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Objective: A positron emission tomogra-
phy (PET) study has suggested that dopa-
mine transporter density of the caudate/
putamen is reduced in methamphet-
amine users. The authors measured nu-
cleus accumbens and prefrontal cortex
density, in addition to caudate/putamen
density, in methamphetamine users and
assessed the relation of these measures to
the subjects’ clinical characteristics.

Method: PET and 2-β-carbomethoxy-3β-
(4-[11C] fluorophenyl)tropane, a dopamine
transporter ligand, were used to measure
dopamine transporter density in 11 male
methamphetamine users and nine male
comparison subjects who did not use
methamphetamine. Psychiatric symptoms
in methamphetamine users were evalu-
ated by using the Brief Psychiatric Rating
Scale and applying a craving score.

Results: The dopamine transporter den-
sity in all three of the regions observed
was significantly lower in the metham-

phetamine users than the comparison
subjects. The severity of psychiatric symp-
toms was significantly correlated with the
duration of methamphetamine use. The
dopamine transporter reduction in the
caudate/putamen and nucleus accum-
bens was significantly associated with the
duration of methamphetamine use and
closely related to the severity of persistent
psychiatric symptoms.

Conclusions: These findings suggest that
longer use of methamphetamine may
cause more severe psychiatric symptoms
and greater reduction of dopamine trans-
porter density in the brain. They also show
that the dopamine transporter reduction
may be long-lasting, even if metham-
phetamine use ceases. Further, persistent
psychiatric symptoms in methamphet-
amine users, including psychotic symp-
toms, may be attributable to the reduction
of dopamine transporter density.

(Am J Psychiatry 2001; 158:1206–1214)

Over the past six decades, epidemics of methamphet-
amine abuse have occurred worldwide (1–4). Chronic
methamphetamine users show psychiatric signs, includ-
ing a psychotic state and an anxiety-disorder-like state,
under conditions of intoxication, withdrawal, or both.
These psychiatric states are sometimes prolonged as
residual symptoms, easily exacerbated by methampheta-
mine reuse or by psychological stress in some chronic
users (3, 5–8). The prolongation of psychosis and suscep-
tibility to relapse in chronic methamphetamine users
have often been regarded as manifestations of preexistent
schizophrenia (9), although differences in symptoms and
morbid risk between subjects with schizophrenia and
methamphetamine users with psychosis have also been
demonstrated (3).

There are three major dopaminergic systems, the ni-
grostriatal, mesolimbic, and mesocortical systems, which
are related to coordinated movements and mentation (10,
11). Given acutely, methamphetamine increases dopa-
mine levels in the synaptic cleft, mainly by inhibiting ac-
tion of the dopamine transporter (12, 13). Postmortem
study has shown that chronic methamphetamine use re-

sults in reduction of dopamine transporter density in the

caudate/putamen and nucleus accumbens (14). Positron

emission tomography (PET) study has also shown the re-

duction of dopamine transporter density in the caudate/

putamen of chronic methamphetamine users (15), al-

though a history of polydrug use might exert some influ-

ence on the PET results.

In this study, we selected subjects who abused only

methamphetamine (i.e., monodrug users) and investi-

gated the dopamine transporter density of the brain dur-

ing a period of abstinence from methamphetamine. We

used PET and 2-β-carbomethoxy-3β-(4-[11C] fluorophe-

nyl)tropane ([11C]WIN-35,428), which is a cocaine ana-

logue with high specificity to dopamine transporter (16).

In addition to the caudate/putamen and nucleus accum-

bens, we investigated the prefrontal cortex, which receives

terminals of the mesocortical dopaminergic system. Fur-

ther, we examined the relationship between the dopamine

transporter density and clinical characteristics, including

psychotic symptoms and craving for methamphetamine,

in methamphetamine users.
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Method

Subjects

Nine healthy comparison subjects who did not use metham-
phetamine and 11 methamphetamine users were recruited for
this study. All participants were men who showed no signs of par-
kinsonism or other neurological abnormality. In addition, none of
the subjects had a history of seizures, dyskinesia, or coma, which
may be observed during intoxication from high-dose metham-
phetamine. Use of nicotine, alcohol, and other drugs was
screened by using the nonpatient version of the Structured Clini-
cal Interview for DSM-IV (SCID) (17). All of the comparison sub-
jects and methamphetamine users showed similar habits of occa-
sional smoking and drinking; no subjects met either the nicotine-
or the alcohol-related criteria for abuse. The comparison subjects
had no experience of use of any other drugs, and none of the
methamphetamine users had used any drugs other than meth-
amphetamine.

