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Abstract

Background—Diffusion tensor imaging (DTI) is a useful technique for non-invasively 

investigating the microstructural organization of white matter (WM), and the most consistent DTI 

finding regarding cocaine-related WM alterations is in the corpus callosum (CC). WM injury has 

also been observed in subjects with traumatic brain injury (TBI), including in the CC.

Methods—We used DTI to test if the WM microstructure is relatively more impaired in cocaine-

dependent subjects who had suffered a mild TBI (mTBI). Fractional anisotropy (FA), which 

reflects the degree of alignment of cellular structures within fiber tracts and their structural 

integrity, was compared across cocaine-dependent subjects with mTBI (COCTBI group, n=9), 
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matched cocaine-dependent subjects without TBI (COC group, n=12), and matched healthy 

controls (CTL group, n=12).

Results—The COCTBI group had significantly lower FA in the genu, body, and splenium of 

CC, than the CTL group whenever the education was controlled or not. The COC group had 

significantly lower FA in the left and right anterior corona radiata than the CTL group only when 

the education was controlled. There was no significant difference in FA between the COC and 

COCTBI groups.

Conclusion—Cocaine dependence (or mTBI) related WM impairments in the CC were not 

detectable in this small subject sample. The significant finding in the CC suggests that the 

concurrence of cocaine dependence and mTBI might result in more severe damage to the CC, 

which could even be detected in small sample size.
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1. INTRODUCTION

Cocaine dependence is associated with white matter (WM) impairment (Moeller et al., 2005; 

Lim et al., 2008; Ma et al., 2009; Lane et al., 2010; Xu et al., 2010; Bell et al., 2011; Hanlon 

et al., 2013), which may compromise cognitive functions. Diffusion tensor imaging (DTI), 

which exploits the directionality of diffusion of water molecules in tissues, is a powerful 

technique for non-invasively investigating the microstructural organization of WM (Taber et 

al., 2002). Cocaine-induced alterations in WM are often observed in two of the DTI 

measures, i.e., fractional anisotropy (FA) (Moeller et al., 2005; Lim et al., 2008; Ma et al., 

2009; Lane et al., 2010; Bell et al., 2011) and radial diffusivity (Moeller et al., 2007; Ma et 

al., 2009; Lane et al., 2010). FA measures deviation from isotropy and reflects the degree of 

alignment of cellular structures within fiber tracts as well as their structural integrity 

(Cercignani et al., 2001). Higher radial diffusivity is indicative of greater diffusion 

perpendicular to the fiber tracts and may be possibly associated with impairment in myelin 

(Song et al., 2002, 2003; Klawiter et al., 2011).

Previous DTI studies have reproducibly shown that cocaine dependence is associated with 

significant WM deficits. Moeller et al. (2005) reported significantly lower FA in the genu 

and rostral body of the corpus callosum (CC) in cocaine-dependent subjects compared to 

controls and an association between FA in the anterior CC and impulsivity within the 

cocaine-dependent subjects. Lim et al. (2008) found lower FA in the inferior frontal WM in 

cocaine-dependent subjects compared to control subjects. Ma et al. (2009) observed that 

cocaine-dependent subjects had significantly higher radial diffusivity in the rostral body and 

isthmus of the CC than non-drug-using controls. Lane et al. (2010) found lower FA and 

higher radial diffusivity in the CC, frontal and parietal WM regions in cocaine-dependent 

subjects compared to non-drug-using controls and an association between the DTI measures 

in these regions and decision-making. Xu et al. (2010) noted that in cocaine-dependent 

subjects, worse treatment outcomes were negatively-correlated with FA values and 

positively-correlated with radial diffusivity across several brain regions including the CC, 
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frontal, parietal, temporal, and occipital lobes, and cerebellum. Bell et al. (2011) found that 

the cocaine-abstinent subjects had lower FA in genu of the CC, superior longitudinal 

fasciculus, and the superior corona radiata when compared against non-drug-using controls. 

So far, the most consistent finding regarding cocaine dependence related WM alterations is 

in the CC (Moeller et al., 2005, 2007; Ma et al., 2009; Lane et al., 2010; Xu et al., 2010; Bell 

et al., 2011). These findings have been replicated in controlled, animal studies (Narayana et 

al., 2009, 2014) using DTI.

