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Abstract
Background—Group differences in brain structure between methamphetamine-dependent and
healthy research participants have been reported, but findings in the literature present
discrepancies. Although most methamphetamine-abusing individuals also smoke cigarettes, the
effects of smoking on brain structure have not been distinguished from those of
methamphetamine. Changes with abstinence from methamphetamine have also been relatively
unexplored. This study, therefore, attempted to account for effects of smoking and brief abstinence
from methamphetamine on gray-matter measures in methamphetamine-dependent research
participants.

Methods—Gray matter was measured using voxel-based morphometry in three groups: 18
Control Nonsmokers, 25 Control Smokers, and 39 Methamphetamine-dependent Smokers
(methamphetamine-abstinent 4–7 days). Subgroups of methamphetamine-dependent and control
participants (n = 12/group) were scanned twice to determine change in gray matter over the first
month of methamphetamine abstinence.

Results—Compared with Control Nonsmokers, Control Smokers and Methamphetamine-
dependent Smokers had smaller gray-matter volume in the orbitofrontal cortex and caudate
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nucleus. Methamphetamine-dependent smokers also had smaller gray-matter volumes in frontal,
parietal and temporal cortices than Control Nonsmokers or Smokers, and smaller gray-matter
volume in insula than Control Nonsmokers. Longitudinal assessment revealed gray matter
increases in cortical regions (inferior frontal, angular, and superior temporal gyri, precuneus,
insula, occipital pole) in methamphetamine-dependent but not control participants; the cerebellum
showed a decrease.

Conclusions—Gray-matter volume deficits in the orbitofronal cortex and caudate of
methamphetamine-dependent individuals may be in part attributable to cigarette smoking or pre-
morbid conditions. Increase in gray matter with methamphetamine abstinence suggests that some
gray-matter deficits are partially attributable to methamphetamine abuse.

Keywords
methamphetamine; cigarette smoking; longitudinal; voxel-based morphometry; prefrontal cortex;
caudate nucleus

1. Introduction
Although studies using structural magnetic resonance imaging (sMRI) have generally shown
less cortical gray matter and larger basal ganglia volumes in methamphetmaine(MA)-
dependent than controls participants, the literature presents some discrepancies (Berman et
al., 2008a). MA-dependent research participants, in a narrow epoch of early abstinence (4–7
days), exhibited smaller gray-matter volumes in the cingulate gyrus and hippocampus than
in a control group (Thompson et al., 2004). When duration of abstinence from MA was
highly variable, however, participants with past MA dependence had smaller gray-matter
volume in dorsolateral prefrontal, orbitofrontal, and superior temporal cortices (Nakama et
al., 2011), and lower gray-matter density in the middle frontal gyrus (Kim et al., 2006) and
insula (Schwartz et al., 2010) than control subjects. MA-dependent participants who were
abstinent for long periods (average > 90 days), showed larger gray-matter volumes in
parietal cortex, caudate nucleus, lenticular nucleus, nucleus accumbens (Jernigan et al.,
2005), putamen and globus pallidus (Chang et al., 2005) than control groups. In studies that
reported the proportion of cigarette smokers, MA-dependent samples included more
smokers (62%-89%) than controls (0%-39%). Therefore, inconsistencies in the literature
may reflect effects of cigarette smoking or differences in durations of MA abstinence.

Although ~87–92% of MA-dependent research participants smoke cigarettes, effects of
smoking in these individuals are untested (Weinberger and Sofuoglu, 2009). Smokers have
smaller gray-matter volumes and/or lower densities than nonsmokers in prefrontal,
cingulate, insular, parietal, temporal and occipital cortex, thalamus and cerebellum (Almeida
et al., 2008; Brody et al., 2004; Gallinat et al., 2006; Kuhn et al., 2010; Zhang et al., 2011).
One study found that on average, smokers had greater gray-matter density in insular cortex
than nonsmokers (Zhang et al., 2011). Little has been done to dissociate the effects of
smoking from other drug abuse on gray matter. In one study, participants who drank heavily
and smoked had smaller brain volumes than nonsmokers who drank lightly or heavily; and
brain volumes did not differ between groups who did not smoke but drank lightly or heavily
(Durazzo et al., 2007). These findings suggest that if effects of smoking are not considered,
gray-matter differences linked to smoking may be incorrectly attributed to other drug abuse.

