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nlarged Striatum in Abstinent Methamphetamine
busers: A Possible Compensatory Response

inda Chang, Christine Cloak, Kari Patterson, Charles Grob, Eric N. Miller, and Thomas Ernst

ackground: Little is known about structural brain abnormalities associated with methamphetamine (METH) abuse; therefore, we
imed: 1) to evaluate possible morphometric changes, especially in the striatum of recently abstinent METH-dependent subjects; 2) to
valuate whether morphometric changes are related to cognitive performance; and 3) to determine whether there are sex-by-METH
nteractions on morphometry.

ethods: Structural MRI was performed in 50 METH and 50 comparison subjects with the same age range and sex proportion;
uantitative morphometric analyses were performed in the subcortical gray matter, cerebellum and corpus callosum. Neuropsycho-
ogical tests were also performed in 44 METH and 28 comparison subjects.
esults: METH users showed enlarged putamen (left: � 10.3%, p � .0007; right: � 9.6%, p � .001) and globus pallidus (left: � 9.3%,
� .002; right: � 6.6%, p � .01). Female METH subjects additionally showed larger mid-posterior corpus callosum (� 9.7%, p � .05).
lthough METH users had normal cognitive function, those with smaller striatal structures had poorer cognitive performance and
reater cumulative METH usage.
onclusions: Since METH subjects with larger striatal structures had relatively normal cognitive performance and lesser cumulative
ETH usage, the enlarged putamen and globus pallidus might represent a compensatory response to maintain function. Possible
echanisms for the striatal enlargement include glial activation and inflammatory changes associated with METH-induced injury.
ey Words: Methamphetamine, morphometry, putamen, globus
allidus, cognitive, MRI

ethamphetamine (METH) is an addictive stimulant drug
that primarily affects the dopaminergic and serotonergic
systems in the brain. The neurotoxic effects of METH

ave been demonstrated in numerous animal models. Similarly,
otential METH-induced neurotoxicity in humans has been
uggested by neuropsychological tests and several functional
euroimaging studies (Chang et al 2002; Ernst et al 2000; Paulus
t al 2002; Volkow et al 2001a, 2001b, 2001c, 2001d), and further
valuated by postmortem analyses (Moszczynska et al 2004).
owever, little is known about the possible morphometric brain
bnormalities in METH abusers. A recent study found that METH
sers had smaller hippocampal volumes and significant white
atter hypertrophy (Thompson et al 2004); however, possible
olume changes in the striatum, where the dopaminergic termi-
als and major site of action for METH are located, were not
easured. Evaluation of the striatal structures (putamen, caudate

nd the globus pallidus) might yield insights into brain injury
ssociated with methamphetamine.

PET studies of METH users found both lower dopamine (DA)
2 receptor (Volkow et al 2001a) and lower DA transporter
ensities (Volkow et al 2001c) in the striatum. Fluorodeoxyglu-
ose (18FDG) PET further found decreased metabolism in the
ubcortical brain structures but increased metabolism in the
arietal cortices (Volkow et al 2001b). This pattern of abnormal
rain metabolism parallels the regional cerebral blood flow
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(rCBF) abnormalities observed in a perfusion MR study of
abstinent METH-dependent subjects (Chang et al 2002). These
neuroimaging abnormalities correlated with poorer cognitive
performance; for example, decreased DA transporters correlated
with slower motor speed and poorer verbal memory (Volkow
et al 2001c) while rCBF abnormalities correlated with poorer
performance and psychomotor speed on working memory tasks
(Chang et al 2002). On proton MR spectroscopy (1H MRS),
abstinent METH-dependent subjects showed decreased neuronal
metabolite and elevated glial markers, especially in those with
high levels of cumulative lifetime doses (Ernst et al 2000). Finally,
a functional MRI study of METH users reported decreased
prefrontal activation and elevated parietal activation during tasks
that involved decision-making (Paulus et al 2002). Few of these
studies, however, evaluated potential sex differences in the
long-term effects of METH on the brain despite the fact that more
than half of METH users are female (Substance Abuse and Mental
Health Services Administration 2002).

The aims of this study were: 1) to evaluate possible morpho-
metric changes on structural MRI in a group of recently abstinent
METH-dependent subjects; 2) to evaluate whether morphometric
changes might be related to cognitive performance; and 3) to
determine whether there are sex-by-drug (METH) interactions on
morphometry. Based on prior studies, we hypothesized that
compared to nondrug-using healthy volunteers, abstinent METH-
dependent subjects would have smaller striatal brain volumes,
and that decreased volumes would be associated with poorer
performance on cognitive tasks, especially those related to
psychomotor speed and reaction times. Since preclinical studies
have shown sex-differences on behavior and striatal injury in
response to METH (Dluzen et al 2003), we also hypothesized that
compared to women, METH-dependent men would suffer
greater neurotoxic effects of METH, as measured by brain
volume and cognitive performance.

