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Abstract

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

Methods—Structural MRI was performed in 50 METH and 50 comparison subjects with the
same age range and sex proportion; quantitative morphometric analyses were performed in the
subcortical gray matter, cerebellum and corpus callosum. Neuropsychological tests were also
performed in 44 METH and 28 comparison subjects.

Results—METH users showed enlarged putamen (left: + 10.3%, p=.0007; right: + 9.6%, p=.
001) and globus pallidus (left: + 9.3%, p=.002; right: + 6.6%, p=.01). Female METH subjects
additionally showed larger mid-posterior corpus callosum (+ 9.7%, p = .05). Although METH
users had normal cognitive function, those with smaller striatal structures had poorer cognitive
performance and greater cumulative METH usage.

Conclusions—Since METH subjects with larger striatal structures had relatively normal
cognitive performance and lesser cumulative METH usage, the enlarged putamen and globus
pallidus might represent a compensatory response to maintain function. Possible mechanisms for
the striatal enlargement include glial activation and inflammatory changes associated with METH-
induced injury.
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Methamphetamine (METH) is an addictive stimulant drug that primarily affects the

dopaminergic and serotonergic systems in the brain. The neurotoxic effects of METH have

Address reprint requests to: Linda Chang, M.D., Department of Medicine, John A. Burns School of Medicine, University of Hawaii,

Queen’s University Tower, 7t Floor, 1356 Lusitana Street, Honolulu, HI 96813; LChang@hawaii.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chang et al.

Page 2

been demonstrated in numerous animal models. Similarly, potential METH-induced
neurotoxicity in humans has been suggested by neuropsychological tests and several
functional neuroimaging studies (Chang et al 2002; Ernst et al 2000; Paulus et al 2002;
Volkow et al 2001a, 2001b, 2001c, 2001d), and further evaluated by postmortem analyses
(Moszczynska et al 2004). However, little is known about the possible morphometric brain
abnormalities in METH abusers. A recent study found that METH users had smaller
hippocampal volumes and significant white matter hypertrophy (Thompson et al 2004);
however, possible volume changes in the striatum, where the dopaminergic terminals and
major site of action for METH are located, were not measured. Evaluation of the striatal
structures (putamen, caudate and the globus pallidus) might yield insights into brain injury
associated with methamphetamine.

PET studies of METH users found both lower dopamine (DA) D2 receptor (Volkow et al
2001a) and lower DA transporter densities (Molkow et al 2001c) in the striatum.
Fluorodeoxyglucose (8FDG) PET further found decreased metabolism in the subcortical
brain structures but increased metabolism in the parietal cortices (Volkow et al 2001b). This
pattern of abnormal brain metabolism parallels the regional cerebral blood flow (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 (MVolkow et al 2001¢) while rCBF abnormalities correlated with
poorer performance and psychomotor speed on working memory tasks (Chang et al 2002).
On proton MR spectroscopy (H 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 morphometric 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 psychomaotor 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.
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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 studied. Subjects were evaluated and diagnosed using a
structured clinical interview (SCID-I, Clinician Version) (First et al 1997) by a board-
certified psychiatrist, and the cumulative amount of METH usage was estimated by detailed
interviews that questioned the subjects regarding average amount of METH use/day, number
of days used per week, and duration of use. Subjects were additionally screened with
physical, neurological and psychiatric examinations, and laboratory screening blood and
urine tests. They fulfilled the following inclusion criteria: 1) men or women of any ethnicity,
18-50 years of age; 2) DSM-IV criteria for history of METH dependence; average METH
use .25 g /day, at least 4 days per week, for at least 2 years; abstinent from METH, or any
other drug use, for more than one week; 3) negative urine toxicology screen (except for
METH) and no current or history of other drug dependence (including cocaine, alcohol,
opiates, inhalants, and barbiturates); 4) on no medications, except for oral contraceptives or
vitamins; and 5) ability to give informed consent. All METH subjects also fulfilled these
exclusion criteria: 1) co-morbid or history of chronic medical or psychiatric illnesses which
might confound the analysis of the study (e.g., schizophrenia, major depression, multiple
sclerosis, Parkinson’s disease, degenerative brain diseases, any brain infections or
neoplasms); 2) any major structural brain abnormalities (e.g. strokes, vascular
malformations); 3) severe hepatic or renal dysfunction; 4) head trauma with loss of
consciousness for more than 30 min; 5) metallic or electronic implants (e.g., pacemaker,
surgical clips, pumps, etc.); 6) inability to read English at 8th grade level; 7) seropositive for
HIV-1; and 8) for women, pregnant or breast feeding.