There is a close association between substance use disorders (SUD) and traumatic brain 

injury (TBI). It has been well documented that individuals with SUD are more prone to TBI 

through motor vehicle accidents, violence, or falls (Taylor et al., 2003). Thus SUD can 

increase the risk of TBI (Cherpitel, 2007; Taylor et al., 2003). Preliminary results from our 

group have shown that subjects with cocaine dependence have a higher incidence of TBI 

compared to non-drug using controls and occurrence of TBI preceded initiation of cocaine 

use (Ramesh et al., 2015). In addition, previous DTI studies have consistently found that 

patients with TBI showed impaired WM microstructure than controls, especially in the CC 

(see Hulkower et al., 2013 for review). However, it is yet to be determined if subjects with 

co-morbid cocaine dependence and TBI have additional impairments in the WM structure. 

In this study, we used DTI to test if the WM microstructure is relatively more impaired in 

cocaine-dependent subjects with mild TBI (mTBI).

2. METHODS

2.1 Subjects

The present study was approved by the local university Committee for the Protection of 

Human Subjects (CPHS) and was performed in accordance with the Code of Ethics of the 

World Medical Association (Declaration of Helsinki). Informed consent was obtained from 

each subject before including in this study.

Cocaine-dependent subjects and healthy controls were recruited via newspaper 

advertisements, and were initially screened by a brief telephone interview. Following the 

phone screen, eligible subjects attended an in-person intake assessment session, in which 

they were screened for psychiatric disorders using the structured clinical interview for DSM-

IV (SCID-IV-TR; First et al., 2002), and completed a medical history and physical 

examination. Information about each participant's demographic and drug use history was 

also collected at the intake interview. For all subjects, the Addiction Severity Index 

(McLellan et al., 1992) was obtained in order to document lifetime drug and alcohol use. 

Immediately prior to MRI scanning, a sample of urine was obtained from each subject using 

integrated E–Z split key cup II (Innovacon Company, San Diego, CA, USA) in order to 

screen for tetrahydrocannabinol, opiates, cocaine, amphetamines, benzodiazepines, and 

pregnancy (for females only); each subject was also screened for recent alcohol use, using 

an Intoximeter Alcosensor III breathalyzer (Intoximeters, Inc., St Louis, MO).

Subject inclusion criteria were: (1) 18 to 55 years old; (2) free of alcohol at the time of MRI 

scanning; (3) cocaine-dependent subjects met criteria for current cocaine dependence as 

determined by Structured Clinical Interview for DSM-IV (SCID; First et al., 1996); and (4) 
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non-drug using controls had no current or lifetime history of any DSM-IV substance use or 

psychiatric disorder. Exclusion criteria were: (1) met current or past DSM-IV Axis I 

disorder other than substance abuse or dependence; (2) taking medication or having 

disorders that could affect the central nervous system; (3) reported claustrophobia during 

MRI simulator sessions; (4) having any definite or suspected clinically-significant brain 

abnormalities on the Fluid-Attenuated Inversion Recovery (FLAIR) MRI scans, as read by a 

board-certified radiologist; (5) positive urine drug screen (for controls only); and (6) positive 

pregnancy test result (for females only).

2.2 Closed head injury scale

The closed head injury (CHI) scale is a 13-item self-report measure (See Supplementary 

Materials for entire questionnaire1) designed by one of the co-authors (FGM). The scale was 

used to determine if the subjects had suffered any type of mTBI in their lifetime. The CHI 

scale was developed to assist in patient recall of prior instances of head trauma, including 

number of head trauma instances, duration of loss of consciousness/confusion, post-

traumatic amnesia, age of first injury, hospitalizations related to the injury, etc. In the 

present study, a subject was considered to have mTBI if he/she answered “yes” to the 

question “Have you ever been hit in the head so hard, either by another person or in an 

accident, that it knocked you out or made you confused?”.

