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a b s t r a c t
Current cocaine-dependent users show reductions in white matter (WM) integrity, especially in cortical
regions associated with cognitive control that have been associated with inhibitory dysfunction. A key
question is whether these white matter differences are present following abstinence from drug use. To
address this, WM integrity was examined using diffusion tensor imaging (DTI) obtained on 43 cocaine
abstinent patients (abstinence duration ranged between ﬁve days and 102 weeks) and 43 non-using
controls. Additionally, a cross-sectional comparison separated the patients into three groups (short-term,
mid-term and long-term) based upon duration of cocaine abstinence. The 43 cocaine abstinent patients
showed lower fractional anisotropy (FA) in the left anterior callosal ﬁbers, left genu of the corpus callosum,
right superior longitudinal fasciculus, right callosal ﬁbers and the superior corona radiata bilaterally when
compared against non-using controls. Higher FA in the cocaine abstinent patients was observed in the
splenium of the corpus callosum and right superior longitudinal fasciculus. Differences between the
cocaine abstinent groups were observed bilaterally in the inferior longitudinal fasciculus, right anterior
thalamic radiation, right ventral posterolateral nucleus of the thalamus, left superior corona radiata,
superior longitudinal fasciculus bilaterally, right cingulum and the WM of the right precentral gyrus. The
results identiﬁed WM differences between cocaine abstinent patients and controls as well as distinct
differences between abstinent subgroups. The ﬁndings suggest that speciﬁc white matter differences
persist throughout abstinence while other, spatially distinct, differences discriminate as a function of
abstinence duration. These differences may, therefore, represent brain changes that mark recovery from
addiction.
© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
A persistent problem with cocaine dependence is that most
users will often return to drug use after periods of abstinence
(Bossert et al., 2005). Understanding the neurobiology of relapse or,
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more particularly, the neurobiology of those who successfully avoid
relapse is thus an important issue with clear therapeutic implications. However, there is relatively little empirical research on
the neurobiological characteristics of successful abstainers. Exceptions include a positron emission tomography study (Bolla et al.,
2004) which showed less activation in the left anterior cingulate
cortex and right lateral prefrontal cortex and greater activation
in the right anterior cingulate cortex during performance on a
modiﬁed Stroop task in recently abstinent cocaine dependent (CD)
patients when compared to non-using controls. Another positron
emission tomography study showed that recently abstinent CD
patients showed greater activation while performing the Iowa
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Gambling Task in the right orbitofrontal cortex and less activation
in the right dorsolateral prefrontal cortex and left medial prefrontal cortex when compared against non-using controls (Bolla
et al., 2003). An fMRI study showed decreased activation in
the putamen, anterior cingulate, parahippocampal gyrus amygdala, mesencephalon and thalamus while increased activation was
observed in prefrontal and parietal cortical regions involved in
attentional processes in abstinent CD patients when compared
against non-using controls during performance of a verbal working memory task (Tomasi et al., 2007). Additionally, another fMRI
study found positive correlations between self-reported duration
of abstinence and activation during a cognitive control task in the
left posterior cingulate cortex, left ventral medial prefrontal cortex and right putamen (Brewer et al., 2008). Abstinent CD patients
have shown reduced gray matter volume in the prefrontal cortex
(Fein et al., 2002; Matochik et al., 2003), medial orbitofrontal cortex
(Tanabe et al., 2009; Matochik et al., 2003) and lateral orbitofrontal
cortex and right cingulate gyrus (Matochik et al., 2003) when compared against non-using controls. Finally, utilizing diffusion tensor
imaging (DTI), Xu et al. (2010) found that self-reported days of
cocaine abstinence were positively correlated with increased fractional anisotropy (FA) in the right superior longitudinal fasciculus,
right body of the CC, right posterior limb of the internal capsule and
the left cerebellum that was measured before entering a treatment
program for CD. Additionally, Xu et al. (2010) split their sample into
a short term abstinent group (mean duration of abstinence = 2.5
weeks) and a long-term abstinent group (mean duration of abstinence = 7.3 weeks) and found that the long-duration group had
signiﬁcantly higher FA than the short-duration group. All of these
studies examined CD patients at relatively early stages of abstinence (mean = 7.3 weeks was the longest period of abstinence) and
thus little is known about the effects of long-term abstinence.
Neuroimaging studies of currently using CD individuals have
shown differences in brain function (Hanlon et al., 2009; Kaufman
et al., 2003; Garavan et al., 2008; Li et al., 2007), gray matter volume (Sim et al., 2007; Franklin et al., 2002), and white matter
(WM) between CD individuals and healthy controls. With regard
to WM, structural magnetic resonance imaging (MRI) has found
an increased number of WM hyperintensities in CD individuals
compared to healthy controls (Bartzokis et al., 1999a,b) and to
opiate dependent patients (Lyoo et al., 2004). A single period of
intense cocaine use may even cause WM hyperintensities. After a
single “binge” use of cocaine, a patient with a past history of drug
dependence but no history of CD was diagnosed with bilateral WM
hyperintensities of the palladi and splenium of the corpus callosum
(CC) attributed to the cocaine overdose (De Roock et al., 2007).
DTI has been used to identify WM differences in current CD
users. DTI provides information about WM integrity based upon the
ﬂow of water molecules through white matter tissue using FA as
the dependent variable (Beaulieu, 2002). The FA value varies from
0 (completely isotropic) to 1 (free diffusion in one direction only).
Studies utilizing DTI have found lower FA in the WM of the inferior
prefrontal cortex (Lim et al., 2002; Romero et al., 2010), internal
capsule (Lim et al., 2008), genu of the CC (Moeller et al., 2005) and
the isthmus, body and splenium of the CC (Ma et al., 2009; Lim et al.,
2008) in current cocaine users when compared to non-using controls. Increased FA has been observed in current users compared to
controls in the WM of the anterior cingulate (Romero et al., 2010).
A DTI study also demonstrated that better performance on executive functioning measures was associated with higher FA in the left
frontal callosal ﬁbers and that faster performance on a set-shifting
task was associated with higher FA in the right frontal projection ﬁbers in children between the ages of 12 and 14 who were
exposed in utero to cocaine (Warner et al., 2006). Finally, a recent
DTI study using an animal model of cocaine exposure, thereby permitting causal relationships to be concluded, has shown that rats