Fifty comparison subjects with the same age range and sex proportion (31.7 £ 7.4 years old,
range 19-48 years, 24 men, 26 women) were also studied. These subjects fulfilled the same
inclusion and exclusion criteria as the METH users, but had no current or history of drug
abuse or dependence (including cocaine, methamphetamine, alcohol, opiates, inhalants, and
barbiturates). All subjects signed an informed consent approved by the Institutional Review
Board at Harbor-UCLA Medical Center.

Structural MR

All 100 subjects completed structural MR scans on a 1.5 T scanner (General Electric Signa,
Milwaukee, Wisconsin). The MRI protocol included: 1) sagittal T; 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 Timej/Echo Timey/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 cerebrospinal fluid, it was used for morphometric analyses.
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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 reliability (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
transporters, 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 receptors
(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 brain.

A semiautomatic program was used to segment the CC into four sectors (CC1-genu, CC2-
anterior-middle, CC3-middle-posterior, CC4-splenium) (Kaufer et al 1997); see Figure 1.
Briefly, segmentation was performed on the best mid-sagittal slice that showed a distinct
border of the entire CC and the mammillary nucleus. A line was drawn across the inferior
most points of the rostral and caudal portions of the CC, and a perpendicular line from the
mammillary nucleus was automatically plotted to bisect the CC. The entire CC was then
automatically divided into ten 18-degree radial sectors; CC1 and CC4 each contained 2
sectors while CC2 and CC3 each contained 3 sectors (Figure 2).

Neuropsychological Tests

A battery of neuropsychological tests designed to assess cognitive function most likely
affected by injury to the striatum and frontal regions was performed in 44 of the abstinent
METH-dependent subjects (31.9 + 7.2 years old; 20 men, 23 women) and 28 comparison
subjects (30.5 £ 8.2 years old, 13 males and 15 females). Although the METH subjects had
lower education (12.5 + 1.4 years) than the comparison subjects (14.3 + 1.1 years), they
were well matched by estimated verbal intelligence quotients (Table 1). The test battery
included measures of gross motor functioning (Timed Gait), verbal memory (Rey Auditory
Verbal Learning Test or AVLT) (Rey 1941), fine motor speed (Grooved Pegboard, testing
dominant and nondominant hands) (KI@ve 1963), executive function (Stroop Color
Interference Tests) (Stroop 1935), estimate of verbal intelligence (New Adult Reading Test-
Revised; NART) (Blair and Spreen 1989), mood (Center for Epidemiologic Studies—
Depression Scale or CES-D) (Radloff 1977), and psychomotor speed [Trail Making Tests,
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part A and B (U.S. War Department 1944), Symbol Digit Modalities (Smith 1982), and the
California Computerized Assessment Package (CalCAP) (Miller 1990)]. The CalCAP
included tests for simple reaction time and psychomotor speed (choice reaction time, single
digit recognition), as well as tests for working memory [1-back cued response (‘X’ only
after *‘A”), sequential numbers with 1-increment, sequential numbers with 2-back], and
visual discrimination and response inhibition (degraded words with distracters, response
reversal/visual scanning, and form discrimination tasks). Lastly, 28 METH subjects and 22
comparison subjects additionally performed a verbal fluency test (generating words with
letters FAS) and a visual construction and procedural memory test (Rey-Osterrieth complex
figure test). All neuropsychological tests were performed within one month of the MRI
studies.