The comparison subjects had no history of psychiatric disor-
ders, including substance use disorders, as determined by the
SCID (17). Both the comparison subjects and the methamphet-
amine users were selected so as to be similar in age (mean=26.9
years, SD=4.5, for comparison subjects; mean=27.4 years, SD=5.6,
for methamphetamine users) and education levels (mean=11.8
years, SD=0.7, for comparison subjects; mean=11.5 years, SD=1.2,
for methamphetamine users). The methamphetamine users were
referred from Hamamatsu University Hospital, Seimei Hospital,
or Hattori Mental Hospital in Japan.

In order to increase the accuracy of the patient profiles, de-
tailed information on methamphetamine use and history of psy-
chiatric symptoms of methamphetamine users was obtained
through interviews with the user and his family members as well
as by referral to patient medical records. Seven of the users had
taken methamphetamine by intravenous injection, and the other
four subjects had smoked it (Table 1). The period of methamphet-
amine use was designated as the duration between initial use and
last use. If there were intervals of abstinence longer than 1 month
during the duration of methamphetamine use as defined, these
intervals were subtracted from the total duration value. The pe-
riod of abstinence from methamphetamine use was arbitrarily
designated as the duration between the day of last use of meth-
amphetamine and the PET examination. Absence of recent use of
methamphetamine was ascertained by urinary drug screening
tests.

The Brief Psychiatric Rating Scale (BPRS) (18) was performed
by a trained research psychiatrist (Y.S.) blind to the PET data. The
positive symptom subscale (conceptual disorganization, tension,
mannerism and posturing, grandiosity, hostility, suspiciousness,

hallucinatory behavior, uncooperativeness, unusual thought and
excitement) and the negative symptom subscale (emotional
withdrawal, motor retardation, blunted affect, and disorienta-
tion) of the BPRS were also used (19). The Subjective Craving
Scale for Alcohol Dependence (20) was modified and used for as-
sessment of craving for methamphetamine. The scores ranged
from 0 to 5, with higher scores representing stronger craving.
These evaluations were performed on the day of the PET exami-
nation. After complete description of the study, written informed
consent was obtained from all subjects before study entry, in
compliance with the procedures of the Ethics Committee of the
Hamamatsu University School of Medicine.

PET Study

Before PET, a magnetic resonance imagining (MRI) scan
was performed on each subject with a static magnet (0.3 T
MRP7000AD, Hitachi, Tokyo). Following a bolus intravenous in-
jection of a 450-MBq dose of [11C]WIN 35,428, a sequence of 38
PET (SHR2400 PET scanner [21], Hamamatsu Photonics K.K.,
Hamamatsu, Japan) scans was obtained over 90 minutes. Arterial
blood samples were drawn at intervals of 10 seconds to 15 min-
utes after the tracer injection. The blood samples were analyzed
with thin layer chromatography (Whatman AL SIL G/UV [What-
man Japan KK, Tokyo], 20 × 20 cm) and BAS1500 (Fuji Photo Film
Co., Tokyo) for determination of the unmetabolized tracer level.

Regions of interest—the caudate/putamen, nucleus accum-
bens, prefrontal cortex, and cerebellar cortex (Figure 1)—were
manually drawn on a PET display, and the corresponding MRI
images were referred to as anatomical landmarks (22). The time-
activity curves of the regions were generated. Using the radioac-
tivity curves, we calculated dopamine transporter binding poten-
tial (k3/k4) in the caudate/putamen, nucleus accumbens, and
prefrontal cortex on the basis of a three-compartment and four-
parameter (K1, k2, k3, and k4) model (23). As an input function, a
plasma time-activity curve was used. The level of radioactivity in
the cerebellar cortex was used as a reference to determine K1/k2

in the caudate/putamen, nucleus accumbens, and prefrontal cor-
tex (23). This procedure was performed blind to the clinical data.