Findings from cross-sectional research suggest that gray matter changes with abstinence
from MA. MA-dependent participants who had achieved short-term MA abstinence (< 6
months) had lower gray-matter density in the right middle frontal gyrus than those who were
abstinent longer (> 6 months; Kim et al., 2006). Furthermore, length of MA abstinence was
positively correlated with gray-matter density in the amygdala, putamen, and left fusiform
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gyrus, but negatively correlated with density in the right middle frontal gyrus (Schwartz et
al., 2010). These findings may reflect gray matter changes due to MA abstinence or pre-
existing group differences related to the ability to maintain MA abstinence. Although not a
perfect solution, longitudinal assessment of the trajectory of changes in gray matter during
abstinence from MA can help clarify this issue and may help in determining whether
differences from control are attributable to the effects of MA as opposed to other factors.

This study aimed to separate effects of cigarette smoking from those of MA abuse on gray-
matter volume. As most previous studies found smaller cortical gray-matter volumes in
smokers than nonsmokers (see above), we hypothesized that MA-dependent and control
participants who smoke cigarettes would exhibit lower gray-matter volume in prefrontal,
cingulate and insular cortices compared with control nonsmokers. MA-dependent
participants exhibited larger volumes in the striatum and globus pallidus than control
participants (Chang et al., 2005; Jernigan et al., 2005), but no group differences have been
found between nonsmokers and smokers in these brain regions (Almeida et al., 2008; Brody
et al., 2004a; Das et al., 2011; Gallinat et al., 2006; Zhang et al., 2011). We therefore
hypothesized that in striatum and globus pallidus, the MA-dependent sample would differ
from two control groups that did not abuse MA, but that the two control groups would not
differ from one another. We mapped changes in gray-matter during the first month of MA
abstinence, anticipating that gray matter would increase within regions where the early
abstinent, MA-dependent participants had smaller gray-matter volumes than control
smokers.

2. Methods and materials
2.1. General experimental design

Gray-matter volumes were compared in three groups: Control Nonsmokers, Control
Smokers, and MA-dependent Smokers (4–7 days abstinent). Then MA-dependent
participants were scanned a second time [mean time between scans: 23.5 ± 1.6 (SD) days]
and compared to a control sample that was matched for smoking [mean time between scans:
31.6 ± 13.1 (SD) days] and rescanned as well. This study focused on early abstinence
because this period is critical for engagement in therapy and, therefore, for treatment
outcomes (Brecht et al., 2000).

2.2. Participants and procedures
Participants were recruited through online and print advertisements, received a detailed
explanation of the study (as approved by the University of California Los Angeles (UCLA)
Institutional Review Board), and gave written informed consent. Eighty-two participants
(ages 18–55 years) were recruited: Control Nonsmoker (n = 18), Control Smoker (n = 25),
and MA-dependent Smoker (n = 39). In the longitudinal assessment, two groups were
studied: Control and MA-dependent (n = 12 per group, smoking status described below).
Sixty percent of the Control and 60% MA-dependent participants also participated in a
previous study of gray-matter volume and inhibitory control (Tabibnia et al., 2011), and
recruitment of participants continued to complete the present study.

