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Abstract
Methamphetamine (MA) is associated with behavioral and cognitive deficits that may be related to
macrostructural abnormalities. Quantitative anatomical comparisons between controls and
methamphetamine-dependent individuals have produced conflicting results. We examined local
and global differences in brain structure in 61 abstinent methamphetamine-dependent individuals
and 44 controls with voxel-based morphometry and tissue segmentation. We related regional
differences in gray matter density and whole brain segmentation volumes to performance on a
behavioral measure of impulsivity and group membership using multiple linear regression. Within
the MA group, we related cortical and subcortical gray matter density to MA use history, length of
abstinence and age of first use. Controls had greater density relative to MA in bilateral insula and
left middle frontal gyrus. Impulsivity was higher in the MA group and, within all subjects,
impulsivity was positively correlated with gray matter density in posterior cingulate cortex and
ventral striatum and negatively correlated in left superior frontal gyrus. Length of abstinence from
MA was associated with greater amygdalar density. Earlier age of first use of MA (in subjects who
initiated use before age 21) was associated with smaller intracranial volume. The findings are
consistent with multiple possible mechanisms including neuroadaptations due to addictive
behavior, neuroinflammation as well as dopaminergic and serotonergic neurotoxicity.

Introduction
Methamphetamine (MA) dependence has been associated with a range of neuroanatomical
findings (Berman et al., 2008). The nature and location of these macrostructural differences
between MA dependent individuals and controls are of particular interest because these
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abnormalities may be clues to the pathology underlying cognitive and behavioral syndromes
associated with MA abuse. There is, however, considerable variability in reports of both the
location and the nature of anatomical differences between MA dependent patients and
control subjects. Using a combination of interactive semiautomatic tissue segmentation and
region-of-interest analysis, Jernigan et al. (2005) found larger volume in caudate (CAUD),
putamen (PUT), and nucleus accumbens in abstinent MA dependent subjects relative to
controls. Chang et al. (2005), also using manual methods, found larger volumes in PUT and
globus pallidus in 50 abstinent MA users compared to matched controls. Thompson et al.
(2004) found a large diffuse area of gray matter deficit on the right medial surface of the
brain, including nearly all of the cingulate cortex, and the hippocampus in 4 - 7 days
abstinent MA dependent patients using a novel 3-dimensional, automated landmark analysis.
Kim et al. (2006) used voxel-based morphometry (VBM) to investigate gray matter integrity
in long term (30.6 months) and short term (2.6 months) abstinent MA dependent subjects
compared to controls. They found less dense cortex in bilateral dorsolateral prefrontal cortex
(DLPFC) in the abstinent MA patients compared to controls; the largest deficit occurred in
short term abstinent users and, though the deficit was smaller in long term abstinent users,
cortical density was still significantly below control values. The variability of these findings
may be due to a combination of differences in methods, sample size, amount of MA used by
subjects or duration of abstinence. Further, the variability of macroscopic group differences
may reflect the complexity of mechanisms by which MA causes damage at the neuronal
level.

MA exposure causes damage to dopaminergic (DA) (Kuczenski et al., 2007) and
serotonergic (Sekine et al., 2006) terminals, loss of striatal DA transporters (DAT) in
baboons (Villemagne et al., 1998) and humans (Volkow et al., 2001), neuroinflammation
and associated reactive gliosis (Sekine et al., 2008; Thomas et al., 2004) as well as
cerebrovascular disease (Berman et al., 2008; Ho et al., 2009). Potential mechanisms for
MA toxicity include effects local to DA synapses, such as oxidative stress (Cubells et al.,
1994) or mitochondrial damage (Wu et al., 2007). Neuroinflammatory responses (Block et
al., 2007) and glutamate-mediated excitotoxicity (Yamamoto and Bankson, 2005) could
have both local and more distant downstream effects. It would, therefore, be reasonable to
expect that microscopic losses of DA and 5HT terminals would translate into macroscopic
regional volume losses while cellular infiltration due to glial activation would lead to
macroscopic volume increases. For example, striatal volume increases have been attributed
to a more robust inflammatory response in the striatum (Jernigan et al., 2005) while cortical
volume losses are attributed to more severe synaptic damage or neuronal apoptosis in the
cortex (Krasnova and Cadet, 2009; Thompson et al., 2004).