Statistical Analyses

Results

Statistical analyses were performed using StatView (SAS Institute Inc., Cary, North
Carolina). Two-way analysis of variance (ANOVA) was used to analyze regional brain
volumes (in mL), with METH-status and sex as the two factors. Regional brain volumes
relative to the whole brain were calculated and shown in Table 2. A similar analysis of
covariance (ANCOVA) model was used for neuropsychological measures, which
additionally included the number of years of education as a covariate. ANOVA or ANCOVA
main effects of METH-status, or interactions between METH status and sex, were
considered statistically significant if a Bonferroni correction for multiple comparisons
showed a type | error of p< .05 (corresponding to uncorrected p < .0021 for morphometry
variables; p < .0014 for neuropsychiatric variables; and p < .0028 for CalCAP variables).
Variables that met p < .05 without multiple-comparison correction were defined to indicate a
trend for significance. The relationship between brain volumes that showed significant group
differences (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.

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
regularly, their income was $1,459 + 1,759/month; however, during their abstinence and
rehabilitation period, their income decreased to $703 + 809/month.

Biol Psychiatry. Author manuscript; available in PMC 2016 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chang et al. Page 6

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%, F; 4g = 30.83, p<.0001,
METH: +13.1 %, Fq 48 = 19.99, p<.0001), and larger cerebellum (hemisphere and vermis),
thalami, and caudate nuclei than women (Table 2). However, since these specific regions of
interest were only slightly larger in men, they typically had lower % regional volumes
relative to the whole brain than women (Table 2).

A significant METH effect was observed in the striatal brain regions after Bonferroni
correction for multiple comparisons (Table 2, Figure 1). Specifically, the METH subjects
showed larger averaged globus pallidus volumes (+ 9.6%; F; g = 10.5, p=.0017) and
averaged putamen volumes (+ 9.9%; F g5 =13.1, p=.0005). No significant sex effects or
METH-by-sex interactions were observed in these two regions.

However, a trend for significant METH-by-sex interactions was observed in the posterior
middle portion of the corpus callosum (CC3, £y g = 4.46, p=.037, Table 2). In particular,
female METH users had larger CC3 (+ 9.7%, p = .05) than the nondrug using women.

Neuropsychological Test Performance (Tables 1 and 3)

Despite the difference in education, the four subject groups were well matched by age and
on the NART estimated-verbal intelligence quotient (1Q). Using education as a co-variate in
the ANCOVA, none of the neuropsychological tests showed significant group differences
after Bonferroni correction. We observed only trends for METH effect for verbal fluency
and sex effect on the Pegboard nondominant test (/1 g3 = 6.1, p=.02), with the nondrug
using women performing faster than the nondrug using men, but no sex-difference in the
METH subject group. On the Auditory verbal learning test (AVLT), trends for METH-by-
sex interaction were observed for recall after 5 trials (/1 63 = 5.2, p=.03), with interference
(F1,63 = 8.2, p=.006) and after a delayed period (£ g3 = 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: £y 4 = 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 (£ 42 = 4.49, r=-.31, p= .04, Figure 3).

Biol Psychiatry. Author manuscript; available in PMC 2016 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chang et al.

Page 7

Cumulative METH usage (log-transformed) correlated inversely with putamen (£ 45 = 3.89;
r=-.27, p=.05) and globus pallidus volumes (£ 4g = 4.09, r=-.28, p=.05) (Figure 4).
We also evaluated whether older subjects might have used the drug longer; however, no
correlation between age and Log cumulative METH used was observed (£ 48 =1.57, r= .06,
p=.7). No correlations were observed between other METH use parameters (recency of use,
duration of use, or frequency of use per week) and striatal volumes.

Discussion

This study found enlarged striatal structures (globus pallidus and putamen), but normal
cognitive performance, in both male and female METH users relative to comparison
subjects. Since METH affects the dopaminergic terminals, which have the highest density in
the putamen and globus pallidus, abnormalities in these brain regions are expected. Prior
studies in abstinent METH-dependent subjects also found abnormalities in the striatal
regions, including decreased dopamine transporters (Volkow et al 2001c), and decreased
neuronal marker N-acetylaspartate (NAA) or NAA-to-creatine ratio on 'H MRS (Ernst et al
2000). Only one study evaluated brain morphometry in METH users, but surprisingly, the
striatal regions were not examined; the authors found decreased hippocampal volume and
increased frontal white matter instead (Thompson et al 2004). Contrary to our initial
hypothesis, we found larger striatal volumes in the METH users as a group. However, those
with the smallest striatal volumes had the greatest cumulative lifetime METH use and
poorest cognitive performance; this finding is consistent with our second hypothesis that
smaller striatal volume would be associated 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
inflammation 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 (Conant 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
responses 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 activation 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, found decreased
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neuronal marker NAA in the striatum, which suggested neuronal loss rather than increased
neuronal content (Ernst et al 2000). Therefore, it is more likely that recurrent METH-
induced injury leads to inflammatory changes described above and the associated increased
striatal water content and volume.