infused with cocaine for a four-week period exhibit reduced FA in
the splenium of the CC (Narayana et al., 2009).
Gene expression studies have also provided evidence that
cocaine use may be responsible for deﬁcits in WM integrity. An
investigation of myelin-related gene expression in postmortem
striatal tissue of CD users revealed decreased levels of proteolipid protein (PLP1), claudin 11 (CLDN11) and transferrin (TFN) in
every region examined except the nucleus accumbens (Kristiansen
et al., 2009). PLP1, CLDN11 and TFN are involved in creating and maintaining the structural integrity of myelin (Kursula,
2008; Campagnoni, 1988). However, another postmortem gene
expression study that was conducted speciﬁcally on the nucleus
accumbens found decreased levels of myelin basic protein (MBP),
PLP1 and myelin-associated oligodendrocyte basic protein (MOBP)
in CD users (Albertson et al., 2004). MBP, along with PLP1, is responsible for about 80% of CNS myelin protein (Albertson et al., 2004).
Reduced gene expression of MBP has also been shown in the splenium of rodents infused with cocaine (Narayana et al., 2009).
To date, there has been one published investigation of WM differences in CD patients at different stages of abstinence, see Xu et al.,
2010 mentioned above (also see preliminary results published in
abstract form in Nierenberg et al., 2005). Given the evidence for
WM deﬁcits in current cocaine users, and evidence of early recovery of WM in abstinent cocaine users, the present study assessed
WM over longer periods of abstinence. Using a cross-sectional
design, we examined a cohort of abstinent cocaine patients who
varied in the duration of their abstinence. Comparisons between
a non-using control population and abstinent patients and within
the abstinent patient group (split into three groups based on the
duration of abstinence) allowed us to test for WM integrity differences related to cocaine use and to assess if these differences
changed with abstinence duration. Although the present study used
a between-subject cross-sectional design rather than a withinsubject longitudinal design, the observation of WM differences as
a function of abstinence duration would nonetheless identify neurobiological characteristics associated with successful abstinence:
these may be of therapeutic importance (i.e., they may facilitate
ongoing abstinence) and may provide useful biomarkers for other
longitudinal investigations.
2. Methods
2.1. Subjects
Forty-three abstinent cocaine patients were recruited from in-patient and outpatient addiction treatment centers located in New York State. The 43 controls were
recruited through the Volunteer Recruitment Pool at the Nathan S. Kline Institute for
Psychiatric Research. All 43 patients received a primary Axis I diagnosis of Cocaine
Dependence and from the onset of treatment were closely monitored for continued
abstinence with random urine toxicology testing for multiple substances at least
two times a week. Patients would also meet at least once a week with a personal
counselor who was accredited through the state of New York as an alcoholism and
substance abuse counselor. Duration of abstinence, as assessed through negative
biweekly random urine screens for the durations noted, was conﬁrmed by the counselors at the addiction treatment centers. Exclusion criteria were as follows: (1) any
DSM IV, Axis 1 diagnosis excluding dependence or a past diagnosis of depression
caused by CD based on the Structured Clinical Interview for the DSM IV (SCID); (2)
head trauma resulting in loss of consciousness for longer than 30 min; (3) presence
of any past or current brain pathology; (4) a diagnosis of HIV; (5) the presence of any
contradictions to an MRI; (6) over the age of 55 years; (7) under the age of 19 years;
and (8) presence of WM hyperintensities (only one patient was excluded from the
analysis because of clinically signiﬁcant WM hyperintensities). Because of the high
rates of comorbidity of alcohol and drug abuse among this population patients were
not excluded if they had abused other drugs or alcohol prior to the onset of their
cocaine abstinence (3 individuals had comorbid alcohol dependence and 7 individuals had comorbid heroin dependence). None of the patients were currently using
any amount of alcohol or drugs. Years of drug use were recorded during the initial SCID interviews. Controls were excluded if they had any major Axis 1 disorder
or alcohol/drug dependence diagnosis based upon a SCID for the DSM IV. The study
received Institutional Review Board approval at the Nathan S. Kline Institute for Psychiatric Research. All participants were screened for any contradictions to an MRI
and signed an informed consent document administered by HIPAA-certiﬁed staff.
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Table 1
Participant demographics.
All patients