Methods and Materials

Subjects
Fifty adult subjects with a history of METH-dependence (24
men, 26 women, 32.1 � 7.1 years old, range 19–49 years) were

BIOL PSYCHIATRY 2005;57:967–974
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tudied. Subjects were evaluated and diagnosed using a struc-
ured clinical interview (SCID-I, Clinician Version) (First et al
997) by a board-certified psychiatrist, and the cumulative
mount of METH usage was estimated by detailed interviews that
uestioned the subjects regarding average amount of METH
se/day, number of days used per week, and duration of use.
ubjects were additionally screened with physical, neurological
nd psychiatric examinations, and laboratory screening blood
nd urine tests. They fulfilled the following inclusion criteria: 1)
en or women of any ethnicity, 18–50 years of age; 2) DSM-IV

riteria for history of METH dependence; average METH use .25 g
day, at least 4 days per week, for at least 2 years; abstinent from
ETH, or any other drug use, for more than one week; 3)
egative urine toxicology screen (except for METH) and no
urrent or history of other drug dependence (including cocaine,
lcohol, opiates, inhalants, and barbiturates); 4) on no medica-
ions, except for oral contraceptives or vitamins; and 5) ability to
ive informed consent. All METH subjects also fulfilled these
xclusion criteria: 1) co-morbid or history of chronic medical or
sychiatric illnesses which might confound the analysis of the
tudy (e.g., schizophrenia, major depression, multiple sclerosis,
arkinson’s disease, degenerative brain diseases, any brain in-
ections or neoplasms); 2) any major structural brain abnormal-
ties (e.g. strokes, vascular malformations); 3) severe hepatic or
enal dysfunction; 4) head trauma with loss of consciousness for
ore than 30 min; 5) metallic or electronic implants (e.g.,
acemaker, surgical clips, pumps, etc.); 6) inability to read
nglish at 8th grade level; 7) seropositive for HIV-1; and 8) for
omen, pregnant or breast feeding.
Fifty comparison subjects with the same age range and sex

roportion (31.7 � 7.4 years old, range 19-48 years, 24 men, 26
omen) were also studied. These subjects fulfilled the same

nclusion and exclusion criteria as the METH users, but had no
urrent or history of drug abuse or dependence (including
ocaine, methamphetamine, alcohol, opiates, inhalants, and
arbiturates). All subjects signed an informed consent approved
y the Institutional Review Board at Harbor-UCLA Medical
enter.

tructural MRI
All 100 subjects completed structural MR scans on a 1.5 T
canner (General Electric Signa, Milwaukee, Wisconsin). The

ww.elsevier.com/locate/biopsych
MRI protocol included: 1) sagittal Tl weighted localizer (Echo
Time/Relaxation Time � 11/500 msec, 4 mm slices, 1 mm gap,
24 cm field of view); 2) coronal fast double spin echo scan (Echo
Time1/Echo Time2/Relaxation Time � 17/102/4000 msec, 5 mm
slices, no gap, 24 cm field of view); and 3) axial fast inversion
recovery scan (Echo Time/Inversion Time/ Relaxation Time �
32/120/4000 msec, 3.5 mm slices, no gap, 24 cm field of view).
The sagittal and coronal images were used to screen for possible
silent infarcts or other unknown brain abnormalities. Because the
inversion recovery sequence yielded contiguous brain slices and
excellent contrast between white matter, gray matter and cere-
brospinal fluid, it was used for morphometric analyses.

Image Analyses
The images were analyzed using a customized program

written in C language within the AVS (Advanced Visual Systems,
Inc., Waltham, Massachusetts) system. The program allowed
volumetric measurements within an outlined region of interest
(ROI) and was calibrated (Itti et al 1997) with a Hoffman
phantom, which contained multiple compartments that mimic
the gray and white matter, and cerebrospinal fluid, within an
axial slice of the human brain (Hoffman et al 1983). ROIs were
drawn manually on each slice that showed the brain structure
(Figure 1), and the volumes were summed automatically for each
region. The ROIs were drawn by investigators blinded to the
subjects’ status, and were highly reproducible with inter-rater reli-
ability (intraclass r-values) ranged between .92 to .96 and intra-rater
reliability (intraclass r-values) ranged between .96 to .98 for 10
different brain regions drawn by two raters 2 to 4 weeks apart.