With regards to our third aim, the only region that showed a trend for sex-by-METH
interaction was the mid-posterior portion of the corpus callosum (CC3). Female METH
users showed enlarged, while male METH users had slightly smaller, CC3 volumes relative
to corresponding comparison subjects. Similar to the enlarged striatal structures, the
enlarged CC3 in the female METH users suggests inflammation in this portion of the corpus
callosum. Since the parietal fibers traverse the CC3 regions, future studies should evaluate
whether hypertrophy also occurs in the parietal regions. It is interesting to note that prior
imaging studies consistently found increased regional perfusion and glucose metabolism in
the parietal brain regions of recently abstinent METH subjects (Chang et al 2002; Volkow et
al 2001b), and the increased perfusion was more prominent in female METH users (Chang
et al 2002).

These findings might represent a sex-specific neuroprotective response since induction of
aromatase, the enzyme that produces estrogen de novo in astrocytes, is involved in the glial
repair response to brain injury (Garcia-Segura et al 1999). Increased reactive astrocytes in
female compared to male rodents after neurotoxic doses of METH were thought to be partly
responsible for the lesser dopamine depletion and injury (Dluzen et al 2003). Therefore,
female METH users may have a stronger glial response, hence more inflammatory changes,
due to the neuroprotective effect of estrogen in specific brain regions.

METH induced dopaminergic neurotoxicity has been well documented in preclinical studies;
however, persistent damage to the dopaminergic terminals in humans is less clear. Recent
studies in nonhuman primates and humans demonstrated reversible changes in the
dopaminergic terminal markers after prolonged abstinence from METH (\Volkow et al
2001d). Cognitive tests in abstinent METH-dependent individuals have suggested a
hypodopaminergic state, including slower psychomotor function and reaction times on
computerized tasks (Chang et al 2002; Simon et al 2002). However, unlike other
hypodopaminergic states, such as Parkinson’s disease, which are characterized by decreased
putamen and globus pallidus volumes (O’Neill et al 2002), chronic METH users as a group
showed enlarged basal ganglia. 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 hypertrophy in schizophrenia occurred
only after treatment with neuroleptics (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
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even demonstrated reversal of the caudate enlargement after the patients were switched from
typical neuroleptics to clozapine (Chakos et al 1995). Based on these studies, the mechanism
for subcortical hypertrophy in schizophrenic patients is likely due to the tropic effect of
typical neuroleptics on striatal D2 receptors. Only one study of neuroleptic-naive
schizophrenic patients from an Indian village reported 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, nonKraepelinian 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 deletion); 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 independent 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 paranoid 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 observations 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 reversible 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 confounded 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.
Furthermore, only female METH-users showed a trend for larger volumes in the mid-
posterior callosum, which suggests that women may have stronger inflammatory responses
than male METH users. Future studies that evaluate inflammatory markers in relation to
these structures might help to clarify these relationships.
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Figure 1.

Left: Axial MRI slices showing brain regions measured in the current study. Right: Bar
graphs showing larger lentiform nuclei (putamen and globus pallidus) in the METH users
compared to non-drug users. MRI, magnetic resonance imaging; METH, methamphetamine.
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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. MR,

magnetic resonance imaging.
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putamen and globus pallidus, averaged between left and right, are associated with poorer
performance. Solid lines in graph indicate mean values from male control subjects while
dotted lines indicated mean values from female subjects. METH, methamphetamine.
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Correlations between cumulative METH usage and volumes of putamen and globus pallidus
in METH users. Solid line indicates male METH users and dotted line indicates female
METH users. Correlation values are for both male and female METH users. METH,

methamphetamine.

Biol Psychiatry. Author manuscript; available in PMC 2016 June 08.