Length of abstinence (weeks)
Age (years)
Years of education
Years of use
Comorbid (alcohol/heroin)
Sex (male/female)
All patients vs. all controls

Group
Short-term (N = 13)

Mid-term (N = 14)

Long-term (N = 16)

0.7–5.1
36.7 (8.2)
12.5 (1.6)
11.9 (6.0)
0/1
13/0

10–40.3
39.8 (9.4)
13.2 (1.4)
8.8 (5.5)
2/4
14/0

44–102
36.2 (6.5)
11.4 (2.3)
7.14 (7.1)
1/2
14/2

Group
Controls (N = 43)

Age (years)
Years of education
Sex (male/female)

37.4 (8.0)
12.3 (2.0)
41/2

38.8 (10.8)
14.6 (2.2)
36/7

Short-term patients vs. controls

Group

a
b

p

–
0.83
3.44
2.03
–
–

–
0.42
0.01a
0.15
–
0.17b

p

CD (N = 43)

Age (years)
Years of education
Sex (male/female)

F

0.55
0.01
0.08b
p

ST (N = 13)

Controls (N = 13)

36.7 (8.2)
12.5 (1.6)
13/0

41.1 (11.2)
12.7 (.95)
11/2

0.26
0.66
0.14b

Signiﬁcant between MT and LT groups.
Chi-square signiﬁcance level.

The sample consisted of 43 patients (2 women) and 43 controls (7 women)
(see Table 1). The patients and controls did not differ in age (37.5 ± 8.0, 38.8 ± 10.8,
respectively; p = 0.55) but did differ in years of education (12.3 ± 2.0, 14.6 ± 2.2,
respectively; p = 0.001). Consequently, education was included as a covariate in the
patient-control group comparisons. The patients were split by abstinence duration
into three categories consisting of 13 short term (ST) abstainers (0.7–5.1 weeks),
14 mid-term (MT) abstainers (10–40.3 weeks) and 16 long-term (LT) abstainers
(44–102 weeks). The three patient groups did not differ on age at time of testing
(F(2, 40) = 0.83, p = 0.44) or years of use prior to the most recent period of abstinence (F(2, 40) = 2.03, p = 0.15) but did differ on years of education (F(2, 40) = 3.44,
p = 0.04; pairwise contrasts revealed a signiﬁcant difference between the MT and
LT group) and therefore years of education was included as a covariate in the
between-patient group analyses. Finally, the ST group was compared to an age and
education-matched subset of the control group. The ST group consisted of 13 men
and the controls consisted of 11 men and 2 women. Neither the mean age of shortterm patients (36.7 ± 8.2) and controls (41.1 ± 11.2) nor the mean years of education
of short-term patients (12.5 ± 1.6) and controls (12.7 ± 0.95) were signiﬁcantly different (p ≤ 0.26 for age, p ≤ 0.66 for education).
2.2. Image acquisition
MRI scans were performed on a 1.5 T Siemens Vision system (Erlangen,
Germany) at the Center for Advanced Brain Imaging (CABI) at the Nathan S. Kline
Institute. Image sequences acquired included: magnetization-prepared rapid gradient echo (MPRAGE) (TR/TE = 11.6/4.9 ms, ﬂip angle = 8%, 172 slices, 1.20 mm slice
thickness, 307 mm FOV, 256 × 256 matrix, pixel size = 1.20 mm × 1.20 mm, no gap).
For 27 of the controls the sequence had 190 slices, 1 mm slice thickness, 300 mm FOV,
256 × 256 matrix, pixel size 1 mm × 1 mm, no gap. T2 (TR = 5000 ms, TE = 22/90 ms,
26 slices, 5 mm slice thickness, no gap, 192 × 256 matrix, ﬂip angle = 90%, 224 mm
FOV, pixel size = 0.88 mm × 0.88 mm) and diffusion-tensor images (TR = 6000 ms,
TE = 100 ms, 128 × 128 matrix, 320 mm FOV, b-value = 1000 s/mm2 , 8 non-collinear
gradient orientations, NEX = 7, 19 slices, 5 mm slice thickness, no gap, pixel
size = 2.5 mm × 2.5 mm). A double spin echo, pulsed-gradient echo planar acquisition was employed to minimize distortion due to eddy currents (Reese et al.,
2003).