A physical examination and medical history were used to exclude the following conditions:
central nervous system, cardiovascular, pulmonary, or systemic disease; use of psychotropic
medications, prior head trauma, HIV seropositivity, and pregnancy. Also exclusionary were
any current Axis I diagnoses except for MA- or nicotine abuse or dependence [Structured
Clinical Interview for DSM-IV (First et al., 1995)]. Drug use and demographic variables
were collected using the Addiction Severity Index (McLellan et al., 2006) and a drug use
survey prepared for this study. MA-dependent participants participated on a residential basis
(UCLA General Clinical Research Center) and underwent daily urine toxicology to verify
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recent drug use history. Control Nonsmokers and Smokers participated on an outpatient
basis and reported no drug use except for light alcohol or marijuana use. Self-reports were
verified with urine testing at intake and at each subsequent visit. Smokers (Control or MA-
dependent) used cigarettes on at least 25 of the 30 days before entering the study and
Control Nonsmokers smoked fewer than 5 cigarettes in their lifetime. Individuals who had
ever smoked more than 5 cigarettes and MA-dependent individuals who did not smoke
cigarettes were permitted in the longitudinal but not the cross-sectional study (because only
two of the MA-dependent participants did not smoke cigarettes).

2.3. MRI acquisition
High-resolution, whole-brain T1-weighted magnetic resonance images (MPRAGE, TR =
1900 ms, TE = 4.38 ms, flip angle = 15°, FOV = 256×256×160, 160 slices, thickness: 1-
mm) were collected on a 1.5-Tesla Siemens Sonata scanner (Erlangen, Germany) with a
standard quadrature head coil.

2.4. Voxel-based morphometry (VBM) analysis of cross-sectional data
All images were aligned to a standardized stereotactic space with the sagittal plane serving
as the yz-plane, the axial-oblique plane normal to this and containing the anterior and
posterior commissures (AC-PC plane) as the xy-plane, and the coronal-oblique plane normal
to the sagittal AC-PC planes serving as the xz-plane. The origin of the space was set at the
left-right and inferior-superior midpoint of the anterior commissure.

VBM (Ashburner and Friston, 2000) was conducted using the VBM8 toolbox
(http://dbm.neuro.uni-jena.de/vbm/) for SPM8 (SPM8; Wellcome Department of Imaging
Neuroscience, London) running on MATLAB® 7.9 (Mathworks, Sherborn, MA, USA). The
toolbox is an extension of the unified segmentation model (Ashburner and Friston, 2005).
As described previously (Koutsouleris et al., 2010), manually AC-PC aligned images are
initially de-noised using an optimized block-wise non-local means de-noising filter (Coupe
et al., 2006). To segment the images into three classifications (gray matter, white matter, and
cerebrospinal fluid), an adaptive maximum a posteriori technique (Rajapakse et al., 1997)
was extended by the addition of partial volume estimation (Manjon et al., 2008). Data were
subsequently de-noised using a hidden Markov Random Field approach (Cuadra et al.,
2005). Each image was registered to a standard template in Montreal Neurological Institute
(MNI) space using Diffomorphic Anatomical Registration Through Exponentiated Lie
Algebra (DARTEL) (Ashburner, 2007).

The resulting images were maps of the probabilities that the voxel elements represented gray
matter. These images were then modulated by a procedure in which the intensity value of
each voxel was multiplied by the local value of the Jacobian determinant of the deformation
used to register each brain to the standard template. Linear components of the deformations,
reflecting scaling due to head size, were not considered during modulation so that
differences in volume due to head size would not affect intensity values. In the resulting
images, intensity at each voxel (“gray-matter volume”) reflected the probability that the
voxel contained gray matter and the relative volume after adjusting for different brain sizes.
Finally images were smoothed using a 8-mm FWHM Gaussian kernel.

