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Abstract

Background—The presence of morphometric abnormalities of the lateral ventricles, which can
reflect focal or diffuse atrophic changes of nearby brain structures, is not well characterized in
methamphetamine dependence. The current study was aimed to examine the size and shape
alterations of the lateral ventricles in methamphetamine-dependent subjects.

Methods—High-resolution brain structural images were obtained from 37 methamphetamine-
dependent subjects and 25 demographically matched healthy individuals. Using a combined
volumetric and surface-based morphometric approach, the structural variability of the lateral
ventricles, with respect to extent and location, was examined.

Results—Methamphetamine-dependent subjects had an enlarged right lateral ventricle compared
with healthy individuals. Morphometric analysis revealed a region-specific pattern of lateral

*Supplementary material can be found by accessing the online version of this paper. See Appendix A for more details.
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ventricular expansion associated with methamphetamine dependence, which was mainly
distributed in the areas adjacent to the ventral striatum, medial prefrontal cortex, and thalamus.

Conclusions—~Patterns of shape decomposition in the lateral ventricles may have relevance to
the structural vulnerability of the prefrontal-ventral striatal-thalamic circuit to methamphetamine-
induced neurotoxicity.
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1. Introduction

Multiple lines of preclinical evidence suggest that chronic methamphetamine use may cause
a series of cellular effects that are local to dopamine and serotonin synapses (Kuczenski et
al., 2007; Ricaurte et al., 1980) and eventually lead to neurotoxic damages resulting from the
pathological mechanisms that include oxidative stress (Cubells et al., 1994) and
mitochondrial dysfunction (Wu et al., 2007). These cellular changes may be associated with
macroscopic structural abnormalities of both cortical and subcortical brain regions in
methamphetamine-dependent subjects (Berman et al., 2008; Chang et al., 2007; Salo and
Fassbender, 2012).

Enlargement of the lateral ventricles has been identified as a surrogate marker of cerebral
atrophic changes in psychiatric illness including Alzheimer’s dementia (Frisoni et al., 2010;
Nestor et al., 2008), schizophrenia (Kempton et al., 2010; Wright et al., 2000), and substance
dependence (Pfefferbaum et al., 2001; Thompson et al., 2004; Wobrock et al., 2009). A
recent trend to assess morphometric variability of the lateral ventricles has enabled the
detection of more subtle changes in shape composition, which could be imperceptible upon
volumetric measurement (Styner et al., 2005; Apostolova et al., 2012; Jackson et al., 2011).
Further, specific anatomical information with respect to regional changes in the lateral
ventricles by surface-based morphometric analysis may also permit evaluation of structural
change in surrounding brain structures (Apostolova et al., 2012; Jackson et al., 2011).
However, to the best of our knowledge, structural changes in the lateral ventricles have not
been studied in methamphetamine-dependent subjects in terms of shape deformation. In this
study, we assessed volume differences in the lateral ventricles between cohorts of
methamphetamine-dependent subjects and healthy individuals. By using a three-dimensional
surface-based morphometric approach, we further evaluated the location of
methamphetamine use-related structural abnormalities of the lateral ventricles. Based on
previous knowledge of aging-dependent ventricular enlargement (Pfefferbaum et al., 2004)
we also examined whether aging effects might accelerate the localized ventricular shape
alterations associated with methamphetamine dependence.

2. Methods

2.1. Participants

Study participants were 37 methamphetamine-dependent subjects (mean age=34.8 years,
range = 19.0-46.9 years, hereafter referred to as the methamphetamine group) and 25
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healthy individuals (mean age = 32.8 years, range = 24.0-44.2 years, hereafter referred to as
the control group).

Methamphetamine dependence was diagnosed using the Structured Clinical Interview for
DSM-IV (SCID-1V). All subjects in the methamphetamine group had used over 50.0 g of
cumulative methamphetamine and were recently abstinent at least 4 weeks. Exclusion
criteria for the methamphetamine group were lifetime significant illness including
hypertension, hepatitis, and diabetes mellitus, current Axis | diagnoses other than nicotine or
methamphetamine dependence as determined using the SCID-IV, antisocial or borderline
personality disorders as identified by the Personality Disorder Questionnaire-4, lifetime
exposure to any other substances, except nicotine, caffeine, or social alcohol drinking,
current and past history of alcohol abuse or dependence, or contraindications to magnetic
resonance (MR) scanning. Alcohol history was taken and social alcohol drinking was
defined as more than 8g of ethanol per week. Pack-years of cigarette smoking were
calculated. The same criteria, except for a diagnosis of methamphetamine dependence, were
applied to the control group.