the transformations performed above were combined in one step and were applied
to the native FA image to obtain a distortion-corrected and spatially normalized FA
volume.
A WM mask was created using the normalized FA volumes from all of the participants employed in each analysis. The threshold for this image was obtained
using Otsu’s (1979) nonparametric method. The images also were masked so that
only voxels with data present for all participants were included in the analyses.
An exploratory whole-brain voxelwise analysis of covariance (VANCOVA) was performed using the FA maps and WM masks for each analysis. The VANCOVA is
in-house software that uses a general linear model to evaluate variance. We conducted three voxelwise analyses: (1) a comparison of 43 abstinent patients vs. 43
non-using controls with years of education as a covariate, (2) a comparison of 13
short-term abstinent patients against a control cohort of 13 age and educationmatched individuals, (3) a comparison in which abstinent group (ST, MT, and LT)
was the between-subject variable and years of education was included as a covariate. In the ﬁrst two of these, we identiﬁed clusters of at least 200 contiguous voxels
(200 mm3 ) each signiﬁcant at p < 0.005 with the additional constraint that at least
one voxel was signiﬁcant at p < 0.001. In the last analysis, we used a lower voxelwise threshold of at least 200 contiguous voxels (200 mm3 ) each signiﬁcant at
p < 0.05 with the constraint of at least one voxel being signiﬁcant at p < 0.001. This
staged thresholding procedure was based on Baudewig et al. (2003) and has been
used in other publications by our group (e.g. Hoptman et al., 2008, 2009). A lower
threshold was adopted for the three abstinent groups analysis because of the lower
number of participants in this analysis and because any WM differences between
patient groups was expected to be smaller than would be expected between patients
and controls. For signiﬁcant clusters from the abstinent group comparison, each
participant’s mean FA value for that cluster was calculated and then entered into
SPSS version 12 (SPSS Inc., Chicago, IL). Cluster-level ANCOVAs were then performed
which provided cluster-level, education-adjusted summary statistics and pairwise
comparisons between groups. The WM areas were identiﬁed using the MRI Atlas of
Human White Matter (Mori et al., 2005). Talairach coordinates were automatically
derived from the MNI coordinates using the “whereami” tool available as part of
AFNI (Cox, 1996).

3. Results
2.3. Image processing

3.1. Abstinent patients vs. controls
FA was calculated using a C++ program created by Babak Ardekani at the Center
for Advanced Brain Imaging (CABI) at the Nathan S. Kline Institute and has been
used in previous DTI studies (Hoptman et al., 2008). The MPRAGE images were skull
striped using Freesurfer Version 1.3 (Segonne et al., 2004) and registered to the original MPRAGE volume and saved as a binary mask using the Automated Registration
Toolbox (ART) (Ardekani et al., 1995; Klein et al., 2009). The binary mask was then
applied to the original MPRAGE images. The resulting volumes were then spatially
transformed into MNI space using ART. The skull stripped MPRAGE volume and b = 0
volumes were also registered to the raw T2 images using a rigid body linear transformation. The b = 0 image was then corrected for susceptibility-induced distortion
by matching it to the raw T2 image using a 2-D nonlinear registration in ART. Finally,

The voxelwise comparison between all abstinent patients and
all controls identiﬁed lower FA in the WM of CD individuals in seven
regions and higher FA in the WM of CD individuals in two regions
(see Table 2). Abstinent patients exhibited lower FA in the left anterior callosal ﬁbers, left genu of the CC, right superior longitudinal
fasciculus, right callosal ﬁbers and the superior corona radiata bilaterally. Abstinent patients expressed higher FA in the splenium of
the CC and right superior longitudinal fasciculus (see Fig. 1).
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Table 2
Talairach coordinates of FA differences between all patients and all controls.
Anatomical region

Talairach coordinate
X

Decreased FA in patients
1. L. anterior callosal ﬁbers
2. L. genu of the corpus callosum
3. R. superior longitudinal fasciculus
4. L. superior corona radiata
5. R. superior corona radiata
6. L. superior corona radiata
7. R. callosal ﬁbers
Increased FA in patients
1. Splenium of the corpus callosum
2. R. superior longitudinal fasciculus