Based on our a priori hypothesis, we specifically evaluated
striatal brain regions (caudate, putamen and globus pallidus),
where prior imaging studies showed decreased dopamine trans-
porters, brain metabolism and perfusion in METH users (Chang
et al 2002; Ernst et al 2000; Volkow et al 2001c). We additionally
explored other brain regions that might be affected by METH,
such as regions with relatively high density of dopamine recep-
tors (cerebellar vermis) and serotonergic neurons (midbrain). We
also evaluated the thalami, because they are important relay
centers to other brain regions, and four segments of the corpus
callosum (CC), which reflect the commissural fibers radiating to
the cortices from the anterior to the posterior portions of the

Figure 1. Left: Axial MRI slices showing brain regions
measured in the current study. Right: Bar graphs
showing larger lentiform nuclei (putamen and glo-
bus pallidus) in the METH users compared to non-
drug users. MRI, magnetic resonance imaging;
METH, methamphetamine.
brain.
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A semiautomatic program was used to segment the CC into
our sectors (CC1-genu, CC2-anterior-middle, CC3-middle-
osterior, CC4-splenium) (Kaufer et al 1997); see Figure 1.
riefly, segmentation was performed on the best mid-sagittal
lice that showed a distinct border of the entire CC and the
ammillary nucleus. A line was drawn across the inferior most
oints of the rostral and caudal portions of the CC, and a
erpendicular line from the mammillary nucleus was automat-

cally plotted to bisect the CC. The entire CC was then
utomatically divided into ten 18-degree radial sectors; CC1
nd CC4 each contained 2 sectors while CC2 and CC3 each
ontained 3 sectors (Figure 2).

europsychological Tests
A battery of neuropsychological tests designed to assess

ognitive function most likely affected by injury to the striatum
nd frontal regions was performed in 44 of the abstinent METH-
ependent subjects (31.9 � 7.2 years old; 20 men, 23 women) and
8 comparison subjects (30.5 � 8.2 years old, 13 males and 15
emales). Although the METH subjects had lower education (12.5 �
.4 years) than the comparison subjects (14.3 � 1.1 years), they
ere well matched by estimated verbal intelligence quotients

Table 1). The test battery included measures of gross motor
unctioning (Timed Gait), verbal memory (Rey Auditory Verbal
earning Test or AVLT) (Rey 1941), fine motor speed (Grooved
egboard, testing dominant and nondominant hands) (KlØve
963), executive function (Stroop Color Interference Tests)
Stroop 1935), estimate of verbal intelligence (New Adult Read-
ng Test-Revised; NART) (Blair and Spreen 1989), mood (Center
or Epidemiologic Studies—Depression Scale or CES-D) (Radloff
977), and psychomotor speed [Trail Making Tests, part A and B
U.S. War Department 1944), Symbol Digit Modalities (Smith
982), and the California Computerized Assessment Package
CalCAP) (Miller 1990)]. The CalCAP included tests for simple
eaction time and psychomotor speed (choice reaction time,
ingle digit recognition), as well as tests for working memory
1-back cued response (‘X’ only after ‘A’), sequential numbers
ith 1-increment, sequential numbers with 2-back], and visual
iscrimination and response inhibition (degraded words with
istracters, response reversal/ visual scanning, and form discrim-
nation tasks). Lastly, 28 METH subjects and 22 comparison
ubjects additionally performed a verbal fluency test (generating
ords with letters FAS) and a visual construction and procedural
emory test (Rey-Osterrieth complex figure test). All neuropsy-

hological tests were performed within one month of the MRI
tudies.

tatistical Analyses
Statistical analyses were performed using StatView (SAS Insti-

ute Inc., Cary, North Carolina). Two-way analysis of variance
ANOVA) was used to analyze regional brain volumes (in mL),
ith METH-status and sex as the two factors. Regional brain
olumes relative to the whole brain were calculated and shown
n Table 2. A similar analysis of covariance (ANCOVA) model
as used for neuropsychological measures, which additionally

ncluded the number of years of education as a covariate.
NOVA or ANCOVA main effects of METH-status, or interactions
etween METH status and sex, were considered statistically
ignificant if a Bonferroni correction for multiple comparisons
howed a type I error of p � .05 (corresponding to uncorrected
� .0021 for morphometry variables; p � .0014 for neuropsy-

hiatric variables; and p � .0028 for CalCAP variables). Variables

hat met p � .05 without multiple-comparison correction were
defined to indicate a trend for significance. The relationship
between brain volumes that showed significant group differ-
ences (after Bonferroni correction) and cognitive performance
(for variables with an uncorrected METH effect of p � .05) or
METH usage was evaluated using linear regression analyses.
METH usage variables that were not normally distributed were
log transformed for the regression analyses.