Nine cocaine-dependent subjects (1 female, all right handed) reported having had a mTBI 

(COCTBI group). Please see Table 1 for number of head trauma instances, longest duration 

of loss of consciousness/confusion, and years since TBI for all of these 9 COCTBI subjects. 

As shown in Table 1, six of the COCTBI subjects were each hit in the head one time, one of 

the COCTBI subjects was hit two times, one of the COCTBI subjects was hit four times, and 

one of the COCTBI subjects was hit six times. The COCTBI subjects were 41.5 ± 5.3 years 

old (mean ± standard deviation), ranging from 35.9 years to 52.1 years. Based on age and 

sex, 12 cocaine-dependent subjects without TBI (COC group, 2 females, all right handed), 

and 12 controls (CTL group, 2 females, 2 left handed and 10 right handed) were selected 

from our subject pool (137 subjects) to match the COCTBI subjects. This resulted in that 

104 subjects were excluded from the study. The COC subjects were 41.4 ± 6.0 years old, 

ranging from 33.1 years to 54.8 years. The CTL subjects were 41.0 ± 6.0 years old, ranging 

from 35.5 years to 55.0 years. There was no significant difference in age across groups 

(COCTBI vs. COC: 2-tail p=0.9662, degree of freedome [Dof]=19, t=0.0429; COCTBI vs. 

CTL: 2-tail p=0.8544, DoF=19, t=0.1860; COC vs. CTL: 2-tail p=0.8857, DoF=22, 

t=0.1454). Fisher’s exact tests revealed that there was no significant difference in proportion 

of female and male subjects across groups (COCTBI vs. COC: 2-tail p>0.999; COCTBI vs. 

CTL: 2-tail p>0.999; COC vs. CTL: 2-tail p=1). Please see Table 2 for information about 

demographic (age, sex, race, and education), lifetime alcohol use, and alcohol diagnosis of 

the subjects in the three groups. Only five of the 33 subjects had intelligence quotient (IQ) 

measure, and therefore IQ was not reported in the present study.

*Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:…
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All the subjects were recruited from the Houston, Texas, area. About 50% of our cocaine-

dependent subjects were from treatment studies, and all scans were conducted prior to the 

treatment phase for these subjects. The age range in the present study is consistent with the 

average age of cocaine-dependent subjects who were seeking treatment in Houston (see 

Schmitz et al., 2012 for example). The age range in the present study is also consistent with 

our other research (e.g., Moeller et al., 2010), and previous studies (e.g., Xu et al., 2010) 

published by other groups.

2.3 MRI Data Acquisition

MRI data were acquired on a Philips 3.0 T Intera system with a six channel receive head coil 

(Philips Medical Systems, Best, Netherlands). Whole brain diffusion-weighted images 

(DWI) were acquired in the transverse plane using a single shot diffusion sensitized spin 

echo echo-planar imaging (EPI) sequence, with the following parameters: b-factor = 1000 

s/mm2, repetition time (TR) = 6100 ms, echo time (TE) = 84 ms, 44 contiguous axial slices, 

field-of-view (FOV) = 240 mm × 240 mm, 112 × 112 acquisition matrix, 256 × 256 

reconstructed matrix, 0.9375 mm × 0.9375 mm reconstructed in-plane resolution, slice 

thickness = 3 mm, and zero interslice gap. The diffusion tensor encoding scheme was based 

on the uniformly distributed and balanced rotationally invariant Icosa21 (21 gradients) 

tensor-encoding set (Hasan and Narayana, 2003). A SENSE acceleration factor of 2 was 

used for the DWI acquistion. The diffusion-encoded volumes were acquired with fat 

suppression. The DTI acquisition time was approximately 7 min. FLAIR scan and T2-

weighted spin-echo scans were acquired and were read by a board-certified radiologist in 

order to rule-out any incidental brain pathology.