Cluster size

t-Value

Y

Z

−19
−12
34
−26
26
−25
11

50
31
−3
−20
−22
−9
1

5
10
26
32
30
34
49

440
251
205
282
501
310
205

−3.54
−3.18
−3.30
−3.14
−3.45
−3.24
−3.33

2
31

−36
−14

15
19

286
217

3.10
3.42

3.2. Short-term abstinent patients vs. controls
The previous analysis comparing all abstinent patients and all
controls is likely to be most sensitive to differences in FA that hold
for the duration of cocaine abstinence. In contrast, the comparison
between ST abstinent patients and controls should be most sensitive to differences associated with recent use and should, therefore,
be most similar to previous comparisons of current users and con-

trols. The voxelwise t-test between short-term abstinent patients
and an age and education matched control cohort showed lower FA
in the CD group in seven WM regions (see Table 3). Regions included
the right anterior limb of the internal capsule, right genu of the CC,
left anterior portion of the cingulum, superior corona radiata bilaterally, right cingulum superior to the isthmus of the CC and the
right precentral gyrus WM. There were no regions with higher FA
in the ST patients.

Fig. 1. Brain areas that show differences between all patients and all controls. Blue signiﬁes lower FA and red signiﬁes higher FA in the patient group. Number refers to region
(see Table 2). Images are in radiological orientation with left hemisphere shown on the right side of the image. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Table 3
Talairach coordinates of FA differences between short-term abstinent patients and matched controls.
Anatomical region

Talairach coordinate

R. anterior limb of the internal capsule
R. genu of the corpus callosum
L. anterior portion of the cingulum
L. superior corona radiata
R. superior corona radiata
R. cingulum superior to isthmus of CCa
R. precentral gyrus WM
a

X

Y

16
8
−8
−26
26
14
39

6
25
26
−20
−23
5
−2

Cluster size

t-Value

393
301
228
817
567
529
303

−3.42
−3.37
−3.56
−3.89
−3.91
−3.95
−4.14

Z
10
13
15
30
29
32
35

CC stands for corpus callosum a negative t-value denotes a decrease in patients.

Table 4
Talairach coordinates of FA differences between abstinent patient groups.
Anatomical region

Talairach coordinate
X

Increase in FA with abstinence
1. R. anterior thalamic radiation
20
2. R. cingulum
7
3. R. precentral gyrus WM
36
Decrease in FA with abstinence
1. L. superior longitudinal fasciculus
−32
2. R. superior longitudinal fasciculus
39
3. L. inferior longitudinal fasciculus
−47
4. R. inferior longitudinal fasciculus
34
5. L. superior longitudinal fasciculus
−28
Increase and then decrease in FA with abstinence
L. superior corona radiata
−19
Decrease and then increase in FA with abstinence
R. VPLb nucleus of the thalamus
17
a
b

Y

Cluster size

F

Z

Pairwise p-valuesa
ST vs. MT

MT vs. LT

ST vs. LT

23
−20
−3

0
32
38

754
433
215

5.01
5.11
4.88

0.0001
0.028
–

–
–
0.004

0.0001
0.0001
0.0003

−15
−28
−36
−58
−47

33
30
−12
0
27

595
321
214
349
500

4.64
5.18
4.61
4.34
4.49

0.005
–
–
–
0.002

–
0.0001
0.011
0.003
–

0.0001
0.0001
.0001
0.0001
0.003

−23

54

266

4.80

0.008

0.0001

–

−20

5

561

4.54

0.003

0.0001

–

p-Values for groups that showed signiﬁcant differences in FA.
Ventral posterolateral.

3.3. ANCOVA results for abstinent patients
Signiﬁcant differences between the ST, MT, and LT abstinent
groups were observed in a number of WM areas (see Table 4).
Groups differed bilaterally in the inferior longitudinal fasciculus, right anterior thalamic radiation, right ventral posterolateral
nucleus (VPL) of the thalamus, left superior corona radiata, superior longitudinal fasciculus bilaterally, right cingulum and the WM
of the right precentral gyrus. A number of different patterns of
pairwise effects were observed across these ten areas (see Fig. 2).
Higher FA with longer abstinence was observed in the right anterior thalamic radiation (higher FA from ST to MT and stable FA
between MT and LT) and the right cingulum (higher FA from ST
to MT and a trend [p ≤ 0.055] towards higher FA from MT to LT).
The WM of the right precentral gyrus showed stable FA between ST
and MT and lower FA between MT and LT.
Lower FA with longer abstinence was also observed. The left
superior longitudinal fasciculus showed lower FA at two different
locations from ST to MT and stable FA between MT and LT. The left
inferior longitudinal fasciculus, the right inferior longitudinal fasciculus and the right superior longitudinal fasciculus all exhibited
stable FA from ST to MT and lower FA from MT to LT.
Finally, two areas showed a nonmonotonic pattern. The left
superior corona radiata showed higher FA from ST to MT and then
lower FA from MT to LT. The right VPL nucleus of the thalamus
showed an opposite pattern with lower FA from ST to MT and then
higher FA from MT to LT.
4. Discussion
Our results provide evidence of signiﬁcant brain structural differences between abstinent patients and non-using controls. These
differences were present in a group of recently abstinent patients