Results

METH Usage and Incomes
The 50 abstinent METH-dependent subjects had used METH

6.3 � 1.3 days/week at 1.6 � 1.6 g/day (median 1.0 g/day, range
.25–10 g/day) for 110 � 68 months, and had an average lifetime
METH use of 4,519 � 5,730 g (Log 3.41 � .5, median 3,240 g,
range 103–36,000 g). They were abstinent for 4.0 � 6.2 months
(median 2.0 months, range .25–36 months). The 43 METH
subjects who also completed the neuropsychological tests had
similar METH usage as a group: METH 6.2 � 1.4 days/week at 1.5
� 1.7 g/day (median 1.0 g/day) for 118 � 68 months, and a
lifetime METH use of mean 4,870 � 6,101 g (Log 3.42 � .5;
median 3,394 g, range 103 g–36 kg); average duration of METH
abstinence was 4.0 � 6.5 months (median 2.0 months, range
.25–36 months). While these subjects were using METH regu-
larly, their income was $1,459 � 1,759/month; however, during
their abstinence and rehabilitation period, their income de-
creased to $703 � 809/month.

Volumetric Analyses
Whole brain volumes on MRI were not different between

METH and comparison subjects. However, as expected, whole
brain and regional volumes had significant sex effects. Men had
substantially greater whole brain volumes (Controls: � 13.9%,
F1,48 � 30.83, p � .0001; METH: � 13.1 %, F1,48 � 19.99, p �
.0001), and larger cerebellum (hemisphere and vermis), thalami,
and caudate nuclei than women (Table 2). However, since these

Figure 2. Left: Sagittal MRI showing the 4 sectors of the corpus callosum
measured. Right: Bar graphs showing sex-by-region interaction in the CC3
portion of the corpus callosum. MRI, magnetic resonance imaging.
specific regions of interest were only slightly larger in men, they

www.elsevier.com/locate/biopsych
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ypically had lower % regional volumes relative to the whole
rain than women (Table 2).

A significant METH effect was observed in the striatal brain
egions after Bonferroni correction for multiple comparisons
Table 2, Figure 1). Specifically, the METH subjects showed
arger averaged globus pallidus volumes (� 9.6%; F1,96 � 10.5,
� .0017) and averaged putamen volumes (� 9.9%; F1,96 � 13.1,
� .0005). No significant sex effects or METH-by-sex interac-

ions were observed in these two regions.
However, a trend for significant METH-by-sex interactions

as observed in the posterior middle portion of the corpus
allosum (CC3, F1,96 � 4.46, p � .037, Table 2). In particular,
emale METH users had larger CC3 (� 9.7%, p � .05) than the
ondrug using women.

europsychological Test Performance (Tables 1 and 3)
Despite the difference in education, the four subject groups

ere well matched by age and on the NART estimated-verbal
ntelligence quotient (IQ). Using education as a co-variate in the
NCOVA, none of the neuropsychological tests showed signifi-
ant group differences after Bonferroni correction. We observed
nly trends for METH effect for verbal fluency and sex effect on
he Pegboard nondominant test (F1,63 � 6.1, p � .02), with the
ondrug using women performing faster than the nondrug using
en, but no sex-difference in the METH subject group. On the

able 1. Performance on Neuropsychological Tests

Male Comparison
Subjects

Female Comparison
Subjects

ge (years) 30.9 � 7.8 30.0 � 9.2

ducation (years) 14.4 � 1.0 14.2 � 1.1

stimated Verbal IQ 100.14 � 11.29 102.67 � 11.50
otor and Psychomotor Tasks
Time gait (s) 9.94 � 1.45 10.15 � 1.67
Pegboard (dominant) (s) 62.0 � 5.47 59.08 � 8.10
Pegboard (non-

dominant) (s)
77.4 � 19.07 66.92 � 11.29

Trail making A (s) 23.91 � 3.94 22.83 � 6.48
Trail making B (s) 59.82 � 19.51 54.67 � 20.69
Symbol digit modalities 55.18 � 8.02 61.75 � 10.45
emory and Learning - Auditory Verbal Learning Test
Immediate recall (s) 6.27 � 1.90 7.17 � 2.04

After 5 trials (s) 12.73 � 1.62 13.25 � 1.96

With interference (s) 11.09 � 3.05 11.75 � 2.96

Delayed recall (s) 11.27 � 2.10 11.58 � 2.07

xecutive Function-Stroop Color Interference Tests and Verbal Fluency
Stroop color (s) 60.82 � 9.25 57.08 � 10.55
Stroop words (s) 46.82 � 9.64 41.83 � 6.71
Stroop interference (s) 116.36 � 23.01 101.83 � 22.65

Verbal fluency (# correct) 40.3 � 11.98 37.4 � 12.5

isual Construction and Visual Memory - Rey-Osterrieth Complex Figure Te
Copy 29.7 � 5.06 30.8 � 3.97
Immediate recall 14.9 � 8.58 16.4 � 4.18
Delayed recall 18.3 � 4.54 17.2 � 6.76

None of the group differences for neuropsychological tests are significan
nalysis of covariance (ANCOVA): F (1, 63).

