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Abstract

Rationale—Two previous studies have utilized Diffusion Tensor Imaging (DTI) to examine
microstructural integrity in cocaine abuse and found evidence of brain abnormalities in white matter.

Objective—Using anatomical magnetic resonance imaging (MRI), DTI, and clinical evaluation,
the macrostructural and microstructural correlates of cocaine abuse were investigated.

Methods—21 men and women (mean age 42.5, mean 18.9 years of cocaine use) and 21 age/gender-
matched controls were included. Fractional anisotropy (FA) was measured in frontal white matter
ROIls. Gray and white matter volumes in superior and inferior frontal regions were compared.

Results—DT]I data revealed that cocaine users had lower FA than controls, specifically in inferior
frontal white matter. FA differences were not seen in other areas. Significant volumetric differences
were not seen, but both grey and white matter inferior frontal volumes trended toward smaller in the
cocaine group. The data suggested that duration of use was associated with decreased grey and white
matter volumes. FA and grey matter volume were correlated in cocaine users.

Conclusions—Both macrostructural and microstructural abnormalities were seen in a group of
cocaine abusers. Length of cocaine use was associated with severity of the brain abnormalities. Future
studies of white matter tissue integrity are warranted including examination of the relationship
between DTI measures and traditional volumetric measures.
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1. Introduction

Chronic cocaine abuse is associated with cerebrovascular dysfunction which may contribute
to significant neuropathology (Bruno, 2003; Neiman et al., 2000). Recent magnetic resonance
(MR) imaging studies have provided strong evidence that cocaine abuse is associated with
structural brain abnormalities in both gray matter (GM) and white matter (WM) (Bartzokis et
al., 2002; Feinetal., 2002; Franklinetal., 2002; Limetal., 2002; Moeller etal., 2005). Evidence
from functional neuroimaging studies and investigations of neuropsychological deficits also
point to long-term changes in brain status associated with cocaine abuse (Bolla et al., 2000;
Goldstein et al., 2004; Volkow et al., 2005). Fully characterizing the nature of the underlying
structural abnormalities in cocaine abusers is critical to understanding the impact of the drug
on long-term functioning.

The initial imaging studies of cocaine abusers, using CT imaging, demonstrated ventricular
enlargement and cerebral atrophy and showed an association between level of cocaine exposure
and degree of ventricular enlargement (Pascual-Leone et al., 1991). An early MRI study of T1
and T2 relaxation times found no differences between cocaine users and controls in several
GM and WM regions (Amass et al., 1992). In a volumetric study, Bartzokis et al. (2000)
observed a significant temporal lobe GM volume decrement in cocaine users compared to
controls as well as a negative correlation between volume and age among abstinent cocaine
dependent subjects, suggesting that cocaine alters brain maturation. Bartzokis et al. (2002) also
demonstrated alterations in WM, specifically showing that cocaine use was associated with an
interruption in the normal expansion of frontal WM with age. Others have observed similar
GM and WM volumetric differences in cocaine abusers (O’Neill et al., 2001). Decreased GM
concentration in limbic structures has been reported in cocaine dependent patients (Franklin
et al., 2002) in a study using voxel-based morphometry. Matochik et al. (2003) also found
similar reductions in frontal GM concentration using a voxel-based approach in a sample of
cocaine users who were abstinent at the time.

Several cocaine studies have examined white matter hyperintensities (WMHI) as these are
often associated with demyelination or other WM disturbance. In the earliest study of this kind,
Volkow et al. (1988b) observed a greater number of MRI focal signal hyperintensities in WM
in drug abusers (cocaine or heroin), suggestive of demyelination. Bartzokis et al. (1999a) found
a greater frequency of WMHI in cocaine users vs. controls in the cerebral WM and subinsular
WM. Although WMHI occur in the course of normal aging, Bartzokis et al. (1999b) reported
levels of WMHI in cocaine users that were similar to controls who were 20 year older. Lyoo
etal. (2004) also reported WMHI, in both deep WM and insular WM, among cocaine dependent
subjects.