(up to ﬁve weeks since last cocaine use) and also in a larger group
of 43 patients who were abstinent from 0.7 weeks to almost two
years. While the locations of the differences were not identical in
the two contrasts, the results provide evidence of WM differences
that persist for former users through all three periods of abstinence
assessed. That said, a more speciﬁc test of WM changes with abstinence did show that there are differences between users who vary
in abstinence duration and that these are regionally distinct from
the ones showing persistent impairment. Thus, the results suggest that abstinence of up to two years duration is characterized
by one set of structural brain differences relative to the recently
abstinent and a second set of differences relative to the healthy controls. While the former unique features may give insight into brain
changes that arise from or perhaps enable long-term abstinence,
the latter may reﬂect deﬁcits that either arose from cocaine use and
persisted or preceded cocaine use and may even have predisposed
towards such use.
The comparison between ST patients and age and education –
matched controls showed lower FA in seven WM tracts. Because
of the short period of abstinence in the ST group (0.7–5.1 weeks),
one might expect their WM structures to be the most similar to
current users. Indeed, previous studies have identiﬁed lower FA in
current users, some of which (the internal capsule and the genu
of the CC) are consistent with the present results (Lim et al., 2008;
Moeller et al., 2005). The administration of cocaine is known to have
adverse vascular effects. In an MRI study, Bartzokis et al. (1999a,b)
found that 28% of CD patients compared to 7% of non-using controls displayed severe WM hyperintensities that are thought to
be the result of cerebrovascular toxicity. Individuals who abuse
cocaine can suffer from vascular toxicity leading to stroke that is
not accounted for by other risk factors (Fessler et al., 1997; Nolte
et al., 1996; Levine and Welch, 1996). In a study of depressed geriatric patients, Hoptman et al. (2009) showed that increased blood
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Fig. 2. Brain areas that show differences between abstinence groups. Letter A refers to higher FA with abstinence. Letter B refers to lower FA with abstinence. Letter C
refers to higher and then lower FA with abstinence. Letter D refers to lower and then higher FA with abstinence. Number refers to region (see Table 4). Scatterplots show
education-adjusted FA values (y-axis) plotted against abstinence duration (x-axis). FA values are scaled from 0 to 1000. Images are in radiological orientation.

pressure, a cerebrovascular risk factor, was associated with lower
FA in frontostriatal regions. Thus, the net effect of such cerebrovascular toxicity associated with cocaine use could be responsible for
the lower FA values that were observed.
The contrast between all patients and all controls could reﬂect
WM differences that persist despite varying lengths of abstinence. A
possible reason for the overall lower FA values in the patient group
could be cerebrovascular toxicity resulting from cocaine use as
described above. Former CD users have exhibited deﬁcits in attention and motor skills even after one year of abstinence (Toomey
et al., 2003). Indeed, we saw that our patient group had lower
FA bilaterally in the superior corona radiata through which cor-