The Addiction Severity Index was administered to assess severity and complications of
methamphetamine dependence. Although the screen for seropositivity of human
immunodeficiency virus (HIV) infection was not performed because of legal and ethical
issue, subjects who had positive results on hepatitis virus ¢ (HCV) antibody and hepatitis
virus b surface (HBs) antigen were excluded. The prevalence of HIV infection in South
Korea is substantially low as compared with many other countries (Min et al., 2013;
UNAIDS, 2012). Furthermore, the recent study examining 318 injecting drug users in South
Korea has reported that HIV infections were not found while the prevalence of HCV and
HBYV infections was 48.4% and 6.6%, respectively (Min et al., 2013). Very few HIV
transmission (lower than 1.1%) has been reported to be attributed to injecting equipment in
South Korea because of easy access to safe and disposable syringes in South Korea (Kim et
al., 2003).

The institutional review board of the Seoul National University Hospital approved the study
protocol and all study participants provided written informed consent after a complete
description of the study.

2.2. Magnetic resonance image acquisition

High-resolution structural data were obtained from study participants on a 3.0-T GE whole
body imaging system (GE VH/i, USA). Using a three-dimensional spoiled gradient echo
pulse sequence, contiguous sagittal T1-weighted images were produced with the following
parameters: echo time (TE) = 1.4 ms; repetition time (TR) = 5.7 ms; inversion time = 400
ms; 256 x 256 matrix; field of view(FOV) = 22 cm; flip angle = 20°; slice thickness = 0.7
mm, and no skip. Axial T2-weighted images (TE=118 ms, TR = 3500 ms, matrix = 256x
192, FOV = 22cm, FA = 90°, slice thickness =5 mm, 1.5 mm skip) and fluid-attenuated
inversion recovery (FLAIR) axial images (TE =145 ms, TR= 9900 ms, inversion time =
2250 ms, matrix= 256x 192, FOV= 22 cm, FA= 90, slice thickness= 5 mm, 1.5 mm skip)
were also acquired in order to screen for gross structural abnormalities. All images were
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examined for incidental structural abnormalities by a board-certified neuroradiologist who
was blind to subject status.

2.3. Image analysis: segmentation and shape analysis of the lateral ventricles

The segmentation of the lateral ventricles was performed using a rater-independent,
automated atlas-based tissue segmentation method implemented in FreeSurfer software
(http://surfer.nmr.mgh.harvard.edu) (Fischl et al., 2002). This methodology has been
validated for accuracy and reproducibility of lateral ventricle segmentation through
comparison with manually traced segmentation (Kempton et al., 2011a,b). In brief, the
FreeSurfer pipeline (Fischl et al., 2002) processed high-resolution T1-weighted images by
performing motion correction, intensity inhomogeneity correction, and skull stripping
followed by gray and white matter segmentation. Subcortical structures including the lateral
ventricles were segmented using an atlas based approach by assigning each voxel of the
preprocessed volume to the corresponding ventricle labels. Information regarding voxel
intensity relative to a probabilistic training atlas was utilized for these assignments and
subsequent comparisons to neighboring voxel labels obtained from the atlas were performed
(Fischl et al., 2002). Among two outputs from the FreeSurfer processing of each
hemisphere, which were labeled as ‘lateral ventricle’ and ‘inferior lateral ventricle,” the label
of ‘lateral ventricle’ was used for volume and shape analyses. Because connections with the
temporal horn could not occasionally be resolved even in high-resolution MR images
(Styner et al., 2005), the anterior, main body, and posterior portion of the lateral ventricles
were analyzed in the analysis excluding the temporal horn which was segmented as ‘inferior
lateral ventricle.” Anatomical locations of the lateral ventricle analyzed for this study are
presented in Fig. 1. The final segmented images were visually inspected by an expert who
judged the appropriateness of images in the volume and shape analysis. Intracranial volume
(ICV) and volumes of the lateral ventricles were also measured.