2.4 DTI data preprocessing

The DTI images were processed using the FMRIB Software Library (www.fmrib.ox.ac.uk/

fsl, version 5.04) (Jenkinson et al., 2012). For each scan, the DWI images were corrected for 

eddy current distortions and head motion (Jenkinson and Smith, 2001) after converting the 

Philips DICOM files into NIfTI format using dcm2nii as implemented in MRIcron (http://

www.mccauslandcenter.sc.edu/mricro/mricron/). Next, brain was extracted from the images 

using FSL's Brain Extraction Tool (BET; Smith, 2002). After these preprocessing steps, the 

FMRIB’s Diffusion Toolbox (FDT/FSL; Behrens et al., 2003) was used to fit the data to 

extract the DTI parameters for each voxel. The DTI parameters included fractional 

anisotropy (FA), mean diffusivity (MD), the three eigenvalues (L1, L2, and L3) and the 

three eigenvectors (V1, V2, and V3). Among these DTI measures, FA is most commonly 

used. Axial diffusivity, radial diffusivity, and MD are the other three commonly used DTI 

measures. The axial diffusivity is the same as the first eigenvalue (L1), and the radial 

diffusivity is calculated as the mean of the second (L2) and third (L3) eigenvalues. It is 

commonly accepted that FA is a general measure of WM integrity, and axial and radial 

diffusivities may be more pathologically specific compared to FA (Hasan and Narayana, 

2006).

2.5 Tract-Based Spatial Statistics (TBSS) voxelwise statistcal analysis

Whole brain voxelwise statistical analysis of the DTI data was carried out using Tract-Based 

Spatial Statistics (TBSS; Smith et al., 2006), part of the FSL software. The FA images were 
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aligned to the standard MNI (Montreal Neurological Institute) space using the FSL's 

nonlinear registration with the FMRIB58_FA template image. Next, the mean FA image 

was created and thinned to create a mean FA skeleton representing the centers of all tracts 

common to all subjects. The FA threshold was set to be FA = 0.20. Each subject’s aligned 

FA data that was a local maximum within a short-radius plane normal to each point on the 

skeleton was then projected onto that point of the skeleton. TBSS was also applied to the 

other DTI measures (MD, axial diffusivity, and radial diffusivity).

The group differences in FA (or other DTI measures) were tested voxelwise over the whole-

brain WM skeleton using the FSL nonparametric program, Randomise, with a Threshold-

Free Cluster Enhancement (TFCE) option and 10000 random permutations. TFCE (Smith 

and Nichols, 2009; Salimi-Khorshidi et al., 2011) is a robust cluster-based thresholding 

approach, without a need of arbitrary initial cluster-forming threshold. There were three 

groups in the Randomise analysis: COCTBI, COC, and CTL. The group comparisons 

include: COCTBI greater than (>) CTL, COCTBI less than (<) CTL, COC > CTL, COC > 

CTL, COCTBI < COC, and COCTBI < COC. The TBSS randomise procedure 

automatically uses family-wise error (FWE) correction for multiple comparisons. In the 

present study, statistical significance of TBSS Randomise analysis was defined as 1-tail P < 

0.025 (FWE corrected). The JHU DTI-based ICBM-DTI-81 WM labeled atlas (Mori et al., 

2005; Wakana et al., 2007; Hua et al., 2008) was used to determine labels for brain regions 

that showed group differences.

Group difference in DTI measures might be affected by other factors, e.g., group differences 

in education and lifetime alcohol use (see Results section). Thus the education level and the 

lifetime alcohol use may need to be controlled by including them as covariates in the DTI 

analysis. Miller and Chapman (2011) suggested that a meaningful covariate should be the 

one in which the group difference in the value of the covariate is due to random chance. In 

the present study, the group difference in education was probably due to random chance 

since there was no inclusion or exclusion criteria regarding level of education for either 

group. Thus, following Miller and Chapman (2001), education has been included as a 

covariate in the DTI analysis. On the other hand, according to the inclusion and exclusion 

criteria for this study, all the “controls” with past or current alcohol dependence or abuse 

were excluded; but the COCTBI and COC groups could include subjects with past alcohol 

dependence, or past or current alcohol abuse. Thus the COCTBI group and COC group 

could inherently have higher measures of lifetime alcohol use than the CTL group, and 

hence the group difference in lifetime alcohol use was not simply due to random chance. As 

shown in Table 1, five (about 42%) of the twelve COC subjects, eight (about 89%) of the 

nine COCTBI subjects, and all (100%) of the CTL subjects were non-drinkers. Therefore, 

when comparing the COC group to the CTL group and the COCTBI group, lifetime alcohol 

use was not included in the DTI analysis because in these group comparisons, group 

difference in the lifetime alcohol use was probably not due to random chance and thus it did 

not qualify as a meaningful covariate according to Miller and Chapman (2001). However, 

using above criterion suggested by Miller and Chapman (2001), it was not straightforward if 

lifetime alcohol use was a meaningful covariate when comparing the COCTBI group and the 