ticospinal and corticobulbar motor tracts as well as sensory tracts
descend (Blumenﬁeld, 2002). It has been shown that damage to
the corona radiata can lead to sensory deﬁcits (Shinoura et al.,
2009). Sensorimotor deﬁcits have been observed in CD users and
include an increase in choreoathetoid movements (Bartzokis et al.,
1999a,b), dystonia and tremors (Cardoso and Jankovic, 1993). Additionally, an fMRI study found that current CD users exhibited less
efﬁcient activation of the dorsal striatum during a motor task than a
control cohort (Hanlon et al., 2009). The dorsal striatum is believed
to be involved in sensorimotor integration (Balleine et al., 2007). It
seems plausible that these sensorimotor deﬁcits persist into abstinence. Additionally, in the patient group, multiple callosal regions
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displayed lower FA. Existing literature on current CD individuals
shows lower FA in the CC (Moeller et al., 2005; Ma et al., 2009;
Lim et al., 2008) and higher impulsivity scores have been correlated with lower FA in the anterior CC (Moeller et al., 2005; Lim
et al., 2008). Therefore, the lower FA values of the CC in our patient
group could explain why deﬁcits in executive functioning are still
evident even after six months of abstinence (Sclafani et al., 2002).
It may be that the CC is disrupted before the onset of CD and thus
leads to CD, or that prolonged cocaine use causes either irreparable damage to the CC or damage that takes more than two years
to fully repair. Whichever situation pertains, we see that there are
clear differences that cannot be attributed to current cocaine use
between individuals who were addicted to cocaine and individuals
who have no history of CD.
The analysis of the abstinent patient groups revealed FA differences, almost all of which were regionally distinct from the FA
differences stated above. The differences were varied, including
both higher and lower FA as a function of the length of abstinence.
As stated above, current cocaine use is associated with lowered
FA that is believed to account for decreased cognitive functioning.
Therefore, higher FA values with longer abstinence would be consistent with a restoration of WM integrity. Higher FA was associated
with longer duration of abstinence in the right superior longitudinal
fasciculus, right body of the CC, right posterior limb of the internal
capsule and in the left cerebellum (Xu et al., 2010). Increased FA
has been shown in a longitudinal study assessing patients suffering from severe traumatic brain injury; notably, the increase over
time followed an initial decrease in FA that was observed immediately after the injury suggesting that the pattern of FA changes
accompanying brain recovery from insult may be complex (Sidaros
et al., 2008).
Moreover, lower values of FA with longer abstinence may also
be consistent with a normalization of white matter. Since extended
cocaine use is associated with various changes in neural functioning, it may be that certain WM tracts of current CD individuals are
utilized more, either to compensate for the loss of function in other
affected areas or because they are associated strongly with speciﬁc addictive behavior. For example, higher FA has been observed
in current CD users when compared to non-using controls in the
WM of the anterior cingulate (Romero et al., 2010), an area shown
to be hyperactive in current CD individuals when viewing cocaine
stimuli (Garavan et al., 2000). A possible reason for lower values of
FA with continued abstinence could be that once an individual is
recovering from his or her addiction, these tracts are no longer overutilized resulting in lower FA. However, this explanation would
predict higher FA in these areas in the ST group relative to the controls which was not observed, albeit possibly due to the smaller
sample sizes of this contrast or WM changes that may have already
occurred within the ﬁve weeks of abstinence in the ST group.
Alternatively, lower FA with ongoing abstinence may signify
a reparative process in which damaged areas exhibit an increase
in astrocytes during early abstinence that would result in higher
FA values. Glial ﬁbrillary acidic protein (GFAP) is a protein that
is upregulated by astrocytes after chemical or physical insult
(Aronica et al., 2000) and changes in GFAP levels can be used
to assess neuronal insult or injury (Eng et al., 2000). A study
assessing the levels of GFAP three weeks after mice were given
cocaine intravenously once a day for one week found signiﬁcantly
increased GFAP levels in the nucleus accumbens shell, nucleus
accumbens core and prefrontal cortex (Bowers and Kalivas, 2003).
In addition, vimentin, a marker for immature or reactive astrocytes
showed an increase in the PFC after a three week withdrawal
period (Bowers and Kalivas, 2003). A study measuring regional
cerebral blood ﬂow (rCBF) in abstinent patients (mean duration
of abstinence = 49.02 ± 64.07 weeks) found increased rCBF in the
globus pallidus and frontal white matter in abstinent users (Ernst
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et al., 2000) which these authors postulated could be due to the
high energy requirements of astrocytes. Therefore, higher FA in
WM tracts between patients could be explained by the increased
preponderance of astrocytes that are evident after neuronal injury
caused by repeated cocaine administration. The timing of this
increase in FA could be a result of the speciﬁc tract that is affected,
the amount of neuronal injury that was incurred and how long it
takes to recover. Higher FA earlier in abstinence that then reduces
with continued abstinence may thus reﬂect an early proliferation
of astrocytes in the WM tracts that are responding to the neuronal
injury caused by cocaine administration.
The right cingulum showed higher FA in those with the longest
abstinence. The cingulum is one of the primary WM tracts involved
with limbic system functioning. This tract has been shown to connect the anterior thalamus with the hippocampus (Burgel et al.,
2006) and carries afferent connections from the cingulate gyrus to
the entorhinal cortex (Mori et al., 2005). fMRI studies in current CD
individuals using response inhibition paradigms consistently show
hypoactivation in the cingulate gyrus when compared to controls
(Li et al., 2007; Kaufman et al., 2003) and co-activation of both the
anterior cingulate and the hippocampus has been shown for tasks
that require learning from one’s errors (Hester et al., 2008). Chronic
cocaine use is frequently associated with deﬁcits in cognitive functioning including decision making, judgment, attention, planning
and mental ﬂexibility (e.g. Bolla et al., 1998; Kubler et al., 2005), and
abstinent cocaine users still show deﬁcits in executive functioning
six months after abstinence (Sclafani et al., 2002). It is tempting