Surface modeling of the lateral ventricles was performed based on a spherical harmonic-
based shape description. The semi-automated processing for shape description was
performed with the use of the University of North Carolina shape analysis toolkit (Styner et
al., 2003, 2005). Each step for the generation of lateral ventricular surfaces has been
described in detail elsewhere (Styner et al., 2003, 2005). In brief, binary segmented images
of the lateral ventricles were converted to surface meshes and spherical parameterization was
computed (Brechbuhler et al., 1995). Using the first order ellipsoid from the spherical
harmonic coefficients, parameter-based rotation was applied to establish spherical harmonic
correspondence among vertices of the surface meshes (Gerig et al., 2001). This step was
taken to eliminate the effects of rotation and translation. The spherical harmonic description
was then uniformly sampled into 2252 triangulated surface points. The surfaces of the lateral
ventricles were spatially aligned to an averaged template surface using a rigid-body
transformation (Bookstein, 1991).

2.4, Statistical analysis

For comparison of demographic characteristics, independent #tests or chi-square tests were
used for continuous and categorical variables, respectively.
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To test for differences in volume measurements of the lateral ventricles, multiple linear
regression analysis was used to examine the main diagnostic effects on ventricular volumes
adjusting for age, sex, and ICV. Effect sizes for volume differences in lateral ventricles are
given by Cohen’s d.

For the statistical analysis of surface coordinates (x, y; and 2) at 2252 corresponding points
in each left and right lateral ventricle, multivariate analysis of covariance (MANCOVA) with
Wilk’s lambda was used to assess diagnostic effects on surface coordinates adjusting for age,
sex, and ICV. Repeated analyses including potential confounding variables that could affect
changes in ventricular systems as additional covariates such as alcohol history, pack-years of
cigarette smoking, and intelligence quotient (1Q) were performed.

In order to correct for multiple comparisons in the imaging data, surface-based cluster size
exclusion was used with an initial surface-vertexwise threshold of p < 0.005. The current
sample of 62 subjects could detect difference in surface coordinates at initial surface-
vertexwise threshold of p< 0.005 (effect size of 0.78, standard deviation [sd] of £50%) with
a power of 0.85. Any difference in surface multivariate metric within a cluster containing
less than 20 vertices was excluded. This threshold was ensured to result in a corrected o
value of <0.05 across the surface of each ventricle by using the method of AFNI’s AlphaSim
(Ward, 2000), which was adapted for use with surface-based statistics (Hagler et al., 2006).

To examine the relationship between age and the magnitude of surface alteration, Euclidian
distances of individual surface points that belonged to the clusters showing significant
diagnostic effects were calculated. Pearson correlation analysis was used to analyze the
associations between the mean scaled distance of surface coordinates in each cluster and age
in the methamphetamine and the control groups.

All statistical analyses were performed using Stata SE, v11.0 (Stata Corp., College Station,
TX).

3. Results

Both the methamphetamine and control groups were well-matched in terms of age (¢=
-1.28, df=60, p=0.21), sex (y~ = 0.57, df =1, p=0.45) and 1Q (t = 1.55, df = 60, p= 0.13).
Prevalence of social alcohol drinking was not different between groups (/1/2 =0.99,df=1,p
= 0.32). However, pack-years of cigarette smoking were longer in methamphetamine-
dependent subjects than in healthy subjects (#=-2.38, df=60, p= 0.02). Mean ICV of the
methamphetamine group (1465.1 cm3, sd = 162.6) did not differ from that of the control
group (1524.7 cm3, sd = 146.4) (¢= 1.47, df = 60, p= 0.15).

Mean duration of regular methamphetamine use, which was calculated by summing up the
time when methamphetamine was used more frequently than weekly, was 66.3 months (sd =
48.5) and the average daily doses of methamphetamine were 0.55 g (sd = 0.46). All
methamphetamine-dependent subjects did not have any major psychotic disorders including
schizophrenia, bipolar disorder, and other psychotic disorders as was determined by the
SCID-1V, although some subjects reported episodic intoxication-related hallucination. There
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was no concomitant DSM-IV diagnosis of depressive or anxiety disorders requiring
psychotropic medications in study participants.

Demographic and clinical characteristics of study participants are presented in Table 1.

3.1. Volume analysis of the lateral ventricles

The methamphetamine group demonstrated a significant volume enlargement in the right
lateral ventricle relative to the control group after adjusting for age, sex, and ICV (6549.1
mm3 vs. 5980.7 mm3; 8= 0.24, p=0.039, Cohen’s &= 0.39). Volumes of the left lateral
ventricle were not different between groups (methamphetamine group vs. control group,
7680.2 mm3 vs. 7341.0 mm3; = 0.13, p=0.23, Cohen’s ¢= 0.18). Repeated analyses
including additional covariates, the presence of social alcohol drinking, pack-years of
cigarette smoking, or 1Q produced similar results (Supplementary Table 1).