METH, methamphetamine.
uditory verbal learning test (AVLT), trends for METH-by-sex

ww.elsevier.com/locate/biopsych
interaction were observed for recall after 5 trials (F1,63 � 5.2, p �
.03), with interference (F1,63 � 8.2, p � .006) and after a delayed
period (F1,63 � 4.9 , p � .03, Table 1). The trends for these
METH-by-sex interactions in the AVLT trials were due to the
poorer performance by the male METH subjects than the female
METH subjects, while no sex difference was observed in the
comparison group. No significant sex-differences were observed
on the CalCAP tests (Table 3).

On most CalCAP tasks, the METH subjects tended to perform
slower than the comparison subjects, but none of these tests
remained significant after Bonferroni correction (Table 3).

Correlations Between Brain Volumes, Cognitive Performance,
and Drug Usage

To minimize multiple correlations, averaged volumes of the
left and right putamen or globus pallidus (the two regions that
showed significant METH effect) were correlated only with
cognitive tasks that showed trend group differences. In the
METH users, smaller putamen volume was associated with
poorer performance on verbal fluency (F1,27 � 8.82, r � .5, p �
.006) and Grooved Pegboard (nondominant hand: F1,42 � 7.92,
r � �.30, p � .008, Figure 3).

Similarly, smaller globus pallidus volumes in METH users
were related to slower performance on nondominant Grooved
Pegboard (F � 4.49, r � �.31, p � .04, Figure 3).

ale METH
Subjects

Female METH
Subjects

METH
Effect

Sex
Effect

METH � Sex
Interaction

3.1 � 7.8 30.9 � 6.4 ns ns ns

2.8 � 1.5 12.3 � 1.4
F � 27.8;

ns ns
p � .0001

.11 � 12.08 100.18 � 11.22 ns ns ns

.11 � 1.51 10.41 � 1.21 ns ns ns

.10 � 12.06 62.90 � 15.22 ns ns ns

.95 � 13.20 76.8 � 16.1 ns
F � 6.1;

ns
p � .02

.43 � 6.13 24.96 � 10.79 ns ns ns

.33 � 22.69 55.04 � 19.05 ns ns ns

.33 � 7.74 52.00 � 8.02 ns ns ns

.57 � 1.08 6.91 � 1.91 ns ns ns

.38 � 2.33 13.13 � 2.03 ns ns
F � 5.2;
p � .03

.57 � 2.77 11.65 � 2.01 ns ns
F � 8.2;
p � .006

.29 � 2.92 11.61 � 2.25 ns ns
F � 4.9;
p � .03

.60 � 10.32 61.65 � 12.07 ns ns ns

.19 � 8.27 47.39 � 9.81 ns ns ns

.80 � 25.92 118.44 � 25.06 ns ns ns

7.5 � 7.7 39.5 � 13.97
F � 4.1;

ns ns
p � .05

0.3 � 2.73 30.1 � 3.48 ns ns ns
6.3 � 4.9 17.8 � 7.3 ns ns ns
5.8 � 5.66 17.1 � 4.51 ns ns ns

Bonferroni correction. Results are presented as mean � standard deviation;
M
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Table 2. Regional Brain Volumes

Hemisphere or
Region

Male Comparison
Subjects

Female
Comparison

Subjects
Male METH

Subjects
Female METH

Subjects METH Effect
Sex Effect

(M�F)

METH �
Sex

Interaction

Whole Brain Full Brain 1357.32 � 102.35 1191.77 � 108.01 1365.30 � 124.14 1207.87 � 124.63 ns
F � 49.0

ns
p � .0001

Cerebellum

Right
65.26 � 8.69 58.55 � 4.76 59.79 � 8.01 58.73 � 8.82

ns
F � 6.5
p � .01

ns
(4.81 � .54) (4.93 � .34) (4.41 � .65) (4.87 � .62)

Left
63.16 � 8.32 56.95 � 4.51 59.53 � 8.63 57.98 � 9.32
(4.66 � .55) (4.79 � .28) (4.37 � .59) (4.81 � .63)

Vermis
9.38 � 1.39 8.60 � .93 9.34 � 1.04 8.93 � 1.47

ns
F � 6.0
p � .02

ns
(.69 � .08) (.72 � .07) (.69 � .07) (.74 � .11)

Corpus Callosum

Genu (CC1)
199.99 � 39.90 191.23 � 24.95 212.62 � 34.68 196.37 � 30.90

ns ns ns
(14.74 � 2.81) (16.21 � 2.78) (15.60 � 2.29) (16.30 � 2.20)

Anterior-Mid. (CC2)
165.45 � 29.21 157.80 � 24.81 164.80 � 25.16 156.61 � 25.67

ns ns ns
(12.26 � 2.37) (13.35 � 2.45) (12.11 � 1.74) (13.08 � 2.45)

