to dopamine cells (16, 17), and in certain in-
stances it can even produce cell death (18). The fact that
the striatal changes remained after protracted abstinence
suggests that the effects of methamphetamine on dopa-
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mine cells in the human brain are long-lasting. These re-
sults differ from our previous findings showing dopamine
transporter increases toward normal levels in the striatum
of methamphetamine abusers with protracted abstinence
(3). Since the dopamine transporter PET measures serve
mostly as markers for the dopamine terminals, this sug-
gests that the dopamine transporter increases in the
striatum likely reflect adaptation responses in viable
dopamine terminals rather than reversal of methamphet-
amine-induced damage to dopamine cells. However, the
long-lasting decreases in striatal metabolism could also
reflect decreased activity from cortical efferents to the stri-
atum, since methamphetamine is also neurotoxic to corti-
cal excitatory cells (19).

In contrast to the striatal findings, this study docu-
mented significant recovery of thalamic metabolism with
protracted abstinence in methamphetamine abusers who
were able to stay drug free for at least 9 months after the
initial evaluation. The recovery in thalamic metabolism
with protracted abstinence could reflect improvement of
neurotransmission in striatothalamic circuits. Indeed, in
Parkinson’s disease, where there is a significant loss of
dopamine cells, improvement of dopamine neurotrans-
mission with L-dopa treatment results in increases in tha-
lamic metabolism (20). However, the increases in thalamic
metabolism in the context of no recovery in striatal me-
tabolism suggests that it may reflect adaptation responses
in GABA cells, which are the main striatal efferents, in an
attempt to compensate for dopamine deficits. The signifi-
cant correlations observed between the increases in tha-
lamic metabolism and the improvements on neuropsy-
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FIGURE 3. Brain Regions in Which Methamphetamine Abusers (N=12) Evaluated After a Short Abstinence Interval Had
Significantly Lower Metabolism Than Comparison Subjects (N=11)2
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2 Intervals of abstinence less than 6 months were classified as short. The number under each slice represents the distance from the anterior
and posterior commissures. The threshold for cluster size was set at 200 voxels, and the significance threshold was set at p<0.05 (corrected at
the cluster level). At this threshold, three significant subclusters are seen: 1) left subcortical nuclei, which includes the dorsal striatum, nucleus
accumbens, and thalamus (-8, 14, —6); 2) left insula (-34, —6, —12); and 3) right striatum (14, 14, —6). Significance for the overall cluster:

p<0.0001.

chological performance in some of the motor and verbal
memory tasks further suggest that the thalamic changes
with abstinence are functionally significant.

Comparison of Healthy Subjects
With Methamphetamine Users Tested After
Short and Protracted Intervals of Abstinence

Similar to the results obtained in the prospective studies
assessing the effects of abstinence, the comparison in the
cross-sectional studies revealed that relative to healthy
subjects, striatal metabolism (including the nucleus ac-
cumbens) was significantly reduced in the methamphet-
amine users whether they were tested after a short or after
a protracted interval of abstinence. Thalamic metabolism
in the methamphetamine users, however, was lower only
after a short abstinence interval, not after protracted ab-
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stinence. These results further corroborate that there is
significant recovery of thalamic metabolism but persis-
tence of decreased striatal metabolism with protracted
methamphetamine abstinence.

The persistent reduction in metabolic activity in the
striatum and nucleus accumbens could underlie some of
the long-lasting deficits reported in abstinent metham-
phetamine abusers (21). In particular, the reduced activity
in the nucleus accumbens could underlie the persistence
of amotivation and anhedonia in detoxified methamphet-
amine abusers.

Changes in Insular Metabolism With Abstinence

The methamphetamine abusers also showed reduced
metabolism in the insular cortex, which was much more
accentuated in the subjects tested after a short abstinence
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interval than in those tested after protracted abstinence.
The insular cortex is a region neuroanatomically con-
nected with limbic structures and autonomic centers (22),
and imaging studies have suggested its involvement in
drug addiction (23-26). Structural imaging studies have
reported reduced volumes in temporal insula in stimulant
drug abusers and have suggested that this might be a brain
region particularly sensitive to the neurotoxic effects of
stimulant drugs (27).

Limitations

There are several limitations to this study. First, the
small number of subjects who were able to remain absti-
nent for more than 9 months in our study may not be rep-
resentative of subjects with protracted abstinence. Thus,
further studies with larger sample sizes are required to
compare the degree of regional brain metabolic recovery
and neuropsychological improvements between meth-
amphetamine abusers who are able to stay drug free and
those who are not in order to assess the generalizability of
the findings from this study and its prognostic implica-
tions. Second, since we previously found whole brain me-
tabolism to be significantly increased in methamphet-
amine users who had been abstinent for 2 weeks to 35
months (11), the current finding of only a nonsignificant
trend for increases in global brain metabolism in metham-
phetamine users tested during protracted detoxification
may be due to insufficient sample size. If whole brain glu-
cose metabolism is indeed higher in the methamphet-
amine users, this could contribute to the observed lower
relative rates in striatum. Third, since the urine toxicology
tests were performed randomly within a 2-week period, it
is possible that some of the methamphetamine subjects
were using the drug intermittently but were not detected.
However, these subjects visited the rehabilitation center
daily, received cognitive behavior therapy, and knew that if
they relapsed they would be sent to jail, which minimized
the chances that they took drugs during the detoxification
period. Fourth, we chose only a small number of neuro-
psychological tests (those that were found to correlate
with dopamine transporter recovery [3]) in order to avoid
multiple comparisons and intercorrelations among tests.
Future studies using a more comprehensive battery of
neuropsychological tests should provide better assess-
ment of improvements in other cognitive domains. Last,
we excluded subjects who had relapsed during the follow-
up studies; it might have been instructive to evaluate
whether this group of subjects would have persistent
brain metabolic abnormalities.

Summary

The results from this study provide evidence that there
is some functional recovery (as assessed by regional brain
glucose metabolism) in the thalamus and insula but not in
the striatum with methamphetamine abstinence. The re-
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covery in the thalamus was associated with some degree
of recovery of neuropsychological performance, indicat-
ing that it is functionally significant. The findings from
these studies have implications in the treatment of meth-
amphetamine abusers, for they suggest that protracted
abstinence and proper rehabilitation may reverse some
methamphetamine-induced alterations in brain function.
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