Although MA dependence is associated with a number of neuropsychiatric and behavioral
problems (Scott et al., 2007), impulsive decision making has been studied especially
intensely because of its purported importance in initiation and escalation of drug use and the
probability of relapse (deWit H., 2009). Delay (or temporal) discounting (DD) probes
impulsive behavior by requiring the subject to choose between a smaller immediate and a
larger delayed reward (Ainslie, 1974; Rachlin and Green, 1972). In general, a person
discounts the value of a delayed monetary reward according to Equation (0), typically
referred to as the indifference curve (Bickel and Marsch, 2001). Larger values of the
constant, k, associated with a greater preference for immediate rewards, are interpreted as a
manifestation of more impulsive decision making. MA users, like alcoholics (Petry, 2001),
cocaine users (Coffey et al., 2003; Perry and Carroll, 2008), and smokers (Mitchell, 1999;
Reynolds, 2006) prefer smaller immediate rewards.

Impulsivity is correlated with both anatomical and functional findings in both MA
dependent patients and normal controls. Bjork et al. (2009) recently reported a negative
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correlation between impulsivity (represented by the natural logarithm of k) and regional
volume of DLPFC and inferolateral prefrontal cortex in a group of normal volunteers. Two
studies have used functional magnetic resonance imaging (fMRI) to examine differences in
regional activity between MA dependent patients and controls. Monterosso et al. (2007)
found that activity increased in posterior parietal cortex (PPC), frontal cortical regions, and
insular cortex (INS) when DD was performed in both groups; activity in the control subjects
was larger than that in the MA subjects when comparing hard decisions (comparisons in
which the subjects picked delayed or immediate reward options with nearly equal
probability) to a control task in DLPFC. Hoffman et al. (2008) reported similar results;
activity in the controls was greater than in MA subjects in anterior cingulate cortex (ACC),
CAUD, and DLPFC when making a difficult discounting decision compared to a control
task. The magnitude of discounting was positively correlated with activity in DLPFC, PPC
and amygdala (AMYG), suggesting that function in these regions may be linked to
impulsive behavior in drug addicted populations.

This study was undertaken to investigate anatomical differences between large, well-
characterized groups of 61 MA dependent patients and 44 age-matched control subjects
(CS), all of whom were evaluated with DD as a behavioral measure of impulsivity. To the
extent that MA toxicity is related to dopaminergic mechanisms, we predicted that
abnormalities would be found in cortical and subcortical regions receiving heavy
dopaminergic innervation. Consistent with this model and previous studies, we hypothesized
that we would find volumetric gains in the gray matter of the striatum (possibly associated
with neuroinflammation) and losses in frontal cortex (associated with neuronal toxicity). We
also hypothesized that there would be correlations between degree of impulsivity and
reduced gray matter density in regions identified by functional MRI investigations, such as
ventral striatum, DLPFC, ACC and INS. Finally, given the observations of Kim et al.
(2006), we hypothesized that length of abstinence would be associated with evidence of
recovery from MA-induced changes, e.g., increased gray matter density and gray matter
volume.

Materials and Methods
Participants

Sixty one recently abstinent MA dependent patients were recruited from residential
treatment programs in Portland, OR and 44 normal controls were recruited through
advertisements (Table 1). Age at scan date ranged from 20 to 63 years. Subjects completed a
clinical interview (Structured Clinical Interview for DSM-IV [SCID] (First et al., 1998)), the
DD task, a urine drug screen and an imaging protocol. All procedures were approved by the
Institutional Review Board of the Portland Veterans' Affairs Medical Center and all subjects
gave written informed consent. Inclusion criteria for the MA group included DSM-IV
criteria for MA dependence, use of at least 0.5 g/day for ≥ 5 days/week for ≥ 2 years, and
must have been abstinent for at least 2 weeks and not more than 160 days. MA subjects were
excluded for a positive urine drug screen performed at the time of scanning, abuse or
dependence within the past 5 years for any other substance (except nicotine and caffeine) or
any past or present Axis I psychiatric diagnosis (other than substance dependence or
depression). Control subjects were excluded if they had any history of drug abuse or
dependence other than nicotine or caffeine, use of any illicit drug other than cannabis or any
past or present Axis 1 psychiatric diagnosis (other than a history of depression). No
participants were currently taking antipsychotics, benzodiazepines, antiparkinson
medications, or anticholinergics; suffered from any past or present medical illnesses that
might affect cognition (e.g. stroke, traumatic brain injury, HIV, hepatitis C) or had any
contraindications for MRI (including claustrophobia and implanted ferromagnetic objects).
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Delay Discounting
The DD task was administered as described in Hoffman et al. (2008). For each item,
subjects were asked to choose between two hypothetical monetary rewards, a smaller
amount (in our studies $1 to $99) available immediately or a larger amount (always $100)
available after some time, t, between 1 and 365 days. The indifference curve, which gives
the values at which individuals have the same preference for the immediate reward I(t) and
$100 after time, t, is given by Equation (0). The constant, k, determined from a non-linear fit
to the equation, is unique for each individual and is larger in more impulsive persons. We
calculated IMP, the overall likelihood that a subject chooses immediate rather than delayed
rewards, as the fraction of the total response space above the curve in Equation(0). Higher
values of IMP reflect greater preference for immediate rewards and hence more impulsive
behavior. Some investigators have used the fractional area under curve (0) (AUC) as a
measure of impulsivity (Smith and Hantula, 2008). IMP is, therefore, just 1-AUC and was
preferred because larger values of IMP occur in more impulsive individuals.