3.2. Shape analysis of the lateral ventricles

Statistical maps demonstrating comparisons of surface coordinates for the lateral ventricles
are presented in Fig. 2. All results were adjusted for age, sex, and ICV.

After the correction for multiple comparisons, 4 clusters showed a significant surface
expansion in the methamphetamine group relative to the control group (Fig. 3). There were
no significant clusters showing a surface deflation in the methamphetamine group compared
with the control group. The locations of lateral ventricular expansion in the
methamphetamine group are illustrated in Fig. 3. The first two clusters were located
bilaterally in the anteroinferior portion of the lateral ventricles, which are adjacent to the
ventral striatum (Fig. 3a). A significant surface expansion in the methamphetamine group
was also observed in the cluster located in the anterosuperior portion of the right lateral
ventricle, which is surrounded by the medial frontal lobe (Fig. 3b). Inferior body portion of
the right lateral ventricle, which is located near the thalamus, was also expanded in the
methamphetamine group relative to the control group (Fig. 3c).

To ensure the robustness of findings, repeated analyses of MANCOVA for surface
coordinates including additional covariates (the presence of social alcohol drinking, pack-
years of cigarette smoking, or 1Q) were performed. Similar results were found and this is
likely to show that the current results were not likely to be modulated by these potential
confounding factors (Supplementary Table 2).

Within the methamphetamine group, the effects of aging on mean scaled surface distances
were prominent in the bilateral anteroinferior clusters (left, 7= 0.35, p=0.032; right, r
=0.41, p=0.011; Fig. 4). Age-related surface expansions were not observed in other clusters
(right anterosuperior cluster, r=-0.05, p = 0.76; right inferior cluster, r=0.22, p=0.18).

In contrast, there was no significant relationship between age and mean scaled surface
distance of clusters in the control group.
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The relationships between mean scaled surface distances in each cluster and
methamphetamine use pattern including the duration of regular methamphetamine use and
the average daily dose of methamphetamine were not significant (Supplementary Table 3).

4. Discussion

This is the first study to demonstrate morphometric abnormalities of the lateral ventricles
associated with methamphetamine dependence using three-dimensional shape analysis,
which complements the conventional volumetric analysis. In the volumetric approach, we
found right lateral ventricular enlargement in methamphetamine-dependent subjects relative
to healthy individuals. Shape analysis revealed that methamphetamine dependence was
associated with bilateral surface expansion of the lateral ventricles, which were primarily
distributed in areas surrounded by the medial prefrontal cortex, ventral striatum, and
thalamus. These cortical and subcortical regions have been implicated in the
pathophysiology of methamphetamine dependence (Berman et al., 2008; Chang et al., 2007;
Salo and Fassbender, 2012).

Since the lateral ventricle is a relatively well-defined brain structure and one of the easiest
regions to segment reliably (Buckley et al., 1999; Kremen et al., 2012), the lateral ventricle
has been a major region-of-interest in neuroimaging studies of psychiatric and neurological
disorders. For example, enlargement of the lateral ventricles has been one of the most robust
and stable findings in schizophrenia (Kempton et al., 2010; Wright et al., 2000) and bipolar
disorder (Kempton et al., 2008). Furthermore, an increased rate of ventricular enlargement
might be a neurobiological marker of the progression in Alzheimer’s dementia (Frisoni et
al., 2010) and mild cognitive impairment (Carmichael et al., 2007).

Given that lateral ventricular expansion can occur ubiquitously during normal aging process
(Pfefferbaum et al., 2004), it has been assumed that accumulated environmental insults over
the lifespan, in addition to heritability, can determine the structural variability of lateral
ventricles (Kremen et al., 2012). For example, excessive alcohol or cannabis use has been
reported to be a potential factor to accelerate cerebral atrophic changes followed by
enlargement of the lateral ventricles (Pfefferbaum et al., 2001; Wobrock et al., 2009; Welch
etal., 2011a,b).