CTL group. Pocock et al. (2002, Page 2924) suggested that it is important to control a 

covariate only when this covariate shows strong correlation (for example r > 0.5) with the 
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variate to be tested, and that it is unimportant to control a covariate when this covariate 

shows weak correlation (for example r < 0.3) with the variate to be tested. Based on the 

suggestion of Pocock et al. (2002), we conducted two post hoc analyses (see Supplementary 

Materials) in order to test the correlation between FA (variate to be tested) and lifetime 

alcohol use (covariate). Because there was significant difference in the lifetime alcohol use 

between the COCTBI group and the CTL group (see Results section), the these correlation 

analyses were separately conducted in the COCTBI group and the CTL group. These post 

hoc correlation analyses revealed that the lifetime alcohol use was weakly (r < 0.2 for all 

correlations) correlated to FA in both the COCTBI group and the CTL group (see 

Supplementary Materials2), suggesting that it was unimportant to control the liftime alcohol 

use when comparing the COCTBI group and the CTL group. Therefore lifetime alcohol use 

was not included in the DTI analysis in the present study.

3. RESULTS

3.1 Non-imaging measures

The education level (years) of the COC group was significantly shorter than that of the CTL 

group (p=0.008, t=2.94, DoF=22). There was no significant difference in education between 

the COCTBI group and CTL group (p=0.28, t=1.10, DoF=19), and between the COCTBI 

group and the COC group (p=0.11, t=1.66, DoF=19). The COC subjects (p=0.020, t=2.52, 

DoF=22) and the COCTBI subjects (p=0.030, t=2.34, DoF=19) consumed significantly 

more alcohol (kg) than CTL subjects. However, there was no significant difference in 

lifetime alcohol use between the COCTBI group and COC group (p=0.23, t=1.23, DoF=19). 

Eight of the nine COCTBI subjects and all of the CTL subjects were non-drinkers. Only two 

male subjects (COC subjects) consumed more than 500 kg alcohol lifetime; and only one 

male subject (COC subject) consumed more than 1000 kg alcohol lifetime (approximate 

mean value for the male alcoholics in Pfefferbaum et al., [2009]). Seven of the nine 

COCTBI subjects started using cocaine after the acquisition of mTBI, and one before the 

onset of mTBI. The years of lifetime cocaine use, and the years since the onset of TBI, are 

shown in Table 1 for all the COCTBI subjects.

3.2 TBSS DTI analysis

The TBSS Randomise analysis revealed that the COCTBI group had significantly (1-tail 

FEW corrected P<0.025) lower FA than the CTL group in several WM brain regions (Figure 

1, red color). These WM regions were in genu (85 voxels), body (117 voxels), and splenium 

(320 voxels) of the CC (gCC, bCC, and sCC respectively). After controlling the education, 

the COCTBI group still showed significantly (1-tail FWE corrected P<0.025) lower FA than 

the CTL group in several WM brain regions (Figure 1, blue color). These WM regions were 

in gCC (297 voxels), bCC (223 voxels), and sCC (468 voxels), left anterior corona radiata 

(538 voxels), left superior corona radiata (141 voxels), and left external capsule (32 voxels). 

The WM regions found in the previous two TBSS analysis (controlling the education or not) 

had overlap in the gCC (85 voxels), bCC (79 voxels), and sCC (312 voxels). This result 

suggests that the COCTBI group had significantly lower FA in the gCC, bCC, and the sCC 

whenever the education was controlled or not. The mean and standard deviation (across 

subjects) of mean (across voxels) FA on these three CC regions (overlapped between TBSS 
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results controlling the education and those without controlling the education) are shown in 

Figure 2 for the three subject groups. For all the three CC regions, mean FA of the COC 

group was between that of the other two groups: less than the CTL group, but greater than 

the COCTBI group, although these differences were not statistically significant.