For the overall test of differences in gray-matter volume between groups, smoothed images
were compared using univariate analysis of covariance (ANCOVA) with gray-matter
volume at each voxel as the dependent variable, group as a between-subjects factor, and age,
gender, and frequency of marijuana use as covariates. Using the same covariates, T-tests
were used for post hoc pair-wise comparisons of differences between groups and regression
was used to test the association between gray-matter volume and drug use variables within
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groups. Statistical models were applied in an explicit mask of gray matter, created using an
objective function that maximized the correlation between original and thresholded images
(Ridgway et al., 2009). To assess statistical significance, a height threshold of p<0.001 was
applied voxel-wise. Cluster sizes were adjusted to correct for the varying degrees of
smoothness in different parts of the brain (Hayasaka et al., 2004) and family-wise error
(FWE) was applied to correct for multiple comparisons in testing cluster extent significance
(p<0.05).

2.5. VBM analysis of longitudinal data
As described for analysis of the cross-sectional data, images were aligned to the AC-PC
plane, and preprocessed using the VBM8 toolbox. Data were preprocessed using the default
parameters for processing longitudinal data described in the VBM8 manual
(http://dbm.neuro.uni-jena.de/vbm/download/). Briefly, for each subject, scans from each
time-point were realigned and averaged to create a mean image. Then, the original scans
from the two time periods were realigned to the mean image, bias-corrected, and segmented.
Nonlinear deformation parameters, calculated by registering the mean image to MNI space
using DARTEL, were applied to segmented gray-matter images from both time points to
account for individual differences in head size. Images were smoothed using an 8-mm
FWHM Gaussian kernel. A repeated measures analysis of variance model (flexible factorial
model in SPM8), with the group as a between-subject factor and time as a within-subjects
factor, was used to test for a Group-by-Time interaction and for the effect of time in each of
the two groups. The statistical model was applied to voxels within an explicit mask of the
gray matter (Ridgway et al., 2009). A height threshold for significance was set at p<0.001,
uncorrected, with a cluster extent of at least 100 contiguous voxels.

3. Results
3.1. Research participants in the cross-sectional study

The three groups did not differ in age (ANOVA: F(2,79)=2.10, p=0.13), sex distribution
(Chi-Square=0.87), or frequency of recent alcohol consumption (ANOVA: F(2,79)=1.2,
p=0.31). MA-dependent Smokers completed fewer years of education than Control
Nonsmokers and Smokers (ANOVA: F(2,79)=8.52, p<0.001; post hoc t-tests, p’s<0.003).
The age at which a participant began using MA was positively correlated with education
(those that initiated MA abuse later in life achieved higher levels of education; p < 0.05).
This finding supported our previous report that the quality and quantity of educational
attainment is interrupted by MA abuse (Dean et al., 2011). As education and patterns of MA
abuse are intertwined, education may be a poor proxy for cognitive functioning. In MA-
dependent participants, parental education (but not participant education) relates to cognitive
functioning (Dean et al., 2011), and in the current study, the groups did not differ
significantly on education attained by the participants’ mothers (ANCOVA: F(2,75)=1.74,
p=0.18).

The groups differed on frequency of marijuana use (ANOVA: F(2,79)=4.55, p=0.01). MA-
dependent Smokers used marijuana more often than Control Nonsmokers and Control
Smokers (p’s<0.02). Frequency of marijuana use, therefore, was included in the statistical
models. Control Smokers and MA-Dependent Smokers did not differ on frequency of
cigarette use, number of cigarettes per day, pack years, score on the Fagerström Nicotine
Dependence Test (Fagerstrom, 1978) or in age of first cigarette use (all p’s > 0.2; Table 1).

3.2. Differences in gray-matter volume: cross-sectional study
ANCOVA revealed differences in gray-matter volume among the three groups in bilateral
orbitofrontal and precental gyri, right frontal pole, left superior temporal gyrus and superior
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frontal gyrus (Table 2). Subsequent comparisons (Figure 1) showed that Control
Nonsmokers had larger gray-matter volumes in the right orbitofrontal cortex than Control
and MA-Dependent Smokers (p’s < 0.05 FWE corrected). There were no other brain regions
where Control Smokers differed from Control Nonsmokers, but MA-dependent Smokers
had smaller gray-matter volume than Control Nonsmokers in bilateral precentral gyrus; right
frontal pole, middle temporal gyrus, precuneus and cingulate gyrus; and left orbitofrontal
gyrus, superior frontal gyrus, insula, and caudate (p < 0.05 FWE-corrected). Control
Smokers had larger gray-matter volumes than MA-dependent Smokers in left superior
temporal gyrus, left precentral gyrus, right inferior temporal gyrus and right supramarginal
gyrus (p < 0.05 FWE-corrected). There was no region where Control Smokers had smaller
gray-matter volume than MA-dependent Smokers. Measures of cigarette smoking and
methamphetamine abuse (listed in Table 1) were not significantly related to gray-matter
measures.