(0)

MRI scans
All imaging data were acquired on a 3T Siemens Trio MRI scanner. A high-resolution T1-
weighted anatomical magnetically prepared rapid acquisition gradient echo (MPRAGE)
sequence was used (144 slices 1 mm thick, TR = 2.3 s, TE = 4.38 ms, TI = 1200 ms, flip
angle = 12°, FOV = 208 × 256 mm, imaging matrix = 208 × 256), yielding 1 mm3 isotropic
voxel resolution. Images were reoriented to a left-to-right, posterior-to-anterior, inferior-to-
superior coordinate system and compiled into standard NIfTI-1 (Neuroimaging Informatics
Technology Initiative, (http://nifti.nimh.nih.gov/nifti-1/) format.

Analysis
Voxel-Wise Voxel-Based Morphometry

Structural data were analyzed with the Functional Magnetic Resonance Imaging of the Brain
(FMRIB) Software Library [FSL, specifically, FSL-VBM [(Ashburner and Friston, 2000),
(Good et al., 2001), v1.1] carried out with FSL tools [(Smith et al., 2004), v4.1.4]. Structural
images were brain-extracted using the Brain Extraction Tool (BET) [(Smith, 2002)]. Tissue-
type segmentation was performed using FAST4 (Zhang et al., 2001). The resulting grey-
matter images were then aligned to Montreal Neurological Institute 152 subject (MNI-152)
standard space using the FMRIB Linear (affine) Image Registration Tool [FLIRT,
(Jenkinson et al., 2002; Jenkinson and Smith, 2001)], followed by nonlinear registration
using the FMRIB Non-Linear Image Registration Tool [FNIRT (Andersson et al., 2007)].
The resulting images were interpolated to 2 mm3 isovoxels and averaged over all subjects to
create a study-specific template, to which the native gray matter images were then
nonlinearly re-registered. The registered segmented images were then corrected for local
expansion or contraction by dividing by the determinant of the Jacobian of the translated
coordinates with respect to the original coordinates. The modulated segmented images were
then smoothed with an isotropic Gaussian kernel with a full-width at half-maximum of 4
mm. This method yields a value of density for each gray matter voxel in the individual
anatomical maps.

In order to examine the relationship of cortical density to group membership, demographic
and clinical variables, voxel-wise linear regressions were performed using 3dRegAna (Ward
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BD, 2006). Although years of education and smoking status both differed significantly
between the MA and CS groups, neither variable was correlated with cortical density within
either group. Models were explored using education and smoking status as covariates
(Results). In addition, for patients who first used MA before age 25, there was a substantial
and significant correlation between the age at highest educational achievement and age at
first use (AFU) of MA (r = .58, p < .001). Furthermore, the mean difference between age at
highest education and AFU was 0.9 ± 2.3 (z(0,2.3) = 2.62, p < .01) with 2/3 of the patients
beginning MA use before or at the same time as their age at highest education. That is,
initiation of MA use more often preceded school drop-out than the reverse. Therefore,
education was included in regressions only after the effect of group membership was
considered.

Age and days of abstinence (ABS) had significantly skewed distributions and were square
root and natural log transformed, respectively. Within the MA group, a separate regression
(controlled for age and gender) was performed for the dependence of cortical density on
ABS. The minimum cluster size threshold was calculated using AlphaSim (Ward BD, 2000)
to correct for multiple comparisons on all resultant statistical maps (α < 0.05, cluster
threshold = 95 and 103 voxels for the between- and within-group (MA users) regressions,
respectively).

Whole Brain Volumetric Analysis
Total brain tissue volume, normalized for subject head size, was estimated with Structural
Image Evaluation, using Normalisation, of Atrophy (SIENAX) [(Smith et al., 2002), v2.6],
part of FSL [(Smith et al., 2004), v4.1.4]. Brain extraction and linear registration of the skull
into Montreal Neurological Institute 152 subject atlas space was performed as described in
the previous section; this procedure yielded the volumetric scaling factor (VSF), used as a
normalization for head size. Next, tissue-type segmentation with volume estimation was
carried out in order to calculate total volume of brain tissue (including separate estimates of
volumes of total gray matter, white matter, peripheral gray matter (cortical ribbon) and
ventricular cerebrospinal fluid [CSF]) (Zhang et al., 2001). Between- and within-group
regressions were performed as described in the previous section, except that the dependent
variable (gray matter density) was replaced by each whole brain volumetric measure (total
gray matter, white matter, peripheral gray, CSF, and VSF).