Page 16

Chang et al.

su su su ISV FTLT 99'G ¥ 8'GT 9,9F2LT YSY F €8T 11231 pakejaq
su su su SLFQLT 67 FEoT 8TV F¥'9T 858 F 67T [1e081 8reIpaIW|
su su su SyEFT0E €LTFE0E L6'€F80E 90'G ¥ L'6C Adoo
159] ainBi4 xa|dwo) y1a1l81sQ-Aay - AIOWSIA [eNsSIA pUe UOIONJISUOD [ensIA
su su —d mo_w - L6°€T T G'6E L'LFSLE STTFVLE 86'TT F €0V (1081100 #) Aouanyy equen
su su su 90'SZ ¥ ¥¥'81T 26'S2 ¥ 08°€CT 6972 ¥ €8'T0T T0'€Z ¥ 92'9TT (s) soualapiemul doons
su su su 186 F6E'LY LT8F6T8Y TL9FESTY ¥9'6 ¥ 28'9Y (s) spaom doons
su su su L0TT F59°T9 2€°0T F09°€9 GS'0T ¥80°LS GZ'6 ¥ 28°09 (s) 40100 doons
Aduan|H [eqUa/ pue S1S8] 92UdJIa4Ia1U] J0]0D d00JIS-UOIIdUNS BAIINIEXT
J ”m%.ﬂuu J su su SZZTFIOTT 6TF6L6 L0ZF8STT 0TZFL2TT () 112031 pakejaq
Qw%w z u su su 102 F99TT LLTF1S6 96'ZFSLTT SO'EF60°TT () sousiapIaul YU
—d womn g su su €0ZFETET €CTFBETT 96'T ¥ ST'ET 9T FELTT (s) slewn G Jayv
su su su T6TFT69 80'T ¥ /G'S YOz FLTL 06TF129 () 11eoa1 areIpawW
1591 Buiurea [equsn Aonpny - Buiures pue Alowsiy
su su su 20'8 F00°2S VL LFEC8Y Gy°0T ¥ S2'T9 20’8 ¥ 818§ satmfepow 161 [oquiAs
su su su S0'6T ¥ ¥0°'SS 69°CC FECTL 69'0Z F L9'%S TS'6T ¥ 28'6S (s) g Bunfew jres
su su su 6.°0T ¥ 967 ET9FEY9T 87’9 ¥ £8°2Z 76'€ ¥ T6°EC (s) v Bupfew reit
su d m@@ Z su TITF89. 02'€T ¥ G6'SL 62T ¥26'99 LOBTF¥'LL (s) Gueurwop-uou) preogfied
su su su ZTST 0629 90°ZT ¥ 0T'89 0T'8 ¥ 80'65 17'SF029 (s) (dueurwop) preogbad
su su su TCTFIVO0T ISTFITO0T 19T FST0T SP'TF¥6'6 (s) meb awi .
SySe] J1010WOYIAS pue 1010\
su su su ZTTT F8T00T 80°ZT FIT'T0T 0S'TT ¥ £9°20T 62'TT ¥ ¥1°00T Ol [equaA parewinsy
7000 o o _—— -
su su >d'gyz=o Y1F€CT GTF87T TTFCVT OTF¥¥T (s1eak) uoneanp3
su su su 7'9F60¢ 8LFTEE 26F00€ 8L F60€ (s1eaf) aby
uonoRJIdUl 109 X8S  108PT HIIIN  $109lgns HI I ajewsd  s108lgns HA1IIN 9t s109lgns uosiredwo) sfewsq  $19algns uostredwo) el
Xasg
x HL3AW

Author Manuscript

T alqeL

Author Manuscript

Author Manuscript

159 [ea1bojoydAsdoinaN UO 3ouRWIOLAd

Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2016 June 08.



Page 17

Chang et al.

“auiwelaydweyisw ‘H1IN

(€9 'T) 7 :(WAODNY) 89UBLIEAOD JO SISAJEUR ‘UONRIASP PIBpURIS F UBaL Se pajuasald aJe s}nsay "UOII8.109 [UoLIajuog Jaye Juednubis ae s1sa) [ealfojoyoAsdoinau 1oy saoualaglp dnob ay Jo suoN

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2016 June 08.