Previous findings show that MA-dependent participants had larger gray-matter volumes in
caudate nucleus than controls (Chang et al., 2005; Jernigan et al., 2005). To determine
whether voxel-wise assessment of gray-matter volume within the striatum led to the
discrepancy with previously published results, we delineated the caudate nucleus using a
semi-automatic method (Supplemental Methods)1. Results show that MA-Dependent and
Control Smokers have smaller bilateral and left caudate volumes than Control Nonsmokers
(p’s<0.05), but we did not detect statistically significant differences between Control and
MA-dependent Smokers (Supplemental Results; Supplemental Table 1).

3.3. Characteristics of research participants in the longitudinal study
The two groups did not differ in age, sex distribution, recent alcohol and marijuana use use,
or years of education attained by participants’ mothers (p’s>0.1), but did differ in average
years of participant education (p<0.005). Among individuals who were currently smoking
cigarettes, there were no differences in smoking behavior (p>0.5; Table 1).

3.4. Changes in gray matter during MA abstinence
Group-by-time interactions were detected in bilateral superior temporal gyrus, right angular
gyrus, right insula, left precuneus, left cerebellum, left inferior frontal gyrus, and left
occipital pole. To explain these interactions, subsequent analyses were performed to
determine the effect of time in each of the two groups. Between the first and fourth weeks of
MA abstinence, gray-matter increased in the MA-dependent group in all of the cortical
regions exhibiting Group-by-Time interactions; in the cerebellum, gray matter decreased.
There were no brain regions where the Control group showed changes over time at the
specified statistical threshold. In MA-dependent participants, increased gray matter was also
detected in bilateral middle temporal gyrus and in the right hemisphere in precuneus, middle
frontal gyrus, frontal operculum, inferior frontal gyrus, and ventromedial prefrontal cortex,
but Group-by-Time interactions did not reach significance in these brain regions. Qualitative
comparison of t statistic maps, denoting the effect of time in Control and MA-dependent
participants, shows that the Control group exhibited relatively small changes in gray matter
while the MA-dependent participants exhibited notable increases and decreases in gray
matter (Figure 2).

4. Discussion
The present findings help begin to disentangle the various factors that may influence gray-
matter volumes in MA-dependent individuals. The results are largely consistent with those

1Supplemental methods can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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of previous studies (Kim et al., 2006; Nakama et al., 2011; Schwartz et al., 2010; Thompson
et al., 2004), but they also provide new evidence that after 4–7 days of abstinence MA-
dependent Smokers have smaller caudate and parietal volumes than nonsmokers, and that
smaller orbitofrontal and caudate volumes associated with cigarette smoking may help
explain similar deficits in MA-dependent samples. Preliminary evidence, indicating that
gray matter changes during the first month of MA abstinence, suggests that some brain
regions may be affected by MA abuse itself.