Only two studies have employed diffusion tensor imaging (DTI) to examine the effect of
chronic cocaine use on WM. Lim et al. (2002) first reported evidence of low WM integrity
(lower fractional anisotropy—FA) of inferior frontal WM in male cocaine dependent subjects
compared with male control subjects. No significant group differences were observed in
temporal WM or in corpus callosum. Moeller and colleagues used DTI to examine WM in the
corpus callosum of cocaine dependent subjects and control subjects (Moeller et al., 2005).
Cocaine dependent subjects showed lower FA in the genu and rostral body compared with
control subjects.
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To date, no study of cocaine users has examined both brain tissue volume (macrostructure)
and tissue organization (microstructure) in the same subjects. In the current study, we employed
conventional volumetrics and DTI in order to examine correlates of chronic cocaine abuse at
both macrostructural and microstructural levels in the same individuals. In addition, we
included a larger number of cocaine users with a wide range of abuse duration in order to
examine relationships between exposure level and structural brain integrity.

2. Methods

2.1 Subjects

The subjects included 21 chronic cocaine users (CocDep) (11 male and 10 female) and 21
control subjects (CTL) (11 male and 10 female). Subject characteristics are contained in Table
1. Subjects ranged in age from 22 to 54. Lifetime cocaine use ranged from 3 years to 38 years
with a mean of 18.9 years. CocDep subjects were recruited in the Minneapolis, MN
metropolitan area via advertising placed in a University newspaper and a free local-area
publication. Fliers were also placed on community bulletin boards throughout the metro area
and campus. CTL subjects were recruited via fliers posted on community and staff bulletin
boards throughout campus and the metro area and through an on-line employee newsletter.

2.2 Diagnostic screening

Informed consent was obtained from participants by investigators and staff. The consent
process and all procedures were reviewed and approved by the institutional review board (IRB)
at the University of Minnesota prior to initiating studies. HIPAA consent documentation was
also obtained. All subjects underwent a Structured Clinical Interview for DSM-IV Axis |
Conditions (SCID) (First, 1995) administered by a trained member of the research staff.
Cocaine dependent subjects received the SCID I/P (patient version) and healthy controls
received the SCID I/NP (non-patient version).

Inclusion criteria for all subjects were as follows: 1) ability to provide written consent and
comply with study procedures; 2) cocaine using subjects only: met DSM-1V diagnostic criteria
for cocaine dependence within the last month, based on the Structured Clinical Interview for
DSM-IV (SCID), and abstinence for at least four days as documented by self report; 3)
minimum of 6 months of self-reported cocaine use (including intravenous, nasal, smoking or
combinations of methods of use) and must have used at least 6 days in the last month. Cocaine
use was confirmed by urine drug screen.

Unless indicated, potential subjects were excluded if they met any of the following criteria: 1)
a serious neurological or endocrine disorder or any medical condition or treatment known to
affect the brain; 2) a medical condition which requires treatment with a medication with
psychotropic effects; 3) evidence of stroke or space-occupying lesions observed on
conventional, clinical MR images; 4) any contraindications to MRI scanning (i.e., metal
implants, pacemakers, etc.); 5) documented loss of consciousness (LOC) for longer than 30
minutes or LOC with any neurological sequelae; 6) DSM-1V criteria for mental retardation; 7)
current or a history of active neurological disorder, dementia or DSM-IV Axis | Psychiatric
Disorder, with the exception of cocaine dependent subjects who may have a lifetime but not
current diagnosis of depression; 8) control subjects only: any form of substance abuse or
dependence except for nicotine and caffeine, or positive illicit drug urine toxicology screen
(all control subjects were screened) or HIV seropositivity; and 9) cocaine subjects only: current
dependence on any psychoactive substance other than cocaine, caffeine or nicotine; or positive
urine toxicology screen for any drug other than cocaine.
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CocDep subjects were administered the Addiction Severity Index (ASI) (McLellan et al.,
1992), a standardized face-to-face clinical interview commonly used in substance abuse
research. For purposes of this study, data were extracted that quantified subjects’ cocaine use
as well as alcohol and other drug use. The Barratt Impulsiveness Scale (BIS-11), a 30-item
self-report measure assessing self-control and ability to delay gratification (Patton et al.,
1995), was also administered.