Statistical Analysis

For comparison of the mean values of the parameters K1, k2, k3,
and k4, the ratio K1/k2, and the binding potential (k3/k4) between
comparison subjects and methamphetamine users, the Mann-
Whitney U test was used. Correlations between the dopamine
transporter binding potential and each clinical parameter, in-
cluding duration of methamphetamine use, duration of absti-
nence, BPRS score, and craving score, were evaluated by using
Kendall’s tau. Statistical significance was set at p<0.05.

TABLE 1. Demographic Characteristics of 11 Methamphetamine Users in a PET Study

Subject 
Number

Age 
(years)

Neuroleptic
Treatment

Duration 
of Use

Duration of
Abstinence Symptoms at Time of PET

1a 28 None 1 month 7 days Auditory hallucinations, anxiety, thought disturbance
2b 20 None 6 months 2 months None
3b 22 None 1 year 2 months Irritability, depressive mood
4a 28 None for 1 year 3 years 1 year Auditory hallucinations, tension, anxiety, insomnia
5a 24 None for 1 week 4 years 1.5 years Thought disturbance, anxiety
6a 31 None for 1 year 12 years 4 months Thought disturbance, auditory hallucinations, suspiciousness
7a 39 None 15 years 19 days Thought disturbance, auditory hallucinations, suspiciousness
8b 26 None 4 years 6 months None
9a 29 None for 1 year 6.5 years 11 months Somatic concerns, excitability
10a 36 None 2 years 1 months None
11b 25 None 5 years 5 months Tension, suspiciousness
a Took methamphetamine intravenously.
b Smoked methamphetamine.
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Results

The demographic characteristics of methamphetamine
users are shown in Table 1. No significant difference in age
or education levels was observed between methamphet-
amine users and comparison subjects. None of the meth-
amphetamine users had a history of psychotic symptoms
before the use of methamphetamine, and none showed
negative symptoms during the present examination. Eight
methamphetamine users (numbers 1, 3–7, 10, and 11) had
previously experienced methamphetamine psychosis.
Over the 2 weeks preceding the PET examination, three
methamphetamine users (numbers 2, 8, and 10) had no
psychiatric symptoms; four (numbers 3, 5, 9, and 11) had
persistent anxiety-disorder-like, but not psychotic, symp-
toms; and three (numbers 4, 6, and 7) had persistent psy-
chotic symptoms such as auditory hallucinations and de-
lusions. One methamphetamine user (number 1) began to
show psychotic symptoms during the use of methamphet-
amine and still exhibited the symptoms on the day of the
PET examination. None of the methamphetamine users
was taking neuroleptics at the time of PET examination,
although four (numbers 4–6 and 9) had received neurolep-
tic treatment previously.

Figure 2 shows PET images from a comparison subject
and from the methamphetamine user with the lowest
dopamine transporter binding potential (number 7). Both
images show high accumulation of radioactivity in the
caudate/putamen and nucleus accumbens and low accu-
mulation in the prefrontal cortex and cerebellar cortex.
The radioactivity in the caudate/putamen and nucleus ac-
cumbens was lower in the methamphetamine user than in
the comparison subject.

Figure 3 shows representative curves of radioactivity in
the brain and in the arterial plasma from a comparison
subject and a methamphetamine user. Following a venous
injection of the tracer, the radioactivity in the caudate/
putamen and nucleus accumbens increased until the end
of measurement, whereas that in the prefrontal cortex and
cerebellar cortex decreased gradually after reaching a
peak within 10 minutes.

Values of dopamine transporter binding potential in the
caudate/putamen, nucleus accumbens, and prefrontal
cortex are shown in Figure 4. The mean binding potential
for the caudate/putamen was 4.40 (SD=0.18) in compari-
son subjects and 3.51 (SD=0.45) in methamphetamine us-
ers. The latter value constitutes a 20.2% difference. In the
nucleus accumbens, the mean binding potentials in com-
parison subjects and methamphetamine users were 4.16

FIGURE 1. Brain Regions of Interest for a PET Study of 11 Methamphetamine Users and Nine Comparison Subjectsa

a Regions of interest are drawn bilaterally on the MRI and on the PET images. Regions placed on the PET images are based on those in the MRI
images.
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(SD=0.64) and 2.93 (SD=0.77), respectively. The latter value
represents a 29.6% difference. The mean binding potential
for the prefrontal cortex was 0.18 (SD=0.05) in comparison
subjects and 0.12 (SD=0.03) in methamphetamine users.
The value of the latter was 33.3% lower. The dopamine
transporter binding potentials for the caudate/putamen,
nucleus accumbens, and prefrontal cortex were signifi-
cantly lower in methamphetamine users than the compar-
ison subjects (caudate/putamen: U=1.0, N=20, p<0.001;
nucleus accumbens: U=8.5, N=20, p<0.001; prefrontal cor-
tex: U=23.5, N=20, p<0.05, Mann-Whitney U test).