Page 18

"U011991109 JUOLIBUOG J3)e JUBdLIUBIS

5

"auIweaydweylaw ‘H1JIA ‘soueLIeA Jo sisAjeue "YAONY

'sanfend pue (96'T =40) 4 WAONY pue (Ureq ajoym JO 94 pue) W Ul SSWNJOA Ulelq [euolbay

Chang et al.

=g (50" ¥9€7) €5 F0E'V (50" ¥€€) 25 F€5'Y (¥0' ¥G€) 85 F VTV (¥0' F€€7) LG F 05V ya

su B_o = T su ayrepne)d
§L=4 (50" ¥+€7) 05 ¥ 60t (¥0 F1€) 87 ¥ G2V (€0 Fee) sy +16°€ (v0"F1€) 18 F STV Wby
£G000° =0T (60" ¥8v) €6 ¥ 8L'S (90" ¥ 5v') 08" ¥ 80'9 (90" ¥ ¥¥) 19" F ¥C'S (O FTv) vL F ¢SS B

Su Su | usweind
Ter=4 (80" ¥ /t") /8" ¥ 09°'G (90" ¥ €v’) GL ¥ 18'G (90" # ¥¥') 59" ¥ ¢T’'S (90" ¥6€7) 59" ¥ €2°S wbry
pLT00" =0T (€0 ¥6T07) 82" ¥G8'T (€0 F¥T) 0€ ¥ 06'T (20 F¥T) ST F.29T (0 F€T) 2T FSLT yol

su su ] snpij|ed sngqojo
§01=A (60" ¥GT) 97 €8T (20 Fv1) €T 88T (€0 FST) €T FELT (20 FET)TT F¥LT wbry
(S0"F0€) 28 *.6°¢€ (S0"%.12) 25 *¥9°€ (€0 ¥62) e F6V7°E (€0'¥82)6E FLLE ya

su su su urelgpiiN
(50" ¥7€7) 65 ¥89°€ (60" ¥ 12) ¥ ¥99°€ (€0 ¥62) 67 FLvE (€0 ¥82)6E F6LE Wby
—d (90" ¥ ¥5) 9L ¥ 5’9 (50" ¥ 1S) 85" ¥ €6'9 (50" ¥€5) L¥" ¥ 0€'9 (50" ¥ 67) 65" ¥ 29'9 yol

su mooo : su snwefey
6eT=o (S0" ¥ 157) 59" ¥ 809 (S0"*61) 19" ¥ 299 (S0"F29) 7" ¥9T°9 (S0"F.¥) 19" F2v'9 wbry
su su su (S0 ¥62'8T) 6€'8€ 00022 (69CFTO'9T) LZ6E FT0'8T¢ (€8°CF28LT) 6762 FTOTTZ (822 FL9°9T) 867 F TT'G2L (#20) wniugids
Nm.o.lun su su (WrZFT19ET) €92 F¥629T (POTF260T) TLLTF08 VT (LL2F292T)62°92F¥S58rT (92 TFLETT) TT9ZF T2 ¥ST  (€DD) "PIN-I0LIBISOd

S =4 wnsojed sndio)
su su su (Sr'z+80°€T) L9GZFT99ST (PLTFTTCT)OT'SCF08Y9T  (SZz ¥GEE€T) I8YZ ¥ 08°LGT (L€CF92CT) TZ62 FG7'S9T  (2DD) "PIA-IoLBIUY
su su su (022 %0€9T) 06°0€ ¥ LE'96T (622 F09°'ST) 89VE ¥292TZ  (8LZFTZ'9T) G672 F€C'T6T  (T8°C ¥ ¥2'¥T) 06'6€ F 66'66T (120) nue

=d

su moo - su QT FvL) LyTF€6'8 (L0'¥69) ¥O'T F¥E'6 (L0'F2L) €6 7098 (80" ¥ 697) 6T ¥ 8E'6 SIWIaA

N 10 =d N (69 ¥ T8'7) ZE'6 7 86°LS (65 ¥ LE'7) €98 7 €565 (82 ¥ 6.) TSV 7 5695 (5 ¥ 99') ZE'8 7 9T'EQ Yo niiegzieo
§9=4 (29' ¥ /8%) 288 F€L'8S (9" ¥ Tv'¥) TO'8 ¥ 6L°6S (v ¥ €6'%) 9.7 ¥ G5'8S (S ¥ 18'%) 69'8 ¥ 92'S9 wbry