2.3 MR image acquisition

MRI was performed on a 3 Tesla scanner (Trio, Siemens, Erlangen, Germany) using the
standard quadrature head coil. A three plane localizer scout was acquired and used to position
the subsequent scans. Anatomical scans with T1 and PD contrasts were collected to allow for
tissue segmentation. The T1 weighted images were acquired coronally, using a 3D FLASH
sequence (TR=25 ms, TE=9.5ms, flip angle =25 degrees, acquisition matrix of 256x176, 240
partitions, 1mm isotropic voxel, flow compensation). Proton density (PD) and T2-weighted
images were acquired axially using a dual echo turbo spin echo (TSE) sequence (TR=5590ms,
TE=14ms and 113ms, flip angle=149 degrees, 80 slices, thickness=2mm, FOV=256x256mm,
matrix=256x%256, 2 concatenations). The DTI data were acquired axially, positioned to cover
the entire cerebrum and as much of the cerebellum as was possible. The center of the PD/T2
acquisition was identical to that of the DTI acquisition. The DTI data were acquired using a
dual spin echo, single shot, pulsed gradient echo planar imaging sequence (TR=10s, TE=97ms,
64 slices, thickness=2mm, FOV=320x320mm, matrix=128x128, 6/8 partial Fourier, 3
averages), b value=1000s/mm2. Diffusion was measured along 12 non-collinear directions:
(Gx,Gy,Gz) =[1.0,0.0,0.5], [0.0,0.5,1.0], [0.5,1.0,0.0], [1.0,0.5,0.0], [0.0,1.0,0.5],
[0.5,0.0,1.0],[1.0,0.0,-0.5],[0.0,-0.5, 1.0], [-0.5, 1.0,0.0], [ 1.0, 0.5, 0.0], [ 0.0, 1.0, —0.5],
[-0.5,0.0, 1.0].

2.4 Anatomical image processing

Image processing was performed using several tools from the FMRIB Software Library
developed by the Oxford Centre for Functional Magnetic Resonance Imaging of the Brain
(http://www.fmrib.ox.ac.uk/). The brain was extracted from T1 and PD images using the Brain
Extraction Tool (BET). The brain from the PD acquisition was aligned to the T1 brain using
linear registration (FLIRT), allowing rotation and translation but no scaling (6 DoF). Dual
channel segmentation was performed on the T1 and aligned PD brains, using the FMRIB
automated segmentation tool (FAST), producing four tissue classes (CSF, white, gray, and
blood).

Masks for three regions (whole cerebrum, inferior frontal and superior frontal) were defined
for analysis based on anatomical landmarks (Figure 1). To account for variability in subject
position and anatomy, the landmarks were determined based on the subject’s T1, aligned to
the FSL template brain using FLIRT (12 DoF). The axial plane containing the AC-PC points
and the coronal plane at the anterior extent of the genu were determined manually for each
subject on the aligned T1. Brain voxels anterior to and including the genu plane were defined
as the frontal region with the AC-PC plane delimiting the superior frontal (above the plane)
and inferior frontal (at and below the plane) regions. A cerebrum mask was defined to be the
FSL *strucseg’ mask, excluding the brain stem and cerebellum compartments, and the cerebrum
region was defined to be brain voxels within cerebrum mask. The masks for the superior and
inferior frontal regions and the cerebrum were transformed back onto the original T1 brain
using the inverse transform. The masks for each of the three regions were applied to the masks
from each of the four tissue classes in each region of interest. Frontal regional volumes (Figure
1) were adjusted for head size by dividing by total cerebral volume.
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2.5 Diffusion tensor image processing

We first applied a non-linear warping correction to every diffusion volume to compensate for
residual eddy current distortions (Haselgrove and Moore, 1996). Twelve maps of the apparent
diffusion coefficient (ADC) were computed from the eddy current corrected images, and then
used to compute the diffusion tensor. The scalar measure fractional anisotropy (FA) was
derived from the tensor. FA is a commonly used measure of diffusion anisotropy (Basser,
1995), and is the ratio of the anisotropic component to the entire tensor. FA ranges between 0
(perfectly isotropic diffusion) and 1 (perfectly anisotropic, diffusion along a line).

To allow for ROI placement in the same anatomy across subjects, the diffusion images were
aligned to a common space using FLIRT. First, the DTI b=0 diffusion image was aligned to
the PD image (6 DoF). Next, the PD brain was aligned to the FSL template brain (6 DoF fit).
The b=0 image was aligned to the FSL template brain by applying the product of transforms
from the b=0 to PD brain and PD brain to template transforms to the original b=0 image. The
FA maps were aligned to the template brain by applying the same transforms.