Previous studies found that on average MA-abusing research participants (who were
abstinent from MA for several days to a few years) had larger gray-matter volume in caudate
and parietal cortex than control subjects (Jernigan et al., 2005). This report is the first to
show smaller gray-matter volume in parietal cortex and caudate nucleus in MA-dependent
participants as compared with controls, suggesting that deficits in gray-matter volumes
during active abuse or early abstinence (4–7 days MA abstinent) precede volumetric
expansion with longer sustained abstinence. Findings of increased gray matter in precuneus
and angular gyrus, with abstinence from MA, support this hypothesis. These increases in
gray-matter may relate to changes in brain function. A previous study showed that after 4
weeks of supervised abstinence, a group of MA-dependent participants showed increased
glucose metabolism in parietal cortex while performing a vigilance task (Berman et al.,
2008b). Larger samples or more sensitive methods for assessing changes in small subcortical
structures may be needed to detect significant increases in caudate nucleus volume in MA-
dependent participants (subthreshold increase in caudate gray matter seen in Figure 2).

Control Smokers and MA-dependent Smokers did not differ in right orbitofrontal gray-
matter volume, but both groups exhibited smaller gray-matter volume in right orbitofrontal
cortex than Control Nonsmokers. Our findings are consistent with a previous report
indicating that compared with nonsmokers, smokers have focal gray-matter deficits in
orbitofrontal cortex (Kuhn et al., 2010); however, other studies have found more widespread
differences in cortex between smokers and nonsmokers (Almeida et al., 2008; Brody et al.,
2004; Gallinat et al., 2006). Discrepancies may be attributable to the modest sample sizes or
to the differential patterns of smoking behavior assessed across studies. Like previous
studies using voxel-wise approaches, VBM did reveal group differences in caudate nucleus
(Almeida et al., 2008; Gallinat et al., 2006), but three-dimensional delineation of the caudate
nucleus using FSL FIRST shows that Control Smokers have smaller volume in caudate
nucleus than Control Nonsmokers.

Consistent with previous findings, our results also showed that MA-dependent Smokers
have smaller gray-matter volume in cingulate, superior temporal gyrus, insula and
dorsolateral prefrontal cortex than Control Nonsmokers (Kim et al., 2006; Nakama et al.,
2011; Schwartz et al., 2010; Thompson et al., 2004), but only the difference in superior
temporal gyrus was significant when comparing MA-Dependent Smokers to Control
Smokers. Between the first and fourth weeks of MA abstinence, increase gray-matter in
superior temporal gyrus in the MA-dependent but not healthy control participants provides
converging evidence for an MA-specific effect in this brain region. We did not replicate a
previous finding from our laboratory of smaller hippocampal volumes in MA-dependent
individuals than in healthy controls, perhaps owing to the different methodologies employed
(Thompson et al., 2004).

Group differences in gray-matter volume may reflect premorbid biological risk factors for
drug abuse or effects of the drugs themselves. While there is evidence to suggest that MA
(Cadet and Krasnova, 2009; Steinkellner et al., 2011), nicotine (Ferrea and Winterer, 2009),
and other compounds in cigarette smoke (Mactutus, 1989) are neurotoxic, there were no
significant relationships between drug exposure and gray-matter volumes. This lack of
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correspondence between brain volume and drug abuse has been reported before in studies of
MA (Jernigan et al., 2005; Nakama et al., 2008) and cocaine (Franklin et al., 2002; Matochik
et al., 2005). It may be interpreted as evidence for gray-matter abnormalities that predate
drug use, but may also reflect a complex and multi-factorial relationship between exposure
and structural abnormality, with a threshold for structural change. It is also possible that MA
abuse interacts with cigarette smoking to affect brain structure. For example, pre-exposure
to nicotine protects against MA-induced loss of striatal dopamine terminals in mice that
express the α4 nicotinic acetylcholine receptor subunit (nAChR) but not in α4-knockout
mice (Ryan et al., 2001). This finding suggests that interactions between cigarette smoking
and MA abuse may vary depending on regional expression of nAChRs. We could not test
this hypothesis because a group of MA-dependent individuals who do not smoke cigarettes
was not recruited, as these individuals are rare.