“>d

su H%mm uv ..\ su €9'V¢T F /8°L02T YTv2T F 08'GOET T0°'80T ¥ LL'T6TT GE'Z0T ¥ 2€'LSET ureg (|4 ureig 9o0yM
uoloelalu| (4<In) 19943 H13N syalgns spalgns syalgns syalgns uoifiay
X3S 10943 XaS H13IN aewsS H13N 3leIN uosiredwo) uosiredwo) afeN 10 aJaydsiwaH

x HLAW alews

Author Manuscript

Author Manuscript

¢ dlqeL

Author Manuscript

Author Manuscript

SawInjoA urelg Jeuoifioy

Biol Psychiatry. Author manuscript; available in PMC 2016 June 08.



Page 19

Chang et al.

“auiwelaydweyiaw ‘H1JIN ‘afexoed 1uaWSsassy Paziiandwo) BILIOMIED ‘dvDleD ‘30uBLIeA JO SIsA[eue "‘WAONY

'sanfend pue (T9'T =4P) 4 WAONY "UOII93.1103 1uo.LIdju0g Jaije uedlyiubis ae s1sa) [edlbojoyaAsdoinau Joy saouaiayip dnoib ays Jo suoN

su su su 1586 ¥ 8L°ETL 0€'LET ¥ GV'6EL 2026 ¥ 02'T69 TLTOT ¥26'62.  UORRUIWLIOSIQ W04 10} |

su su su 1586 F LT'299 OT'0TT ¥ 09779 2€°16 ¥ O7'ST9 908 ¥ 29'ST9 [es1anaY PIOM 10} 1Y

su su su 10°26 ¥ 96'95S 8€'8. F 01'60S v6'TL ¥ €566V GY°0S F LL'S6Y spiop papesbeq oy 1Y

su su v0' =d'Sy=o Y9 TET ¥ 22'T8L €8'TLT ¥ 02'GT8 8T ¥ 00°LL9 G0'/8T ¥ 6€°LGL (19e0-g) 1Y [enuanbas

su su €0 =d'z6=o 85'89 ¥ 2G'699 80'7ZT ¥ OV'€T9 81'GZT FET'18S GO'60T ¥ 69'89G  (3uswaloul-T) 1Y [enuanbag

"=d mom = su 10°=d'99=o 18'86 ¥ 72'€85 80°86 ¥ 09°'Z1S 80°29 ¥ OV’ TLY 9Z'¥6 ¥ 97'60S (19e0-T) 1Y [enuanbas

su su su ZT'¥8 ¥ 00°EEY 00'8ET ¥ 05°02Y T8'7YT ¥ €5°€0Y 1795 ¥ 008, 1d (., Jaye Ajuo ,X,) pand

su su su LTV F LTOTY T7'2S ¥ 07'G6€ 02'8€ ¥ 00°Z6€ 776 F 9¥'v6€ 14 (.L,) 91040

su su €0'=0'T6=o 87'60T ¥ £T°99€ L0'8L ¥69°/2€ GY'LG F OV'€0E €€°0V ¥ ¥5'00€ 14 81dwis

uonoeIau| 10913 XS 109YT HIIW  s109lgns HIIN sfewaq  s398lqns H1JN aleIN - s39algns uosiredwo) sjewsq  s39algns uosiredwo) aje sysel dvoled
X85 x HLIN

Author Manuscript

€ 9lqeL

Author Manuscript

(Spuodasi||IA ur) sxsel dvOleD uo (1H) sawl] uonoesy

Author Manuscript

Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2016 June 08.



	Abstract
	Methods and Materials
	Subjects
	Structural MRI
	Image Analyses
	Neuropsychological Tests
	Statistical Analyses

	Results
	METH Usage and Incomes
	Volumetric Analyses
	Neuropsychological Test Performance (Tables 1 and 3)
	Correlations Between Brain Volumes, Cognitive Performance, and Drug Usage

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2
	Table 3