Posterior-Mid.(CC3)
154.21 � 26.11 148.54 � 26.79 147.80 � 17.71 162.94 � 26.33

ns ns
F � 4.5
p � .037(11.37 � 1.76) (12.62 � 2.77) (10.92 � 1.64) (13.61 � 2.44)

Splenium (CC4)
225.11 � 34.98 211.01 � 29.49 218.01 � 39.27 220.00 � 38.39

ns ns ns
(16.67 � 2.78) (17.82 � 2.83) (16.01 � 2.69) (18.29 � 3.05)

Thalamus
Right

6.42 � .61 6.16 � .41 6.67 � .61 6.08 � .65

ns
F � 13.9
p � .0003

ns
(.47 � .05) (.52 � .05) (.49 � .05) (.51 � .05)

Left
6.67 � .55 6.30 � .47 6.93 � .58 6.45 � .76
(.49 � .05) (.53 � .05) (.51 � .05) (.54 � .06)

Midbrain
Right

3.79 � .39 3.47 � .29 3.65 � .47 3.68 � .55

ns ns ns
(.28 � .03) (.29 � .03) (.27 � .03) (.31 � .05)

Left
3.77 � .39 3.49 � .32 3.64 � .52 3.57 � .52
(.28 � .03) (.29 � .03) (.27 � .05) (.30 � .05)

Globus Pallidus
Right

1.74 � .21 1.73 � .23 1.88 � .23 1.83 � .26
F � 10.5
p � .0017a ns ns

(.13 � .02) (.15 � .03) (.14 � .02) (.15 � .03)

Left
1.75 � .22 1.67 � .15 1.90 � .30 1.85 � .28
(.13 � .02) (.14 � .02) (.14 � .03) (.015 � .03)

Putamen
Right

5.23 � .65 5.22 � .65 5.87 � .75 5.60 � .87
F � 13.1
p � .0005a ns ns

(.39 � .06) (.44 � .06) (.43 � .06) (.47 � .08)

Left
5.52 � .74 5.24 � .61 6.08 � .80 5.78 � .93
(.41 � .04) (.44 � .06) (.45 � .06) (.48 � .09)

Caudate
Right

4.25 � .51 3.91 � .45 4.25 � .48 4.09 � .50

ns
F � 7.5
p � .007

ns
(.31 � .04) (.33 � .03) (.31 � .04) (.34 � .05)

Left
4.50 � .57 4.14 � .58 4.53 � .52 4.30 � .53
(.33 � .04) (.35 � .04) (.33 � .05) (.36 � .05)

Regional brain volumes in mL (and % of whole brain) and ANOVA F (dF � 1,96) and p values.
ANOVA, analysis of variance; METH, methamphetamine.
aSignificant after Bonferroni correction.
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ersely with putamen (F1,48 � 3.89; r � �.27, p � .05) and globus
allidus volumes (F1,48 � 4.09, r � �.28, p � .05) (Figure 4). We
lso evaluated whether older subjects might have used the drug
onger; however, no correlation between age and Log cumulative
ETH used was observed (F1,48 � 1.57, r � .06, p � .7). No

orrelations were observed between other METH use parameters
recency of use, duration of use, or frequency of use per week)
nd striatal volumes.

iscussion

This study found enlarged striatal structures (globus pallidus
nd putamen), but normal cognitive performance, in both male
nd female METH users relative to comparison subjects. Since
ETH affects the dopaminergic terminals, which have the high-
st density in the putamen and globus pallidus, abnormalities in
hese brain regions are expected. Prior studies in abstinent
ETH-dependent subjects also found abnormalities in the striatal

egions, including decreased dopamine transporters (Volkow
t al 2001c), and decreased neuronal marker N-acetylaspartate
NAA) or NAA-to-creatine ratio on 1H MRS (Ernst et al 2000).
nly one study evaluated brain morphometry in METH users,
ut surprisingly, the striatal regions were not examined; the
uthors found decreased hippocampal volume and increased
rontal white matter instead (Thompson et al 2004). Contrary to
ur initial hypothesis, we found larger striatal volumes in the
ETH users as a group. However, those with the smallest striatal
olumes had the greatest cumulative lifetime METH use and
oorest cognitive performance; this finding is consistent with our
econd hypothesis that smaller striatal volume would be associ-

able 3. Reaction Times (RT) on CalCAP Tasks (in Milliseconds)

alCAP Tasks

Male
Comparison

Subjects

Female
Comparison

Subjects
Ma

S

imple RT 300.54 � 40.33 303.40 � 57.45 327.6
hoice (‘7’) RT 394.46 � 39.44 392.00 � 38.20 395.4
ued (‘X’ only after ‘A’) RT 378.00 � 56.47 403.53 � 144.81 420.5
equential RT (1-back) 509.46 � 94.26 471.40 � 67.08 512.6
equential RT (1-increment) 568.69 � 109.05 581.13 � 125.48 613.4
equential RT (2-back) 757.39 � 187.05 677.00 � 144.18 815.2
T for Degraded Words 495.77 � 50.45 499.53 � 71.94 509.7
T for Word Reversal 615.62 � 84.06 615.40 � 97.32 644.6
T for Form Discrimination 729.92 � 101.71 691.20 � 92.02 739.4