Multiple circular ROIs were placed on the AC-PC aligned DTI B=0 images of each subject by
a trained operator (C.P.R.) who was blind to subject group. ROIs were placed bilaterally at
several levels in frontal WM. Relative to the AC-PC line, small ROIs (20 mm?2) were placed
in inferior frontal WM at —4 mm and —8 mm. ROIs were also placed in superior frontal WM
at +8 mm (medium — 77 mm?2) and +12 mm (large- 150 mm?2). The —4 mm and —8 mm ROls
were positioned within the medial portion of the WM tracts on a line located within the coronal
plane immediately anterior to the genu. The remaining frontal ROIs were placed within the
central portion of the WM tracts and positioned anterior to the frontal horns of the lateral
ventricles. Two additional medium ROIs were placed in left and right occipital WM adjacent
to the occipital horns at a level +12 mm superior to the AC-PC plane. These occipital ROls
were defined for purposes of obtaining FA from a “control region”, a region not expected to
show group differences. Reliability of this ROI placement method has been examined in our
laboratory in another sample (h = 20) and found to be high (r =.867). Because of the relatively
small number of subjects included in this study, these ROIs were combined within regions to
reduce the number of statistical tests performed: A “superior frontal” ROI was computed from
the mean of right and left ROIs at +8 mm and +12 mm; an “inferior frontal” ROI was the mean
of right and left ROIs at =4 mm and —8 mm; an “occipital” ROI was the mean of the right and
left occipital ROls.

2.6 Exploratory voxel-wise analyses

The FA data was also examined in a set of exploratory voxel-wise analyses. For these analyses,
the FA maps were registered to a median brain from the control group using IRTK (acomponent
of TBSS (Smith et al., 2006)), resulting in interpolated 1 mm?3 FA maps. Accurate alignment
was visually verified by examining major tracts (corpus callosum, internal capsule, optic
radiations) for each subject. In order to reduce the potential impact of mis-alignment, a white
matter mask was defined and analyses were subsequently limited to major white matter tracts
common to all images in the registered set. Individual white matter masks were produced by
thresholding each subject’s FA map to FA>.35. Only regions that included voxels in common
to each subject were included in the analyses.

In-house software—previously described in (Lim et al., 2006)—was used to determine regions
of group FA differences in using voxel-wise t-tests. In order to correct for multiple

comparisons, seed voxels of high significance were identified that were adjacent to clusters of
voxels with significance levels adjusted with a False Discovery Rate correction (Genovese et
al., 2002). Seed voxels were first determined (p<.005) and regional clusters of over 200 voxels
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with p<.05 (FDR-adjusted) are reported. Cluster regions were transformed into Talairach space
using AFNI (Cox, 1996) for anatomical identification.

For the CocDep group only, voxel-wise Pearson correlations were computed between FA
values and BIS-11 score. Clusters of over 200 voxels (p<.05) were identified after finding a
seed voxel of at least p<.005. Average Pearson r values and average p values are reported for
each cluster.

3.1 Subject characteristics

The groups were matched according to age and gender. As a result, there were no significant
group differences on these variables. Although an attempt was made to match subjects on
education, an ANOVA revealed a significant difference between the groups [F(1,40) = 28.87,
p <.001] with control subjects having 2.4 more years of education than cocaine users. Alcohol
use (number of days used in the last month) did not differ significantly between cocaine users
and controls.

3.2 Diffusion tensor imaging findings

A MANOVA, which tested for group differences (CTL vs. CocDep) in all three ROIs revealed
a significant group difference [Wilks’ lambda =.709, F(3,38) = 5.188, p =.004]. Univariate
tests for the three ROIS revealed a significant difference in the inferior frontal region [F(1,42)
=13.488, p =.001] but not in the superior frontal [F(1,42) =.024, p =.878] or occipital regions
[F(1,42) =.295, p =.590]. CocDep subjects had significantly lower FA than CTL subjects in
inferior frontal WM [Cohen’s d effect size = 1.13]. Within the CocDep group (n=21) a linear
regression analysis on inferior frontal FA with age and years of cocaine abuse entered as
predictor variables was non-significant [R?=.053, F(2,18) =.506, p =.611]. Neither age [beta
=.235, t=.812, p=.428] nor years of cocaine use [beta = —.280, t = —.966, p =.347] accounted
for a significant amount of the variance in inferior frontal FA. A second regression analysis
showed no relationship between days of alcohol use in the previous month and inferior frontal
FA in the CocDep group [R2=.008, F(1,19) =.150, p =.703]. In contrast to the CocDep group,
aregression analysis for CTL subjects demonstrated a significant relationship between age and
inferior frontal FA, [R?=.445, F(1,19) = 4.70, p =.043]. In that group, FA declined with age.