to speculate that lower FA in the cingulum may underlie some
of these cognitive and executive deﬁcits including compromised
learning of the negative consequences of one’s behavior. Given that
the ST group exhibited lower FA in two areas of the cingulum when
compared to non-using controls, it is notable that higher FA in the
cingulum was observed for the LT group relative to the ST group
indicating that heightened integrity in this pathway may be related
to longer abstinence.
Another tract exhibiting higher FA over time between the abstinent groups was the right anterior thalamic radiation. The anterior
thalamic radiation connects the dorsomedial and anterior thalamic
nuclei with the prefrontal cortex (Sprooten et al., 2009) and lower
FA values within it has previously been linked to the abnormal prefrontal function of those with schizophrenia and bipolar disorder
(McIntosh et al., 2008; Sprooten et al., 2009). Increased prefrontal
functioning with abstinence may be related to the higher FA of the
anterior thalamic radiation and may also be related to the observed
higher FA in the vicinity of the right precentral gyrus.
It is notable that all areas showing lower FA with increasing
abstinence fell on either the inferior or superior longitudinal fasciculus. The superior longitudinal fasciculus II showed higher FA
bilaterally in the ST group relative to the MT or LT groups. In a
longitudinal study, Xu et al. (2010) found that higher FA in the
superior longitudinal fasciculus at the onset of treatment predicted a longer duration of abstinence. The superior longitudinal
fasciculus II has been characterized as a WM tract that links the
prefrontal and parietal cortices (Makris et al., 2005). It may play
an important role in coordinating prefrontal–parietal processes
involved in working memory, visuospatial perception and attention (Makris et al., 2005). A meta-analysis of studies examining
subcortical lesions that resulted in visuospatial neglect found the
lesions to be located at or near the superior longitudinal fasciculus (Bartolomeo et al., 2007). Utilizing fMRI and a verbal working
memory task, recently abstinent users showed hyperactivation in
the prefrontal and parietal cortices and prefrontal hyperactivation on a visuospatial attention task when compared to control
subjects (Tomasi et al., 2007). The authors postulated that this
hyperactivation could be due to increased attention and control
processes to compensate for a decrease in executive functioning
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that is associated with cocaine use. Though speculative, the lower
FA in the MT and LT groups might reﬂect diminishing reliance on a
prefrontal–parietal compensatory mechanism through recovery of
executive functions.
The inferior longitudinal fasciculus is an association tract that
connects the parietal and temporal cortices and the occipital and
temporal cortices with very strong connections to temporal polar
cortex (Hua et al., 2009). The temporal polar cortex is located at
the junction of higher-order visual, auditory, and olfactory/insular
association cortices (Ding et al., 2009) and is hypothesized to be
responsible for binding processed perceptual inputs to visceral
emotional responses (Olson et al., 2007). The higher FA observed
bilaterally in this tract in the ST group relative to the MT and LT
groups may reﬂect increased utilization of this tract during addiction, perhaps related to a role in drug craving (Garavan et al., 2000;
Bonson et al., 2002). Conceivably, with continued abstinence this
tract exhibits lower FA mirroring a reduction in strong cue-induced
visceral emotional responses that are associated with CD.
There are speciﬁc limitations in the present study that need to
be acknowledged. First, when between-groups analyses were conducted on the three sub-groupings of abstinent patients, the sample
sizes were relatively small with the attendant reductions in power
that this imposes. Also, images in the present study were collected
using a 1.5 T scanner with 5 mm slice thickness and just 8 gradient
orientations. It is now possible to collect thinner slices and more
orientations at higher ﬁeld strength. Nonetheless, because of the
slice thickness and the fact that seven excitations were collected for
each direction, excellent signal-to-noise ratios were achieved here.
We also did not collect any health-related information on study
participants and it is known that factors such as cardiovascular disease or diabetes can inﬂuence the development of white matter and
therefore cannot be ruled out as factors in the observed differences
in white matter between abstinent groups. Another potential issue
was raised by a reviewer of this manuscript who pointed out that
although not statistically signiﬁcant, there is a numerical difference between the short- and long-term abstinence groups in terms
of overall years of cocaine use. Long-term patients, on average, had
shorter durations of use than short-term patients and it is possible that the relative success these long-term patients have had in
resisting relapse might arise because of shorter original exposure
periods to the drug of abuse. In turn, this may have been reﬂected
in differences in WM integrity. However, the long-term group in
this study used cocaine for an average of 7 or more years, and to
our minds, it seems highly unlikely that such a protracted period
of use could result in signiﬁcantly less impairment in this group.
Lastly, it also needs to be pointed out that this study was conducted
predominantly in male participants and that in view of this; appropriate care should be taken in generalizing these results to abstinent
female CD patients.
Because of this study’s cross-sectional design, it is impossible to
determine if the observed FA differences between patients at different stages of abstinence were due to dynamic intra-individual
changes that perhaps reﬂect recovery of function, or if they reﬂect
pre-existing differences between patients. Whichever situation
pertains, these cross-sectional results suggest that although WM
deﬁcits exist in the abstinent users as a whole, there may also
be additional differences in brain structure in those who have
attained a relatively long period of abstinence compared to those
who are more recently abstinent. The regions showing these differences include white matter tracts thought to be involved in
motor, cognitive and emotional processes but without precise
assessments of psychological changes occurring with abstinence,
the interpretations offered for the functional changes that accompany WM differences between the groups must remain speculative.
The caveats notwithstanding, the patterns of FA differences across
abstinence durations may reﬂect dynamic patterns of changing

reliance on different psychological processes as drug users escape
their drug dependence.
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