Results
Demographic and Clinical Characteristics

Two clinical or demographic variables differed between groups—IMP
(mean[ CS] = 0.42± 0.23, mean [MA] = 0.67 ± 0.23, t(103) = −5.41, p < 0.001), education
(mean[CS] = 15.7 ± 2.5, mean[MA] = 11.61 ± 0.7, t(103) = 10.14, p < 0.001) and smoking
status (χ2 = 29.06, p < 0.001). Group explained 22% of the variance in IMP and education
explained an additional 4% (t(102) = −2.27, p < .03); smoking status explained an additional
(non-significant) 2.1% of the variance over and above group membership. All other
relationships between variables were tested and were not significant.

Voxel Based Morphometry
Between Group Analyses—Examination of the effect of group (controlling for age and
gender) revealed significantly lower cortical density for MA users than controls in bilateral
INS, and left middle frontal gyrus (MFG); there was significantly higher gray matter density
relative to CS in left inferior semi lunar lobule (L ISLL), (Figure 1, Figure 2 and Table 2).
Relative to control subjects, there was a 9.7% decrease in the MA group in right INS, 9.6%
in left INS and a 12.6% decrease in left MFG. There was a 10% density increase in ISLL,
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part of the cerebellum. Addition of education to the model did not result in any significant
increase in explanatory variance in any of the above clusters.

When smoking status was added to the group regression (controlled for age and gender) the
statistical map associated with MA dependence identified volumes of lower cortical density
in the MA group identical to those listed above. Two additional volumes associated with
higher cortical density in MA subjects relative to CS were identical to regions in which the
map of the regression coefficient of smoking status indicated lower density in smokers than
non-smokers (middle cingulate and rostral precentral gyrus [premotor cortex], Table 2).
More detailed examination of the relationship of mean cortical density and mean regression
coefficients in the two volumes associated with both smoking and MA use revealed that the
smoking effect was due to substantially lower density in CS smokers compared to CS non-
smokers. Cortical density in these two regions was not significantly lower in MA abusing
smokers than MA abusing non-smokers and did not differ between the MA group and CS
when smoking status was ignored. Addition of an interaction term between smoking and
MA status did not identify any significant volumes, likely because the number of non-
smoking MA users and smoking CS were small (Table 1). As the addition of smoking to the
model did not affect the regions associated with MA status, a voxel-wise regression was
performed that investigated the effect of smoking controlled only for age and gender. This
analysis identified regions distinct from those associated with MA group membership (Table
2).

IMP (controlling for age and gender) correlated with increased gray matter density in
posterior cingulate cortex (PCC) and bilateral PUT extending inferiorly into ventral striatum
on the left. There was a significant negative correlation between IMP and cortical density in
the left superior frontal gyrus (SFG) near the frontal pole (Figures 3, 4 and Table 2). Rates
of change in gray matter density (normalized to unit IMP) were 29% for the left PUT/ventral
striatum, 23% in the PCC, 53% in the right PUT, and −28% ( a decrease) in the left SFG.
The effect of IMP on cortical density did not reach significance within either the MA or CS
group alone.

Age was associated with decreased cortical density on the medial brain surface, large
bilateral regions over much of the DLPFC, bilateral CAUD, bilateral INS, and bilateral
inferior parietal lobule. No cortical region showed a significant density increase with age. In
general, females had greater gray matter density than males in widespread cortical and
subcortical regions while males had greater cortical density only in cuneus and the lower
portion of the left inferior frontal gyrus. Details of the statistical maps for all variables are
given in Table 2.