3.3 Volumetric findings in cocaine dependence

A MANOVA was used to test for group differences on four volumes: inferior frontal WM and
GM and superior frontal WM and GM. The overall analysis was not significant but did indicate
aclear trend toward a group difference among the four volumes [Wilks’ lambda =.794, F(4,37)
= 2.40, p =.067]. Because of this strong trend, the univariate effects were examined. This
examination showed no evidence of group differences in the superior frontal region: WM [F
(1,42) =.626, p=.433]; GM [F(1,42) =.156, p =.695]. In contrast, the CocDep group had smaller
inferior frontal GM volumes than controls [F(1,42) =5.961, p =.019, effect size =.73] and there
was a trend toward a smaller inferior frontal WM volume in the CocDep group [F(1,42) =
3.370, p =.074, effect size =.61]. On the basis of these findings, two regression analyses were
carried out to examine relationships with duration of cocaine use in the CocDep group. The
first regression, examining inferior frontal WM volume with age and years of cocaine use
entered as predictors, was significant [R?=.319, F(2,18) = 4.208, p =.032]. Older age was
associated with greater inferior frontal WM volume [beta =.691, t=2.813, p =.012], and longer
duration of cocaine use was independently associated with decreased inferior frontal WM
volume [beta=-.561, t=-2.281, p =.035]. The second regression analysis, examining inferior
frontal GM volume with age and years of cocaine use as predictors, was not significant, but
there was a trend [R2 =.251, F(2,18) = 3.008, p =.075]. Examining the coefficients from this
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analysis suggests that age was not significantly associated with inferior frontal GM volume
[beta =.344, t = 1.334, p =.199], but duration of cocaine use may be associated [beta = —.630,
t=—2.444, p =.025]. Figures 3 and 4 illustrate the relationships between duration of cocaine
use and inferior frontal WM and GM volumes after controlling for the effects of age. Among
CTL subjects, age was not associated with inferior frontal WM volume, [R? =.044, F(1,19) =.
037, p =.850] nor GM volume, [R? =.081, F(1,19) = 1.27, p =.726].

3.4 Relationships between DTl and volumetric measures

On the basis of the significant group difference in both inferior frontal FA and a trend toward
group differences in GM and WM volumes, Pearson correlations were computed to examine
the relationships between these variables across all subjects (n = 42). FA was significantly
correlated with GM volume in the inferior frontal region [r =.403, p =.008], but FA was not
significantly correlated with WM volume in that same region [r =.229, p =.145]. When the
sample was limited to only the cocaine users (n=21), the relationships were essentially the
same for GM volume [r =.430, p =.050] and for WM volume [r =.217, p =.346].

3.5 Relationships between neuroimaging and behavioral measures

For the CocDep group, Pearson correlations were computed between the BIS and inferior
frontal FA as well as WM and GM volumes in the inferior frontal region. None of these
correlations was significant [r=.214, p =.365 for FA, r =.189, p =.426 for WM volume, and r
=.267, p =.255 for GM volume].

3.6 Results of exploratory voxel-wise analyses

Table 2 contains results from the voxel-wise t-tests for group differences in FA. These results
are also illustrated in Figure 5. The CocDep group showed clusters of lower FA than controls
in frontal WM and internal capsule, and body and splenium of the corpus callosum. There were
no significant clusters of higher FA for the CocDep group.

Table 3 contains results from the voxel-wise correlational analysis examining the relationship
between BIS-11 score and FA for the CocDep group only. These data indicate that low FA in
internal capsule and the genu and body of the corpus callosum is associated with increased
impulsivity as measured by the BIS-11. These results are also illustrated in Figure 6.