There was a significant correlation between the clinical
data for the methamphetamine users and the dopamine
transporter binding potential in the caudate/putamen and
in the nucleus accumbens (Figure 5), but no correlation
was found between the clinical measures and prefrontal
cortex dopamine transporter binding potential (data not
shown). The dopamine transporter binding potential in
the caudate/putamen and nucleus accumbens had a sig-
nificant negative correlation with the duration of metham-
phetamine use (caudate/putamen: Kendall’s tau=–0.48,
df=10, p<0.05; nucleus accumbens: Kendall’s tau=–0.73,
df=10, p<0.01). No significant correlation was observed be-

tween the duration of abstinence and the dopamine trans-
porter binding potential for either the caudate/putamen or
the nucleus accumbens. The caudate/putamen dopamine
transporter binding potential, but not the nucleus accum-
bens binding potential, showed a significant negative cor-
relation with the total BPRS score (Kendall’s tau=–0.62, df=
10, p<0.05). There was a significant negative correlation be-
tween the score on the BPRS subscale for positive symp-
toms and the dopamine transporter binding potential for
the caudate/putamen and the nucleus accumbens (cau-
date/putamen: Kendall’s tau=–0.73, df=10, p<0.01; nucleus
accumbens: Kendall’s tau=–0.50, df=10, p<0.05). The sub-
jective craving score was not significantly correlated with
the dopamine transporter binding potential for either the
caudate/putamen or the nucleus accumbens.

There was a significant correlation between the score on
the BPRS subscale for positive symptoms and the duration
of methamphetamine use (Kendall’s tau=0.64, df=10,
p<0.01) (Figure 6). The subjective craving score showed a
significant negative correlation with the duration of absti-
nence from methamphetamine (Kendall’s tau=–0.50, df=
10, p<0.05) but not with the duration of methamphet-
amine use (Figure 6).

FIGURE 2. PET Brain Images From a Representative Comparison Subject and Methamphetamine User After Tracer Injectiona

a These images were constructed between 60 to 90 minutes after the tracer injection ([11C]WIN-35,428) and normalized to the cerebellar radio-
activity. Radioactivity levels in the nucleus accumbens and caudate/putamen were lower in the methamphetamine user than in the compar-
ison subject. The color bar indicates the normalized count from 0 to 90 Bq/ml.

Comparison Subject

Methamphetamine User

Nucleus AccumbensCerebellar Cortex
Prefrontal Cortex and

Caudate/Putamen
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Discussion

In the present PET study, the rank order of the dopa-
mine transporter density represented by binding potential
observed in methamphetamine users and comparison
subjects who did not use methamphetamine was cau-
date/putamen, then nucleus accumbens, then prefrontal

cortex. The finding of low dopamine transporter density in
the prefrontal cortex was compatible with the results of a
previous PET study demonstrating very low density of
dopamine D2 receptors in the human prefrontal cortex
(24). The present results also show that in the caudate/
putamen, nucleus accumbens, and prefrontal cortex, the
dopamine transporter density of methamphetamine us-
ers was significantly lower than that of comparison sub-
jects. Therefore, we suggest that in the human brain,
methamphetamine causes reduction of the dopamine
transporter density in the mesolimbic, mesocortical, and
nigrostriatal dopaminergic systems, although the number
of subjects was small in this study.