None of the group differences for neuropsychological tests are significa
ANOVA, analysis of variance; CalCAP, California Computerized Assessme

igure 3. Correlations between cognitive function and striatal structures in t
ight, are associated with poorer performance. Solid lines in graph indicate m

rom female subjects. METH, methamphetamine.

ww.elsevier.com/locate/biopsych
ated with poorer cognitive performance. Taken together, these
findings suggest that striatal enlargement occur in METH users
possibly as a compensatory response to repeated METH-induced
striatal injury during early phases of drug dependence, but
greater cumulative METH usage might lead to decreased striatal
volumes and poorer cognitive performance.

The etiology for the enlargement of these striatal structures,
especially in those with lesser METH usage, remains unclear.
One potential mechanism for increased striatal volume is inflam-
mation and reactive gliosis due to METH-induced striatal injury.
This hypothesis is consistent with in vitro findings that METH
might contribute to CNS inflammation by stimulating increased
release and/or activation of matrix-degrading proteinases (Co-
nant et al 2004), which allow influx of inflammatory cytokines
and macrophages into the brain. Rodent and nonhuman primate
studies also found METH-induced astroglial or microglial re-
sponses in addition to dopaminergic neuronal injury (Hebert and
O’Callaghan 2000; Seiden and Sabol 1996); one study even found
dose-dependent attenuation of METH-induced microglial activa-
tion by ketoprofen, a nonsteroidal anti-inflammatory drug
(Asanuma et al 2003).

Another possibility for the enlarged lentiform nuclei might be
related to glial-mediated neurotrophic effects associated with
METH-induced injury to the striatum. In a rodent model of striatal
injury, activated macrophage and microglia quickly accumulated
and induced dopaminergic neuron sprouting at the wound site
by expressing brain-derived neurotrophic factor and glial cell-
line derived neurotrophic factor (Batchelor et al 1999). Prior MRS
studies in a different group of abstinent METH users, however,

TH
ts

Female METH
Subjects METH Effect

Sex
Effect

METH � Sex
Interaction

8.07 366.13 � 109.48 F � 5.1; p � .03 ns ns
2.41 410.17 � 46.27 ns ns ns
38.00 433.00 � 84.12 ns ns ns
8.08 583.74 � 98.81 F � 6.6; p � .01 ns F � 5.9; p � .02
24.08 669.52 � 68.58 F � 5.2; p � .03 ns ns
71.83 781.22 � 131.64 F � 4.5; p � .04 ns ns
8.38 556.96 � 92.07 ns ns ns
10.10 662.17 � 98.57 ns ns ns
37.30 713.78 � 98.51 ns ns ns

er Bonferroni correction. ANOVA F (df � 1,61) and p values.
ckage; METH, methamphetamine.

ETH users. Smaller putamen and globus pallidus, averaged between left and
values from male control subjects while dotted lines indicated mean values
le ME
ubjec

5 � 7
0 � 5
0 � 1
0 � 9
0 � 1
0 � 1
0 � 7
0 � 1
5 � 1
he M
ean
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ound decreased neuronal marker NAA in the striatum, which
uggested neuronal loss rather than increased neuronal content
Ernst et al 2000). Therefore, it is more likely that recurrent
ETH-induced injury leads to inflammatory changes described

bove and the associated increased striatal water content and
olume.

With regards to our third aim, the only region that showed a
rend for sex-by-METH interaction was the mid-posterior portion
f the corpus callosum (CC3). Female METH users showed
nlarged, while male METH users had slightly smaller, CC3
olumes relative to corresponding comparison subjects. Similar
o the enlarged striatal structures, the enlarged CC3 in the female
ETH users suggests inflammation in this portion of the corpus

allosum. Since the parietal fibers traverse the CC3 regions,
uture studies should evaluate whether hypertrophy also occurs
n the parietal regions. It is interesting to note that prior imaging
tudies consistently found increased regional perfusion and
lucose metabolism in the parietal brain regions of recently
bstinent METH subjects (Chang et al 2002; Volkow et al 2001b),
nd the increased perfusion was more prominent in female
ETH users (Chang et al 2002).
These findings might represent a sex-specific neuroprotective

esponse since induction of aromatase, the enzyme that pro-
uces estrogen de novo in astrocytes, is involved in the glial
epair response to brain injury (Garcia-Segura et al 1999).
ncreased reactive astrocytes in female compared to male rodents
fter neurotoxic doses of METH were thought to be partly
esponsible for the lesser dopamine depletion and injury (Dluzen
t al 2003). Therefore, female METH users may have a stronger
lial response, hence more inflammatory changes, due to the
europrotective effect of estrogen in specific brain regions.