4. Discussion

The current data indicate that cocaine abuse is associated with abnormalities in inferior frontal
white matter as evidenced by an alteration in FA and trends toward smaller WM and GM
volumes in that same brain region. The exploratory voxel-wise analyses suggest that there are
additional regions of low FA in subjects who abuse cocaine. Furthermore, the data suggest a
possible relationship between FA levels and a potentially important clinical variable —
impulsivity. The underlying mechanisms for these abnormalities are not well understood.
Within cerebral WM, vasoconstriction and associated hypoperfusion may be an important
pathophysiological mechanism. A gerbil model has been described which reduces cerebral
blood flow to 75% of normal flow. Following chronic hypoperfusion, animals developed
learning impairments in a passive avoidance paradigm (Kudo et al., 1990). Lesions specific to
WM, resembling the leukoariosis seen in the aging brain, were also seen in these animals
(Hattori et al., 1992). Western blotting was used to examine the molecular changes in WM
following chronic hypoperfusion. Myelin basic protein (MBP), a marker for myelin, was low;
neurofilament H (NFH), a marker of axons, was decreased; and glial fibrillary acidic protein,
a marker of astroglia, was increased (Kurumatani et al., 1998). The decrease in MBP preceded
the decrease in NFH, leading the authors to conclude that the change in myelin is the primary
pathological event in cerebral WM under chronic hypoperfusion. Relatedly, a gene expression
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study of the nucleus accumbens in cocaine users found a reduction in the expression of myelin-
related genes (Albertson et al., 2004).

In vivo human neuroimaging work has provided further support for the hypoperfusion model
in cocaine abuse. Decreased cerebral blood flow, as measured by FDG-PET, selective to the
prefrontal cortex has been reported in cocaine users (Volkow et al., 1988a). Similarly,
decreased frontal brain glucose metabolism has been found in cocaine dependent subjects at
baseline and at 3 months (Volkow et al., 1992). Significant negative correlations were found
between the average weekly dose of cocaine used and frontal metabolic activity. Perfusion
defects, measured with SPECT, have also been observed in cocaine users (Holman et al.,
1991). These abnormalities persist even after 6 months of abstinence, along with impairments
observed in attention, concentration, new learning, visual and verbal memory, word
production, and visuomotor integration (Strickland et al., 1993). Chronic hypoperfusion may
be linked to cocaine-induced changes in vasoconstriction. Vasoconstriction in a low dose
cocaine challenge study was assessed using MRI angiography (Kaufman et al., 1998). A dose
response with degree of vasconstriction was found; subjects with prior cocaine use had greater
likelihood of vasoconstriction, suggesting that cocaine may have cumulative residual effects
that contribute to chronic cerebrovascular dysfunction.

Proton spectroscopy studies have provided additional information on the brain effects of
cocaine use. Chang et al. (1999) found lower levels of the neuronal/axonal marker N-acetyl
aspartate (NAA) in frontal GM but not WM in a sample of young abstinent cocaine users.
Higher levels of the glial marker myoinositol were found in both GM and WM in cocaine users.
NAA/creatine ratio was low and myoinositol/creatine was high in WM in cocaine users. The
low levels of NAA suggest neuronal/axonal damage; the high level of myoinositol could
represent glial hypertrophy or proliferation. Meyerhoff et al. (1999) found higher choline
containing compounds in the frontal WM of the cocaine dependent subjects who were abstinent
for four months. Low levels of the neuronal/axonal marker, N-acetyl aspartate (NAA), were
found in prefrontal GM and central WM. The low NAA was interpreted as evidence of axonal
damage and higher choline in frontal WM indicative of gliosis. Taken together, these proton
spectroscopy studies suggest that there may be axonal damage, perhaps related to a reactive
process involving the glia. The low axonal content in WM, as measured with spectroscopy,
suggests that there is an alteration in major tracts forming the anatomical basis for cortical
connectivity (Lim et al., 1998).