Another issue to consider in interpreting lateral ventricular enlargement is whether it reflects
diffuse cerebral atrophy or focal changes of the nearby brain parenchyma. Due to the
adaptive capacity of the fluid-filled ventricular system, the shape of the lateral ventricles can
change depending on alterations in the surrounding parenchymal structures (Gaser et al.,
2004; Preul et al., 2006). For example, lateral ventricular expansion observed in
schizophrenia is thought to be related to volume changes in the thalamus, striatum, and
superior temporal cortex rather than simply reflecting diffuse cerebral atrophy (Gaser et al.,
2004). The current findings of highly localized shape decomposition of the lateral ventricles
observed in the methamphetamine group argue in favor of a specific regional vulnerability of
the brain to chronic methamphetamine use. Further, a more sensitive measurement obtained
using shape analysis also discerned localized surface expansion of the lateral ventricles even
without total volume changes.
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Striatal structures, regions with the highest density of dopaminergic synapses, have been the
focus of preclinical research examining the neurotoxic effects of methamphetamine in that
these regions are primary action sites of methamphetamine (Chang et al., 2007). Converging
neuroimaging evidence has also indicated that chronic methamphetamine use might lead to
structural and metabolic changes in the human striatum (Chang et al., 2007). Our findings
suggest that the surface expansion of the lateral ventricles toward the ventral striatum,
consistent with the regional vulnerability of this region to the neurotoxic effects of
methamphetamine use. Existing knowledge based on human neuroimaging studies of
methamphetamine dependence has suggested that early enlarged striatal volume might be
followed by more neurodegenerative changes with a longer period of exposure (Chang et al.,
2005; Jernigan et al., 2005). Accordingly, smaller striatal volumes have been associated with
larger cumulative methamphetamine doses and impaired cognitive function (Chang et al.,
2005). Tentative cellular mechanisms of enlarged striatal volume in the early phase of
dependence have been proposed to include neuroinflammatory reactions or reactive gliosis
as possible compensatory responses to methamphetamine use (Chang et al., 2005, 2007;
Jernigan et al., 2005). In some respects, our findings suggest the neurodegenerative changes
of the ventral striatum in response to chronic methamphetamine use. For example, although
our findings do not address the exact direction nor the localization of methamphetamine use-
related striatal volume changes, significant aging effects in the ventricular expansion
adjacent to the bilateral ventral striatum indirectly suggest accelerating atrophic changes in
these regions. However, we did not find the significant relationships between
methamphetamine use patterns and ventricular expansion. This may be partly because the
ranges of data related to methamphetamine use patterns were likely to be wide (average
daily dose of methamphetamine use, sd = 0.55; duration of regular methamphetamine use,
sd = 48.5) or the current data could not reflect exact cumulative effects of methamphetamine
exposure. Future studies with a larger sample should be necessary to confirm the dose-
dependent relationships between methamphetamine use and focal expansion of the lateral
ventricles.

Given preclinical findings suggesting methamphetamine-specific neurodegenerative effects
on axonal arbors of dopamine neurons with sparing of cell bodies (Ricaurte et al., 1980),
dopamine circuits from the ventral tegmental area through the ventral striatum finally
extending to the medial prefrontal cortical areas have also been identified as regions
associated with damage related to methamphetamine use (Berman et al., 2008; Salo and
Fassbender, 2012). Long-term changes in the fronto-striatal regions, which play an
important role in selective attention and top-down control of drug-seeking behaviors, have
been reported in methamphetamine-exposed animals (Ricaurte et al., 1982; Villemagne et
al., 1998). Preferential involvement in the medial frontal lobe has also been observed in
methamphetamine-dependent human brain (Thompson et al., 2004; Kim et al., 2006;
Daumann et al., 2011). We found that significant lateral ventricular expansion was localized
in an area adjacent to the right medial frontal lobe. As this region functions en bloc with the
striatum and midbrain dopamine areas, less tissue resource in the prefrontal lobe might
confer increased risk for prolonged and uncontrolled drug use (Goldstein and Volkow,
2011). Findings of the present study of the lateral ventricles may have clinical relevance in
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terms of supporting the prefrontal-striatal regional deficits associated with
methamphetamine dependence.