The TBSS Randomise analysis also revealed that the COC group had a trend (1-tail TFCE 

corrected P<0.075) of lower FA than the CTL group in several WM regions. After the 

education was controlled, the COC group had signifcantly (1-tail FWE corrected P<0.025) 

lower FA than the CTL groups in left (180 voxels) and right (115 voxels) anterior corona 

radiata. No significant group difference was found for the other group comparisons on FA 

(COCTBI > CTL, COC > CTL, COCTBI < COC, COCTBI > COC) whenever the education 

was controlled or not.

The TBSS Randomise analysis further revealed that the COCTBI group showed a trend (1-

tail TFCE corrected P<0.075) of higher radial diffusivity than the CTL group in several WM 

regions whenever the education was controlled or not. No significant (or trend) cluster was 

found for the other group comparisons on radial diffusivity (COCTBI < CTL, COC > CTL, 

COC < CTL, COCTBI < COC, COCTBI > COC) whenever the education was controlled or 

not.

No significant (or trend) group difference was found for the other DTI measures (MD, or 

axial diffusivity) whenever the education was controlled or not.

4. DISCUSSION

This study investigated the potential role of mTBI in the altered WM microstructure in 

cocaine-dependent subjects, which has been consistently reported in the literature (Moeller 

et al., 2005; Lim et al., 2008; Ma et al., 2009; Lane et al., 2010; Xu et al., 2010; Bell et al., 

2011; Li et al., 2013; Lebel et al., 2013). Using TBSS, we examined whether the WM 

microstructure was altered in cocaine-dependent subjects with mTBI by comparing their 

DTI measures with matched non-drug using controls and matched cocaine-dependent 

subjects without TBI, on a voxel-by-voxel basis in the whole brain. Results of the TBSS 

analysis showed that the COCTBI group had significantly lower FA in several sub-regions 

of the CC than the CTL group whenever the education was controlled or not. The COC 

group had significantly lower FA in left and right anterior corona radiata than controls only 

when the education was controlled. The regions (left and right anterior corona radiata) 

showing significant difference between the COC and CTL groups are consistent with the 

results found by Lane et al. (2010) in which a relatively bigger subject sample (15 COC 

subjects and 18 controls) was used. No significant difference in the FA was found between 

the COC group and COCTBI group whenever the education was controlled or not.

The COCTBI group had lower FA than the CTL group in genu, body, and splenium of the 

CC whenever the education was controlled or not. Although it is known that cocaine 

dependence can result in altered WM microstructure especially in the CC (Moeller et al., 

2005; 2007; Ma et al., 2009; Lane et al., 2010; Xu et al., 2010; Bell et al., 2011), we did not 

find a significant difference in the CC between the COC group and the CTL group, 
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suggesting that the cocaine dependence related WM impairments in CC were not detectable 

in this small sample size. It is also known that mTBI can result in altered WM 

microstructure in the CC (Wilde et al., 2006; Voelbel et al., 2012; Hulkower et al., 2013; 

Hasan et al., 2014; Narayana et al., 2015), but we did not find significant a group difference 

when we compared the COCTBI group and the COC group, suggesting that the mTBI 

related WM impairments were not detectable in this small sample size. Given the fact that 

both cocaine dependence and TBI can result in impaired WM microstructure in the CC, we 

speculate that the significant group difference found between the COCTBI group and the 

CTL group may reflect a combined effect of cocaine dependence and TBI that overcomes 

the limited sample size. Both the COCTBI subjects and COC subjects consumed 

significantly more alcohol (kg) than the CTL subjects. Thus, alcohol use might also have 

contributed to the significant difference found between the COCTBI and CTL groups. 

However, only one of the COCTBI subjects was diagnosed as past alcohol abuse and all the 

other eight COCTBI subjects were non-drinkers, suggesting that the alcohol use may not 

have been a major factor.