Within Group Analysis: MA Subjects—Gender, age and ABS were each associated
with significant main effects on gray matter density after correction for multiple
comparisons (minimum voxel cluster threshold [MCS] = 103 2 mm3 voxels, Table 2). ABS
(controlling for age and gender) was associated with significantly greater gray matter
density in the bilateral AMYG, extending up into right PUT/ventral striatum, left fusiform
gyrus, and right cerebellar tonsil; ABS was negatively correlated with cortical density in the
right MFG (Figures 5, 6 and Table 2). Gray matter density increase per day of abstinence for
the right AMYG was 0.3%, for the left AMYG, 0.5%, for left fusiform gyrus, 0.2%, and for
cerebellar tonsil, 0.3%. Cortical density decreased 0.2% per day of abstinence in the right
MFG. The maps of age and gender in the MA group did not qualitatively differ from the
maps in the combined sample. The differences in Table 2 are reflections of the smaller
number of subjects (and hence decreased power and increased cluster threshold) in the
patient group. Furthermore, there were no regions in which there was a significant
interaction between group and either age or gender.
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Whole Brain Volumetric Analysis
Combined Groups—Of the whole brain volumetric measures, only volumetric scaling
factor (controlling for age and gender) differed between groups (t(104) = −2.57, p = .01, MA
> CS). Group accounted for 3.8% of the variance in VSF and education added a (non-
significant) 0.6% to the total; similarly, the inclusion of smoking status contributed only and
additional (non-significant) 0.5%. IMP (controlling for age and gender) was not significantly
correlated with any global volumetric variable.

MA group—ABS (after controlling for age and gender) was not significantly correlated

with any of the dependent variables. Inspection of the plot of  vs AFU revealed that
there appeared to be a linear relationship between the variables for earlier ages of first use,
but no relationship at later ages of initiation. Therefore, a two stage linear regression was
performed of the form,

(2)

where ζ represents the age at first use at which the dependency of VSF on AFU changes
from linear to constant. The regression identified ζ = 21 as the value that gave the best fit.
Earlier AFU was a significant predictor of lower VSF (t(38) = −2.03, p = 0.050) in subjects
with AFU < 21 but not in subjects with AFU > 21 (Fig 7). Two subjects were clearly
outliers (AFU > 40), but the finding was qualitatively the same even if these subjects were
omitted from the regression.

Discussion
Effect of MA Dependence on Cortical Density

The present study found that MA dependent subjects had reduced gray matter density in the
bilateral INS and the left MFG. The INS has not previously been reported as a site of
reduced cortical density in MA dependent patients, although this result is consistent with
findings of reduced glucose metabolism in the INS of MA dependent subjects during an
auditory vigilance task and reduced grey to white matter volume ratio in the INS of chronic
cocaine users (Franklin et al., 2002). These results are also in general agreement with
previous volumetric studies finding reduced gray matter density in MA users in the MFG
(Kim et al., 2006) the cingulate/paralimbic cortex (Thompson et al., 2004), and the
hippocampus (London et al., 2005; Thompson et al., 2004).

The insula plays a crucial role in “conscious drug urges and in translating interoceptive
signals into conscious feelings and behavioral biases” (Naqvi and Bechara, 2009). For
example, high levels of insular activation have been shown to predict relapse in MA
dependent patients (Paulus et al., 2005). Furthermore, insular lesions can cause the
spontaneous extinction of tobacco addiction in humans (Naqvi et al., 2007) and
amphetamines in rats (Contreras et al., 2007). The INS may mediate withdrawal phenomena
through translation of physiological symptoms into conscious dysphoria (Naqvi and
Bechara, 2009). It is possible, although speculative, that thinner insular cortex is related to
the narrowed behavioral range and motivational repertoire associated with addiction. That is,
as drug seeking and self administration consume more of the addicted persons thoughts and
behavior, the insular cortex may lose synaptic contacts related to competing non-drug
related rewards and activities.

The MFG has been implicated in the valuation system that is modulated by the DLPFC in
order to exert self control (Hare et al., 2009) and is an integral part of the cerebral circuit
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that underlies cognitive control (Cole and Schneider, 2007). Cognitive control is necessary
to choose among competing stimuli and has been shown to be deficient in MA dependent
individuals (Hoffman et al., 2008; Salo et al., 2008). For example, Kim et al. (2006) found
that reduced gray matter density in the right MFG of MA users correlated with errors on the
Wisconsin Card Sorting Test, as did reduced glucose metabolic rate in the right frontal white
matter in the same subjects. Therefore, a reduction in MFG gray matter is consistent with
cognitive control deficits in patients with MA dependence. Although our design precludes
confirmation of the precise mechanisms that contribute to MA associated volumetric
deficits, one hypothesis is that, although a single MA administration causes an acute
elevation in extracellular DA, the central nervous system adapts to chronic MA use,
resulting in the observed long-term down-regulation of DA and serotonin receptors, reduced
tyrosine hydroxylase and tryptophan hydroxylase activity, altered vesicular monoamine
transporter-2 function, and decreased extracellular DA and serotonin concentrations in
chronic MA users (Krasnova and Cadet, 2009). As has been shown in rodent models of MA
abuse, this chronic DA and serotonin depletion results in poor modulation of glutamate
activity, contributing to neuronal injury in glutamate-rich regions such as the frontal cortex,
perhaps due to glutamate excitotoxicity (Marshall et al., 2007). These findings would be
consistent with reduced cortical density in the frontal regions of humans. Alternatively,
rodent models of amphetamine abuse have been used to demonstrate that chronic
amphetamine use is associated with reduced plasticity in the neocortex and nucleus
accumbens (Belcher et al., 2005) and reduced learning (Kolb et al., 2003) in response to new
experiences. That is, amphetamines may hamper the capacity for new axonal branching and
growth in response to new learning experiences, which would be consistent with our
findings of reduced cortical volumes in the frontal cortex, as well as previous findings of
reduced hippocampal volumes (London et al., 2005; Thompson et al., 2004) in human MA
addicts.