Our finding that dopamine transporter density was
lower in the caudate/putamen and nucleus accumbens of
the methamphetamine users may be in agreement with
the results of previous postmortem and PET studies (14,
15). With respect to the postmortem study (14), however, it
is unclear whether polydrug users were included as sub-
jects. In addition, the cause of death was not clear in the
postmortem study: in the case of overdose, several condi-
tions would have to be considered in order to understand
the results. In the PET study (15), users of multiple drugs,
including cocaine, cannabis, and LSD, were included as
subjects, although these substances are known to cause

FIGURE 3. Radioactivity in the Brain and the Arterial Plasma of a Representative Comparison Subject and Methamphet-
amine User After Tracer Injectiona

a The tracer was [11C]WIN-35,428; the radioactivity in each region is the averaged value of the left and right sides of the region.
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psychosis and to influence neural transmission in the
brain (25).

In order to evaluate the specific effects of methamphet-
amine on the dopamine transporter density associated
with psychiatric symptoms, we selected methamphet-
amine users who had abused only methamphetamine
(i.e., not polydrug users). Some of the methamphetamine
users had a history of treatment with neuroleptics for a
psychiatric state, but previous studies have reported that
neuroleptics have no effect on dopamine transporter den-
sity or affinity (26, 27). In addition, the methamphetamine
users in this study took the substance intravenously or by
smoking. This difference in the method of methamphet-
amine intake might contribute to the correlation between
the dopamine transporter change and the clinical mea-
sures, although methamphetamine possesses similar
pharmacological characteristics whether administered in-
travenously or by inhalation (28, 29). A larger study group
and a more homogenous population would be needed to
completely eliminate these factors.

In contrast to the dopamine transporter density for the
caudate/putamen and nucleus accumbens, which was
significantly correlated with some clinical characteristics,
the prefrontal cortex dopamine transporter density did
not correlate with any of the clinical markers, although it is
generally accepted that the dopaminergic neurons in the
prefrontal cortex are actively involved in the genesis and
expression of a psychotic state (10, 11). In addition, studies
suggest the importance of cerebellar function for psy-
chotic disorders (30) and the presence of dopaminergic
axons in certain lobules of the cerebellar vermis in pri-
mates (31). However, in the present study, which used a
ligand of [11C]WIN 35,428, the dopamine transporter den-
sity in the cerebellar vermis was not quantitatively mea-
sured. To clarify the role of dopamine transporter in the
prefrontal cortex and the cerebellar vermis for metham-
phetamine-related psychiatric symptoms, a larger study

will be needed, along with the development of a new
tracer with a higher specific-to-nonspecific binding ratio
that allows low binding site density to be detected.

The dopamine transporter density for both the caudate/
putamen and the nucleus accumbens decreased with in-
creasing duration of methamphetamine use, suggesting
that, in the habitual methamphetamine users in this
study, the reduction of dopamine transporter density was
dependent on the duration of methamphetamine use. Al-
though the methamphetamine-induced change in dopa-
mine transporter density appears to be influenced by the
pattern and rate of methamphetamine use (32), our find-
ings did not help to clarify this issue. However, the meth-
amphetamine users in this study used methamphetamine
recreationally and had no history of toxic or high-dose
methamphetamine use. Since methamphetamine-in-
duced dopamine transporter reduction is known to be
dose-dependent (32, 33), the duration of methamphet-

Figure 5. Correlations Between Clinical Variables and Dopamine Transporter Binding Potential in the Caudate/Putamen
and Nucleus Accumbens of 11 Methamphetamine Users

a Significant correlation (p<0.05, Kendall’s tau).
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amine use, as a determining factor of the reduction in
dopamine transporter density observed in habitual meth-
amphetamine users, may represent this dose dependency.

The severity of positive symptoms increased with the
duration of methamphetamine use. Detoxification from
methamphetamine in all users was confirmed by regular
urine drug screening tests, including a test on the day of
the PET examination, to establish that the psychiatric
symptoms evaluated in this study were residual rather
than acute symptoms induced by methamphetamine use.
The present observations suggest that longer use of meth-
amphetamine induces greater reduction in dopamine
transporter density, which in turn is associated with a
higher occurrence of residual psychiatric symptoms.

The dopamine transporter density of the caudate/puta-
men decreased with increasing total score and positive
subscale score on the BPRS. The dopamine transporter
density of the nucleus accumbens had no apparent corre-
lation with the BPRS total score but decreased with in-
creasing scores on the positive subscale. This finding sug-
gests that the reduction in dopamine transporter density
of both the caudate/putamen and nucleus accumbens
may actively participate in the pathogenesis of residual
psychiatric symptoms in methamphetamine users.