Thalamic volumes may be relatively preserved in methamphetamine dependence, although
there is a paucity of data (Chang et al., 2005; Jernigan et al., 2005). However, dopaminergic
signaling from the striatum (Scheel-Kruger, 1986) may render the thalamus vulnerable to the
neurotoxic effects of methamphetamine. Likewise, functional imaging findings indicate that
methamphetamine use is associated with lower metabolism not only of the striatum but also
of the thalamus (Volkow et al., 2001). Therefore, ventricular expansion due to thalamic
contraction in the methamphetamine cohort may be interpreted in the context of
methamphetamine effects on the dopamine system. Further, given that the thalamus is a
major hub region conveying information between cortical and subcortical regions (Byne et
al., 2009) and is frequently involved as a mediator of schizophrenia-like psychotic symptoms
(Gaser et al., 2004; Welch et al., 2011a,b; Janssen et al., 2012), the current findings of
thalamic regional involvement in methamphetamine dependence may have clinical
implications in terms of the frequently comorbid psychotic symptoms observed in
individuals exposed to chronic methamphetamine use.

Localized gray matter volume deficits related to chronic methamphetamine use have been
reported in cortical regions including the prefrontal, cingulate, insula and superior temporal
gyri as well as subcortical regions including the caudate and hippocampus (Kim et al., 2006;
Nakama et al., 2011; Schwartz et al., 2010; Thompson et al., 2004; Morales et al., 2012).
The current findings that methamphetamine-related focal lateral ventricular enlargement was
distributed mainly in the right lateral ventricle are in general consistent with previous
structural neuroimaging studies suggesting right gray matter deficits accompanying lateral
ventricular expansion (Kim et al., 2006; Thompson et al., 2004). Although the precise
cellular mechanisms underlying these laterality effects is still unknown, volume expansion
predominantly in the right ventricle might also be attributed to lateralized atrophic changes
in the right prefrontal regions induced by chronic methamphetamine exposure (Thompson et
al., 2004; Kim et al., 2006). However, since these lateralization effects were not prominent in
other studies on methamphetamine dependence (Schwartz et al., 2010; Morales et al., 2012),
further studies are required to confirm the potential lateralization effects of chronic
methamphetamine use.

There are several methodological considerations and limitations in interpreting the results.
Although the present study aimed to detect chronic methamphetamine-use related focal
changes in the lateral ventricular system, it should be noted that the effect size of lateral
ventricular volume differences between groups was small to medium (right lateral ventricle,
Cohen’s d'=0.39; left lateral ventricle, Cohen’s &= 0.18). Furthermore, additional
covariation of alcohol and smoking history was likely to decrease statistical significances in
volume differences although there was a similar focal regional pattern of lateral ventricular
expansion. Future studies with a larger sample size will be required to confirm the
methamphetamine-use related lateral ventricular volume enlargement that may indicate
diffuse cerebral atrophy.
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The prevalence of HIV infection in injecting drug abusers has been known to be very low in
South Korea (Min et al., 2013). However, the lack of clinical information of HIV infection,
which could potentially affect cerebral atrophic changes, would be a limitation of the present
study.

It is notable that dehydration state, which is frequently observed in acute methamphetamine
intoxication state (Kosten et al., 2012), might be related to brain atrophic changes and
ventricular enlargements (Dickson et al., 2005; Duning et al., 2005; Kempton et al., 2009,
2011a,b; Streitburger et al., 2012). Although the current methamphetamine-dependent
subjects had a period of abstinence of at least 4 weeks, a subclinical and prolonged
dehydration state related to chronic methamphetamine use may be partly responsible for
lateral ventricular enlargement in this sample.

Current analysis excluded the temporal horns of the lateral ventricles as in other studies
using the morphometric approach because of the low resolution of its connection to the main
body of the lateral ventricle (Styner et al., 2005; Jackson et al., 2011; Vidal et al., 2008). Our
findings should thus be interpreted within the focused regions that were included in the
analysis. For instance, medial temporal lobe involvement associated with methamphetamine
dependence (Thompson et al., 2004) could not be readily determined based on this study.

Although the lateral ventricles can be very easily segmented and the automated
segmentation method has been validated (Kempton et al., 2011a,b), it should be noted that
segmentation using manual tracings is regarded as the gold standard for region-of-interest
volumetry. In addition, although lateral ventricular enlargement might be interpreted as the
consequence of reflecting cortical and subcortical deficits (Frisoni et al., 2010; Nestor et al.,
2008; Kempton et al., 2010; Wright et al., 2000; Pfefferbaum et al., 2001; Thompson et al.,
2004; Wobrock et al., 2009), future studies using imaging methodologies optimized for
determining each structural change will be necessary to define the neurotoxic effects of
methamphetamine on individual cortical and subcortical structures. In a related limitation,
our ventricular findings suggesting that methamphetamine-induced brain parenchymal
deficits might be highly localized rather than diffuse will also require replication in future
studies using direct measurements of relevant structural changes.