If dopaminergic alterations are indeed the primary or upstream mechanism contributing to
anatomical changes in MA dependence, as is often proposed (Krasnova and Cadet, 2009), it
is curious that we found no changes in gray matter density in dopamine-rich regions such as
the striatum. Jernigan et al. (2005) and Chang et al. (2005) reported increased volumes in the
basal ganglia in MA dependent patients, and both speculated that neuroinflammatory
processes may have contributed to these enlargements. Striatal changes, however, were not
observed in this study nor that of Thompson et al. (2004) or Kim et al. (2006). Although we
cannot definitively determine the cause for this inter-study variability, factors could include
differences in methodologies and sample characteristics. The present study includes patients
who are all relatively early into recovery (mean length of abstinence = 63.7 ±32.7 days,
range = 14-160 days) compared to previous studies (Jernigan et al., 2005, mean length of
abstinence = 93.6 ± 89.2 days, range = 10-330 days; Chang et al., (2005), mean length of
abstinence = 4.0 ± 6.2 months, range = .25 – 36 months). Unfortunately, these previous
studies did not report analyses to determine whether length of abstinence was associated
with increases or decreases in gray matter density, and neither our study nor these previous
studies included actively using patients. Thus, it is unclear whether different regions of the
brain adapt to and then recover from MA abuse at different rates. For example, chronic MA
abuse may cause basal ganglia injury due to DA toxicity that would correspond to reduced
grey matter volumes (or neuronal cell counts) in active users. Consistent with our results,
however, group differences in gray matter density during early recovery may be non-
significant in the basal ganglia because human volumetric methods do not allow us to
distinguish the relative contribution of various cell types (e.g., neurons versus microglia
versus astroglia) and reduced neuronal grey matter may actually be masked by
neuroinflammation in these regions. Finally, consistent with previous studies (Chang et al.,
2005; Jernigan et al., 2005), neuronal cell counts and/or neuroinflammation in late recovery
may have increased to the point that group differences become significant. While these
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speculative hypotheses are consistent with our results (e.g., correlations between increased
length of abstinence and increased volumes in the AMYG and PUT), longitudinal studies
including active users followed into early and late recovery are needed to clarify the
progression of change.

Smoking
This study was not designed to study the effects of smoking on cortical density and the
numbers of smokers in the control group and non-smokers in the MA group are too few to
reliably separate the effects statistically. Volumes characterized by decreased cortical
density in the MA group are unchanged after statistically controlling for smoking status.
Furthermore, smoking and MA dependence identify distinct brain regions in both combined
and separate analyses, suggesting that the addictions may independently affect cortical
density. Although the interaction of smoking with MA dependence did not identify any
significant clusters in a voxel-wise regression, the limited number of smoking controls and
non-smoking MA abusers restricted the power to detect an interaction.

Although this study is underpowered to robustly investigate the effect of smoking per se, our
observation of decreased density in smokers in the middle cingulate gyrus is generally
consistent with those of other investigators. For example, Gallinat et al. (2006) reported
cortical density deficits in smokers in the middle cingulate and Brody et al. (2004) found
that smokers had volume decrements in dorsal ACC. Further investigation of the effects of
the interaction of tobacco and MA addiction will require identification of larger numbers of
non-smoking MA dependent individuals.