This study extends our understanding of the neurobiological changes taking place with MA
abstinence. Previous work has shown increased dopamine transporter levels (Volkow et al.,
2001) and increased cerebral glucose metabolism (Wang et al., 2004) with abstinence from
chronic MA (Berman et al., 2008b), but this study provides the first evidence of changes in
gray-matter during MA abstinence. More work will be necessary to determine how these
changes in gross anatomy map onto microstructural changes at the cellular level. One
possibility is that increased gray-matter reflects MA-induced inflammation or reactive
gliosis (Chang et al., 2007), which has been associated with MA exposure in preclinical
models (Asanuma et al., 2004; Thomas et al., 2004; Yamamoto and Bankson, 2005) and in
human imaging studies (Ernst et al., 2000; Sekine et al., 2008). Future studies with larger
samples will be needed to link structural, molecular, and functional changes in brain to
potential improvements in mood, behavior and cognition associated with MA abstinence
(Simon et al., 2010; Zorick et al., 2010).

While the present study extends our understanding of morphological differences associated
with MA-dependence, it is not without limitations. One of these, modest sample size, may
have prevented detection of the full range of potential cross-sectional and longitudinal
differences in gray matter. Although small, the sample in the longitudinal assessment was
comparable to (Berman et al., 2008b) or exceeded the samples studied in other within-
subject assessments of MA-dependence using positron emission tomography to assess brain
metabolism and dopamine transporter levels (Volkow et al., 2001; Wang et al., 2004). This
likely reflects difficulties in recruiting MA-dependent individuals willing to participate in
sustained abstinence.

Some differences in drug use and lifestyle, not accounted for in this study design, may also
affect brain structure. As MA abuse interrupts education (Dean et al., 2011), it is difficult to
disentangle the independent effects of each on brain structure. Since MA abuse and
participant education are related, inclusion of participant education in the statistical model
may account for some of the variance associated with MA dependence itself. Despite this,
we obtained results that supported those obtained without including education in the model,
when a more liberal statistical threshold (p<0.005 uncorrected) was used. Furthermore,
potentially confounding effects of education on brain structure may be mitigated by the fact
that groups did not differ on mother’s education, which is a better proxy for general
cognitive functioning in MA-dependent participants than participant’s education (Dean et
al., 2011).

Substantial abuse of marijuana (daily or almost daily) and alcohol has been associated with
structural abnormalities in various brain regions, and there were some differneces between
groups in the use of these substances (Buhler and Mann, 2011; Lorenzetti et al., 2010).
While MA-dependent Smokers reported more marijuana use than controls, on average, they
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used marijuana on fewer than 2 days a month; and there were no significant group
differences in alcohol consumption. In addition, individuals meeting criteria for either
cannabis or alcohol abuse or dependence were excluded from study. Therefore, it is unlikely
that marijuana or alcohol abuse factors substantially confounded the findings.

Despite these limitations, this study has several strengths. It focused on a relatively narrow
period of MA abstinence, facilitating the detection of previously unreported deficits in
caudate nucleus and parietal cortical volume that appear to be uniquely associated with early
abstinence from MA. Notwithstanding any potential confounds, it remains clear that
orbitofrontal and caudate nucleus gray-matter deficits seen in MA-dependent research
participants are also seen in participants who smoke cigarettes but do not engage in notable
illicit drug abuse. In addition, a longitudinal assessment showed that gray-matter changes
during early abstinence from MA. Mapping the trajectory of these changes can provide an
initial step towards developing a better understanding of the biological bases and effects of
MA-dependence.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Group differences in gray-matter volume
T statistic maps showing brain regions where (1A) Control Nonsmokers have greater gray-
matter volume than MA-dependent Smokers and (1B) Control Smokers. (1C) Control
Smokers have greater gray-matter volume than MA-dependent Smokers (R: right
hemisphere).
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Figure 2. Changes in gray matter during the first month of abstinence from methamphetamine
T statistic maps showing brain regions where gray matter increased over time (shades of
blue) and where it decreased over time (shades of red; R: right hemisphere) in Control (A)
and MA-dependent participants (B).
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