Although the current study sheds further light on the potential brain effects of chronic cocaine
use and the data fits well with the existing models of the pathophysiology of cocaine, there are
limitations to the generalizability of the data reported here. The focus of the current study was
active cocaine users, not abstinent users. Thus, these data do not directly address whether the
observed effects are chronic and/or permanent effects. Furthermore, relatively limited
information about the subjects’ actual exposure to cocaine was available, as is common in this
type of study. The measure “years of use” allows for only a gross characterization of exposure.
Despite these limitations, the current data do indicate that longer duration of cocaine use is
associated with smaller white matter volume and, possibly, smaller grey matter volume in the
inferior frontal region. These effects were independent of age-related effects. These data are
generally consistent with previous studies, suggesting a possible alteration in normal brain
maturation among cocaine users (Bartzokis et al., 2002), although we did not observe age-
related significant increases in grey or white matter volumes with age among our controls. An
intriguing finding was that inferior frontal FA was decreased in cocaine users, but this decrease
was unrelated to age or duration of use. This suggests that a change in white matter FA may
have occurred very early in the course of the cocaine use or, possibly, that the difference was
pre-existing.
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Another limitation of the current data is an inherent problem in studying this population: co-
morbid substance use. We attempted to address this issue by imposing strict exclusion criteria
and by limiting the level of alcohol use in both the cocaine abusing sample and controls.
Analyses showed that the groups did not differ in their alcohol use and that alcohol use was
moderate overall. Although other investigators employing DTI have found WM
microstructural abnormalities in patients with chronic alcohol abuse (Pfefferbaum and
Sullivan, 2002, 2005), the alcohol use in those samples was substantially higher than in the
current study. Likewise, a direct comparison of cocaine users and cocaine + alcohol users has
been published, and this study showed no significant differences in prefrontal volumes (Fein
et al., 2002). Ultimately, a DTI study incorporating an alcohol-only control group will help to
clarify the findings.

Lastly, we cannot rule out the possibility that the differences we observed in brain integrity
were pre-existing. For example, education level may be relevant. Although careful group
matching was attempted, the cocaine users had less education than the control group. We did
not observe any significant correlations between our brain measures and education, but this
does not rule out the potential contribution of education level or related variables on our
outcome measures. In considering the impact of other subject variables, one could also
hypothesize that pre-existing alterations in inferior frontal tissue integrity could potentially
pre-dispose an individual toward developing an addiction. The current data, which suggest an
age-interaction with GM and WM volumes but not with FA in cocaine users, suggest that FA
differences may be a better target for investigating pre-existing group differences.

Despite these limitations, the data do suggest that both volumetric measures and DTI measures
are sensitive to the alterations in brain structure that are present in chronic cocaine abuse.
Furthermore, the data show a relationship between FA (a potential measure of white matter
integrity) and a self report measure of impulsivity (a potentially very relevant clinical variable).
Both macrostructural and microstructural data clearly have the potential to contribute
significantly to our understanding of the neural correlates of serious drug addiction.
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Figure 1.
Regions of interest used for volumetric calculations: inferior frontal (orange) and superior

frontal (blue).
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Figure 2.
Example of ROI placement in frontal white matter on a DTI image.
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Figure 3.
Inferior frontal white matter volume as a function of duration of cocaine use after controlling
for age.
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Figure 4.
Inferior frontal gray matter volume as a function of duration of cocaine use after controlling

for age.
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Figure 5.

Voxel-wise t-test results showing regions of low FA in cocaine users compared to controls.
White matter regions include inferior frontal, internal capsule and body and splenium of the
corpus callosum.
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Figure 6.

Voxel-wise correlation results, for cocaine users only, showing regions in which low fractional
anisotropy was related to high impulsivity. White matter regions include the internal capsule
and genu and body of the corpus callosum.
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Table 1
Subject characteristics for cocaine users and controls.

Page 18

Control Group (N = 21)

Cocaine Group (N = 21)

Sex (% male) 52%
Handedness (% right) 90
Age (years) 40.9 (7.4)
Education (years) 15.5(1.3)
Lifetime cocaine use (years) 0
Alcohol use (days per prior month) 3.90(7.2)

52%
85.7
425 (6.1)
131 (L.7)
18.9 (8.4)
6.9(6.7)
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Voxel-wise t-test results showing white matter regions with significant clusters of group difference in fractional

anisotropy.

Brain region

Cluster size (cm®)

Average p-value

Talairach coordinates (xyz)

Right inferior frontal

Left inferior frontal

Right internal capsule

Left internal capsule
Splenium, corpus callosum

Body, corpus callosum

0.28
0.21
2.53
1.43
13
0.78

0.016
0.021
0.014
0.015
0.017
0.017

1146 -20
—1245-20
25-285
—26-3012
1-3510
—91420
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Table 3
Voxel-wise correlation results showing white matter regions with a significant inverse relationship between the Barratt
Impulsiveness Scale score and fractional anisotropy (cocaine users only).

Brain region Cluster size (cm®) Average p-value Pearson r-value Talairach Coordinates (xyz)
Left Internal capsule 0.92 .022 -512 —25-2312

Genu, corpus callosum 0.23 .023 -.507 9-4010

Body, corpus callosum 0.21 .026 —.499 -10922
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