We found no significant correlation between the dura-
tion of abstinence, which lasted in our subjects from 1
week to 1.5 years, and dopamine transporter density in ei-
ther the caudate/putamen or the nucleus accumbens. The
previous PET study (15) showed a significant reduction in
the caudate/putamen dopamine transporter density in
chronic methamphetamine users, some of whom had
been abstinent for more than 3 years. These findings sug-
gest that lasting reduction of brain dopamine transporter
density could occur after habitual methamphetamine use.

In terms of craving for methamphetamine, a significant
correlation was found with the duration of methamphet-
amine abstinence. However, no correlation was observed
between the craving for methamphetamine and the dura-
tion of methamphetamine use. In addition, craving was
not associated with dopamine transporter density in the
nucleus accumbens, although it has been hypothesized
that this structure is related to drug reward (34). These
findings are not inconsistent with our contention that
craving for methamphetamine may be associated with re-
versible changes in the brain, such as changes in postsyn-
aptic dopamine receptors, which are restored over time
(35, 36).

In a previous study using the same PET scanner and
tracer as used here, the striatal dopamine transporter den-
sity in unmedicated patients with Parkinson’s disease
showed a pronounced reduction of about 80% (23). Meth-
amphetamine users in this study, who had no symptoms
of parkinsonism or other neurological abnormalities,
showed a small reduction of caudate/putamen dopamine
transporter of roughly 20%. Since striatal dopamine trans-
porter declines with age (37, 38), chronic methamphet-

amine users may have a greater risk for developing Parkin-
son’s disease as they age. Although small, the reduction in
caudate/putamen dopamine transporter in the metham-
phetamine users in our current study was clearly associ-
ated with the development of psychiatric symptoms. In
the case of methamphetamine users, as distinct from pa-
tients with Parkinson’s disease, the small reduction in cau-
date/putamen dopamine transporter appears to have a
predictive value for the development of psychiatric signs.
However, in order to strengthen the specificity and sensi-
tivity of the caudate/putamen dopamine transporter re-
duction as a predictor for psychiatric symptoms, it will be
necessary to evaluate another brain area as a negative
control after a new tracer more highly specific to the dopa-
mine transporter becomes available.

Several reports have indicated the possible involvement
of the caudate/putamen in cognitive and personality dis-
orders (39, 40). In particular, a previous PET study (41)
showed an association between low dopamine trans-
porter density and detached personality. Whether chronic
use of methamphetamine influences or enhances such a
personality trait is not known, but research into this ques-
tion may provide further insight into the possible associa-
tions between caudate/putamen dopamine transporter
density and psychiatric symptoms.

Oxidative dopamine products such as the dopamine
quinones, which are increasingly formed under the condi-
tion of high concentration of intracellular dopamine (42),
are known to modify the proteins at the sites of cysteinyl
residues. Dopamine transporter, which contains several
cysteinyl residues, is one of the proteins at risk for this
modification (43), and methamphetamine is known to in-
crease intracellular dopamine level by inhibiting vesicular
transporter and monoamine oxidase B activity (44). Such
modification may partly explain the reduction of dopa-
mine transporter density observed here, since the dopa-
mine nerve terminals of chronic methamphetamine users
are exposed to excessive dopamine levels for long periods
of time.

In summary, our results clearly show parallelism be-
tween reduction of dopamine transporter density in the
brain, which is associated with the duration of metham-
phetamine use, and the symptoms of a chronic psychotic
state in methamphetamine users. Therefore, chronic
methamphetamine use may contribute to the production
of prolonged psychosis in methamphetamine users. How-
ever, dopamine transporter is only one part of the dopam-
inergic system, and we examined only one aspect of the
dynamics of dopamine transmission. Indeed, in a previ-
ous animal study (32), methamphetamine was reported to
produce long-term reductions in serotonin transporter
density, in addition to the decrease in dopamine trans-
porter density. Therefore, changes in serotonin neurons,
which have been implicated in many psychiatric symp-
toms (45–47), might have occurred in the methamphet-
amine users in the current study and might thus have
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influenced our results, including those on clinical symp-
toms. We also cannot rule out the possibility of preexisting
condition of dopamine transporter reduction in metham-
phetamine users. Clearly, further work will be needed to
define the causal mechanism of methamphetamine-asso-
ciated psychosis.
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