METH induced dopaminergic neurotoxicity has been well
ocumented in preclinical studies; however, persistent damage
o the dopaminergic terminals in humans is less clear. Recent
tudies in nonhuman primates and humans demonstrated revers-
ble changes in the dopaminergic terminal markers after pro-
onged abstinence from METH (Volkow et al 2001d). Cognitive
ests in abstinent METH-dependent individuals have suggested a
ypodopaminergic state, including slower psychomotor function
nd reaction times on computerized tasks (Chang et al 2002;
imon et al 2002). However, unlike other hypodopaminergic
tates, such as Parkinson’s disease, which are characterized by
ecreased putamen and globus pallidus volumes (O’Neill et al
002), chronic METH users as a group showed enlarged basal

igure 4. Correlations between cumulative METH usage and volumes of
utamen and globus pallidus in METH users. Solid line indicates male METH
sers and dotted line indicates female METH users. Correlation values are for
oth male and female METH users. METH, methamphetamine.
anglia. The inverse correlations between cumulative METH
usage and striatal volume or cognitive performance further
suggest that the enlarged striatal volumes might represent a
compensatory response to the METH exposure.

Enlarged striatal structures have been observed in several
other conditions. For example, cocaine-dependent subjects also
showed enlarged putamen (Jacobsen et al 2001). Since METH
and cocaine are both psychostimulant drugs that cause recurrent
increases in extracellular dopamine levels, the mechanism for the
enlarged lentiform nuclei in both METH and cocaine may be
similar. Patients with schizophrenia also have enlarged striatum.
However, numerous studies clarified that subcortical hypertro-
phy in schizophrenia occurred only after treatment with neuro-
leptics (Gur et al 1998), while those who are medication-naive
had normal or reduced caudate volumes (Corson et al 1999; Gur
et al 1998). One study even demonstrated reversal of the caudate
enlargement after the patients were switched from typical neu-
roleptics to clozapine (Chakos et al 1995). Based on these
studies, the mechanism for subcortical hypertrophy in schizo-
phrenic patients is likely due to the tropic effect of typical
neuroleptics on striatal D2 receptors. Only one study of neuro-
leptic-naive schizophrenic patients from an Indian village re-
ported enlarged putamen (�11%), but these patients also had
dyskinesia (McCreadie et al 2002), which suggests aberrant
dopaminergic function. Larger thalamus and putamen were
associated with more severe positive symptoms in one group of
schizophrenic patients (Gur et al 1998), but a recent study found
larger relative putamen in those with better outcome, nonKra-
epelinian subtype, than poor outcome patients or controls
(Buchsbaum et al 2003). Therefore, consistent with our current
observation in the METH users, larger putamen may represent a
compensatory response to maintain function.

Another disorder that involves enlarged striatum is velo-
cardio-facial syndrome (a genetic disorder with 22q11.2 dele-
tion); approximately 30% of these patients also present with
psychosis (Eliez et al 2002). The caudate head volumes in
patients with velo-cardio-facial syndrome were increased inde-
pendent of medication (Eliez et al 2002); however, the other
striatal structures were not measured. Likewise, some METH
users may develop persistent and recurrent symptoms of para-
noid psychosis even after years of abstinence (Sato 1992), but the
relationship between striatal volume and psychosis has not been
evaluated in METH users. A speculative view of these observa-
tions is that enlarged striatal structures in schizophrenia, velo-
cardio-facial syndrome, as well as METH or cocaine-dependence
might partly reflect the neuropathological substrate of psychosis.

There are several limitations to the current study. First, we
cannot rule out the possibility that enlarged striatum might be a
premorbid phenotype prior to METH usage; future longitudinal
studies may clarify whether enlarged striatal volumes are revers-
ible with prolonged abstinence (although we did not observe a
correlation with duration of abstinence in the current cohort).
Second, despite the co-variation of years of education in the
ANCOVA, our neuropsychological test results might be con-
founded by the different education levels between groups, and
the fact that only a subgroup of the subjects had the cognitive
testing. Third, the large number of variables may lead to type I
errors; validation of these findings with another cohort is needed.

In summary, we observed enlarged putamen and globus
pallidus in a group of abstinent METH-dependent subjects,
especially those who had lesser cumulative METH usage and
relatively normal cognitive function. These findings suggest a
compensatory response after chronic METH exposure and might

reflect inflammatory changes in these striatal regions. Further-
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ore, only female METH-users showed a trend for larger vol-
mes in the mid-posterior callosum, which suggests that women
ay have stronger inflammatory responses than male METH
sers. Future studies that evaluate inflammatory markers in
elation to these structures might help to clarify these relation-
hips.
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