Impulsivity and VBM
The present finding of higher impulsivity in MA as measured by a delay discounting task is
consistent with a large body of evidence (deWit H., 2009; Hoffman et al., 2008). There were
significant positive correlations between gray matter density and impulsivity in the bilateral
PUT, left ventral striatum and the PCC and a negative correlation in the left SFG. This latter
finding in the SFG is generally consistent with two previous studies that examined the
relationship between impulsivity and gray matter volumes. Specifically, Bjork et al. (2009)
used an automated segmentation technique to demonstrate that increased dorsolateral and
inferolateral cortical grey matter volume was correlated with lower impulsivity. Matsuo et
al. (2009) reported that a higher impulsivity (score on Barrett's Impulsivity Scale) was
correlated with reduced bilateral orbitofrontal cortex and left ACC cortical density derived
from VBM. In contrast, we identified other regions in which higher gray matter density was
correlated with increased IMP (bilateral PUT, left ventral striatum and PCC). These regions
have not been reported in previous anatomical studies, possibly because the methods lacked
the regional sensitivity of VBM or the range of impulsivity was restricted in normal study
populations. The regions have, however, been identified in functional studies of impulsivity.
In fMRI studies of DD, the ventral striatum and PUT have been implicated in encoding the
delay to the reception of a reward (Wittmann et al., 2007) and the PUT has further been
implicated in reward processing and encoding the subjective value of a delayed reward
(Kable and Glimcher, 2007; McClure et al., 2007). PCC is thought to play a role in the
integration of magnitude and delay information (Ballard and Knutson, 2009). The causal
relationship between these findings remain unclear, as it cannot be determined whether
volumetric changes precede or are the result of differences in impulsivity that distinguish
addicts from non-addicts.

Abstinence and VBM
Length of abstinence was positively correlated with gray matter density in the bilateral
AMYG and PUT and the left fusiform gyrus and negatively correlated with cortical density
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in the right MFG. There is significant evidence in the literature that these regions are
functionally relevant to the process of abstaining from drugs, particularly the AMYG and
MFG. The amygdala is an integral part of the brain's reward circuit which must be altered in
order to deviate from the drug-seeking behavior that characterizes addiction (Bechara, 2005;
Ernst and Paulus, 2005). Bilateral excitotoxic lesions of the basolateral AMYG in cocaine
self-administering rodents prevent drug associated stimuli from inducing reinstatement
following extinction sessions (Meil and See, 1997).

Previous research has found decreased amygdalar volumes in cocaine addicts to be
associated with drug craving (Makris et al., 2004) and amygdalar volume deficits in
alcoholics to be associated with craving and predictive of relapse (Wrase et al., 2008).
Brain-derived neurotrophic factor levels in the AMYG progressively increased on a time
course parallel to increases in craving during cocaine withdrawal (Grimm et al., 2003).
Systemic or central amygdalar injections of LY379168, which decreases glutamate release,
prevented increases in cue-induced sucrose seeking after prolonged sucrose abstinence in
rats (Uejima et al., 2007), and exposure to cocaine cues increased ERK phosphorylation in
rats in the central AMYG after 30 days of abstinence but not 1 day (Lu et al., 2005). Finding
larger amygdalar size in subjects with longer abstinence is consistent with these studies if
subjects with larger amygdalae are less likely to relapse and thus more likely to be available
for study enrollment later into abstinence.

The MFG, in addition to the AMYG, is also part of the cortical system that underlies
craving. The region has been implicated, using fMRI, as an area in which the common value
of a goal-directed decision is encoded. The modulation of this value by the DLPFC is
necessary for exerting cognitive control over impulsive behavior (Cole and Schneider, 2007;
Hare et al., 2009).

In summary, the correlations between gray matter density and length of abstinence are
consistent with alternative, but not mutually exclusive, hypotheses: (1) abstinence from MA
may result in gradual volumetric changes or (2) the volumes of these regions may be
predictive of the ability to maintain abstinence. It is not possible to distinguish between
these hypotheses with the data in this study both because this study is cross-sectional and we
are naïve as to whether (and when) subjects relapsed following participation in the study.

Age of Onset and Head Size
The only significant group difference from the SIENAX segmentation after sex and age
were taken into account was VSF (p < 0.01), i.e., MA users had significantly smaller
intracerebral volume than controls. This result was unexpected and no previous report of this
type of finding in a drug-dependent population was found. While there is not any
information about the effect of MA abuse on brain (or body) growth rates in adolescents,
both smaller subcortical volumes (Chang et al., 2004) and decreased fractional anisotropy
(Cloak et al., 2009) have been reported in children of MA dependent mothers. A recent
study found growth deficits in children with Attention Deficit Hyperactivity Disorder
continuously taking prescribed stimulants (Swanson et al., 2007). Another found that growth
rate deficits associated with prescribed stimulants correlated with dosage (Charach et al.,
2006). Therefore, it is possible that the MA group had significantly smaller skulls due to
growth retardation secondary to early onset MA abuse. These findings are also consistent
with the observation that MA use may co-vary with socioeconomic status and poor nutrition,
both of which may also contribute to smaller head size.
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Limitations
The principle limitation of the study is the cross-sectional design which restricts its ability to
determine whether MA dependence is a cause or effect of the volumetric, behavioral (IMP)
and demographic (education or smoking status) differences from the control group. The
question could be answered more definitively and quantitatively with prospective quasi-
experimental studies of adolescents who have not initiated drug use. Additionally,
determining the cause of cortical or subcortical density (and volume) differences is not
feasible given the current resolution of MRI at 3 Tesla. Thus, we cannot, for example,
distinguish whether a larger regional volume in one group is due to an increase in glial
infiltration in that group or loss of neurons and neuronal projections in the other.