A further limitation of the study is that cross-sectional design limits conclusions as to
whether the focal expansion of the lateral ventricles reflects constitutional vulnerability,
results from damage, or compensatory responses to chronic methamphetamine use (Berman
etal., 2008).

Three-dimensional surface-based morphometric analysis of the lateral ventricles, as
implemented in the current study, has methodological advantages in terms of a greater
sensitivity to identify focal changes related to diseases (Styner et al., 2005; Apostolova et al.,
2012; Jackson et al., 2011). In this study, we found that chronic methamphetamine use might
be related to focal lateral ventricular expansion primarily located in areas adjacent to
prefrontal-ventral striatal-thalamic circuits. These findings have clinical implications
suggesting the structural vulnerability of certain brain regions subserving top-down control
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of compulsive drug administration to methamphetamine-induced neurotoxic influences that
poses further problematic and prolonged drug-use behaviors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 2.

Statistical maps illustrating the location of shape differences in the lateral ventricles between
the methamphetamine and control groups. The Fstatistic (a) and probability (b) maps show
the results of multivariate analysis of covariance (MANCOVA) for estimating group
differences in surface coordinates after adjusting for age, sex, and intracranial volume.
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(a)

W Cluster of surface expansion at corrected P < 0.05
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Fig. 3.

Clusters showing significant surface expansion of the lateral ventricles in the
methamphetamine group. Clusters illustrated in the figure denote the significant surface
expansion in the methamphetamine group relative to the control group. In order to correct
for multiple comparisons, surface-based cluster-size exclusion with the initial threshold of p
< 0.005 was used. Any inflation or deflation in surface metrics within a cluster containing
less than 20 vertices was excluded. Four clusters of surface expansion related to
methamphetamine dependence (red arrows) were found while there was no significant
deflated region. (a) Clusters of surface expansion in regions adjacent to the bilateral ventral
striatum. (b) A cluster of surface expansion in regions adjacent to the right medial frontal
lobe. (c) A cluster of surface expansion in regions adjacent to the right thalamus.
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Relationships between mean scaled surface distances of clusters and aging in the
methamphetamine group. The mean scaled surface distance of each cluster of significant
diagnostic effects was calculated by averaging the Euclidian distances of individual points
belonging to each cluster. Mean scaled surface distances of bilateral anteroinferior clusters
of showing surface expansion related to methamphetamine dependence (Fig. 3a) were
associated with age in the methamphetamine group ((a) left, /=0.35, p=0.03; (b) right, r
=0.41, p=0.01). There were no correlations observed in the control group (left, r=0.18, p=

0.37; right, r=0.31, p=0.13).
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Table 1

Demographic and clinical characteristics of methamphetamine-dependent and healthy subjects.

Characteristics Methamphetaminegroup (n =37)  Control group (n = 25)

Demographic characteristics

Age, years: mean (sd) 34.8 (6.0) 32.8 (6.0)

Gender, male:female 27:10 16:9

Social alcohol drinkingZ: no. (%) 28 (75.7) 16(64.0)

Pack-years of cigarette smoking: mean (sd) 8.92(10.8) 3.25(6.15)
Methamphetamine use-related characteristics

Intravenous use, 17 37

Age at the first use of methamphetamine,b years: mean (sd) 22.7 (5.6)

Average daily dose of methamphetamine,© g: mean (sd) 0.55 (0.46) -

Duration of regular methamphetamine use,dmonths, mean (sd) 633 (48.5) -

Addiction severity index€: mean (sd)

Medical 0.21 (0.29) -
Employment 0.64 (0.32) -
Alcohol 0.15(0.21) -
Drug 0.07 (0.06) -
Legal 0.18(0.20) -
Family 0.19(0.16) -
Psychosocial 0.21 (0.22) -

aSociaI alcohol drinking was defined as more than 8 g of ethanol per week. None of subjects had a history of alcohol abuse or dependence.
bData from 4 subjects were not available.
DData from 1 subject was not available.

a . . . . .
Duration of regular methamphetamine use was calculated by summing up the time when methamphetamine was used more frequently than
weekly. Data from 4 subjects were not available.

e . .
Data from 6 subjects were not available.
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