Furthermore, the results obtained from the methods used in anatomical studies (in this paper
and the previous literature) may vary depending on the particular mechanism underlying
MA-induced damage. Consider, for example, automatic segmentation of tissue type (white
from gray matter), the first step in nearly all of the in vivo structural human imaging studies.
While this process has become increasingly reliable since its earliest use, the mechanisms of
damage in MA use and abuse may differentially blur the line between the two tissue types,
confounding a priori classification. Furthermore, some mechanisms of damage are likely to
be anatomically specific; for instance, a loss of dopaminergic (DA) terminals will primarily
affect downstream regions that are innervated by these neurons (e.g., striatum and frontal
pole). This may lead to anatomically selective failures to successfully delineate the gray-
white boundary, and may exacerbate or minimize effects in this area. Due to the resolution
at which many of the studies have been performed (~ 1mm isotropic voxels at 3T), there is
no way to identify and isolate the effects of specific mechanisms and the localized
confounds that they might introduce to the method; as such, discussions of the causes of
such changes and associated absolute effect sizes should be met with skepticism.

Causal ambiguities extend to the relationship between MA dependence and education.
Adolescents and young adults could be at higher risk for initiation of MA dependence if they
drop out of school. It is also possible that initiation of MA abuse precedes and contributes to
the likelihood of school dropout. We favor the latter explanation, as the MA subjects in this
study tended to start use before dropping out of school. Similarly, there may be an
independent contribution of smoking to regional decreases in cortical density that is difficult
to separate from the effect of MA dependence in this sample. The bias towards cigarette
smoking and low completed years of education in the MA dependent population prevents us
from investigating these effects in this report; resolution of the many cause and effect
conundra identified in this report must await future studies for disambiguation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Regions where cortical density for MA was significantly less than for CS, t-statistic
corrected for multiple comparisons shown. B. The average cortical density in the significant
voxels only in the left insula VOI circled are graphed for each subject, the means and
standard errors are 0.72 ± 0.01 and 0.80 ± 0.02 for MA and CS, respectively (t(103) = 4.42, p
<.0001).
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Figure 2.
A map of the regression coefficient for group membership after controlling for age and
gender. CS > MA, red; MA > CS, blue. Green circles indicate significant regions shown in
Figure 1, numbered by occurrence in Table 2.
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Figure 3.
A. Map of the significant t-statistic map for the regression coefficient of IMP, corrected for
multiple comparisons. B. Average cortical density value in significant voxels within circled
VOI vs IMP. Blue diamonds CS; red squares MA. Line (n = 105) represents the ordinary
least squares fit (F(1,104) = 15.37, p < .001).
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Figure 4.
A map of the regression coefficient for IMP after controlling for age and gender. Positive
correlations are shown in red, negative correlations are shown in blue. Green circles indicate
significant regions shown in Figure 3, numbered by occurrence in Table 2.
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Figure 5.
A. Regions of significance for the t-statistic associated with the regression coefficient of
ABS in MA group, corrected for multiple comparisons. B. Days of abstinence versus
average cortical density in the significant voxels in right amygdalar/right putamen volume
(circled). Line (n = 61) represents the ordinary least squares fit (F(1,60) = 21.81, p < .001).
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Figure 6.
A map of the regression coefficient for ABS after controlling for age and gender. Positive
correlations are shown in red, negative correlations are shown in blue. Green circles indicate
significant regions shown in Figure 5, numbered by occurrence in Table 2.
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Figure 7.
Square root of Age of First Use (AFU) vs Inverse Volumetric Scaling Factor (1/VSF).
Smaller 1/VSF is equivalent to smaller head size. Pearson's r2 is shown for the left (first
stage) regression line.
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Table 1

Mean (SD) for demographic characteristics

Controls (n = 44) MA Dependent(n = 61)

Age (years) 34.1 (10.7) 33.4 (8.4)

Gender (males/females) 22/22 31/30

Education (years) 15.7 (2.5) 11.6 (0.7)*

Abstinence length (days) N/A 63.7 (32.7)

IMP 0.42 (0.23) 0.67 (0.23)*

Age of first use (AFU, years) ¥ N/A 19.1 (7.6)

Smokers 17 54 €

*
Student's t test, p < 0.001.

¥
Ten MA did not have AFU data.

€
Pearson's Chi-square test, p < 0.0001.
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