The relationship between the onset of mTBI and the onset of cocaine use could not be 

established in the present study, and thus the present study is not able to answer the question 

of whether people who have suffered a previous TBI are more vulnerable to addiction to 

drugs (Bjork and Grant, 2009). In the present study, seven of the nine COCTBI subjects 

initiated cocaine use after sustaining mTBI. This result is consistent with a previous study 

from our group (Ramesh et al., 2015), in which the mean age of mTBI was found to be 

significantly lower than the mean age of initiating cocaine use in 28 cocaine-dependent 

subjects with mTBI. A potential explanation of this result might be that a great deal of mTBI 

occurs in childhood whereas cocaine use onset is usually later. Another potential explanation 

might be that alcohol use preceeded, and might be implicated in, both the TBI and the 

cocaine use. However, the alcohol use in the COCTBI subjects might not have a major 

effect, as discussed above.

The screening process for research studies carried out by our research group includes two 

levels of screening. There is an initial phone screen to determine whether subjects meet 

general inclusion and exclusion criteria. Subjects that appear to meet these criteria are 

invited for an in-person interview, which includes physical examination, structured clinical 

interview for DSM disorders (SCID), and blood work. Exact numbers of subjects excluded 

at each step of the process are not available. However, approximately half of phone-screened 

subjects are scheduled for an interview, and approximately half of the subjects who are 

interviewed ultimately undergo scanning. Thus, the results of the present study are not 

characteristic of all cocaine-dependent subjects. In fact, the imaging findings are likely to be 

more pronounced in cocaine-dependent subjects in general, since subjects with a history of 

severe head trauma or neurologic findings on physical exam were excluded from this study 

prior to scanning.

Small sample size was a significant limitation of this study and may account for the lack of 

differences seen between the COCTBI and COC groups. Lifetime alcohol use has not been 

included in the DTI analysis as covariate because lifetime alcohol use could not qualify as a 

meaningful covariate according to Miller and Chapman (2001) and Pocock et al. (2002). 
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This is also a major limitation of the present study. Another limitation is the lack of control 

subjects with TBI. Cocaine dependence (or mTBI) related WM impairments in the CC were 

not detectable in this small subject sample. The finding that the COCTBI group had 

significantly lower FA in the CC than the CTL group suggests that the concurrence of 

cocaine dependence and mTBI might result in more severe damage to the CC, which could 

even be detected in small sample size. These findings were from a preliminary study with 

small sample size, and one should be cautious when generalizing these findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We tested white matter impairment in cocaine-dependent subjects (CDs).

• We conducted diffusion tensor imaging Tract-Based Spatial Statistics (TBSS) 

analysis.

• CDs with mild traumatic brain injury (mTBI), CDs without mTBI, and controls 

were compared.

• CDs with mTBI had lower fractional anisotropy (FA) on corpus callosum (CC) 

than controls.

• The concurrence of cocaine dependence and mTBI might result in more severe 

damage to the CC.
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Figure 1. 
White matter brain regions showing significant (1-tail, FWE corrected P<0.025) group 

difference in FA as revealed by the TBSS randomise analysis. The white matter regions in 

which the COCTBI group had significantly lower (1-tail, FWE corrected P<0.025) FA than 

the CTL group is shown in red color (without controlling the education) or blue color 

(controlling the education). The background is an MNI brain template image which is 

available in the MRIcron software (http://www.mccauslandcenter.sc.edu/mricro/mricron/). 

The number above each slice indicates slice location (mm) of the MNI y coordinate. 

Negative (positive) y indicates left (right) hand side of brain.
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Figure 2. 
The mean and standard deviation (across subjects) of mean (across voxels) FA on the three 

CC regions (overlapped between TBSS results controlling the education and those without 

controlling the education) showing significant group difference (COCTBI < CTL), for the 

three subject groups. Error bar represents standard deviation.
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Table 1

Times of head injury, the longest period of time that the subject was knocked out or confused, year of TBI, 

and year of lifetime cocaine use, for all COCTBI subjects.

Subject # Number of head
trauma instances

Longest period
of time

Years since TBI Years of cocaine
use

1 4 < 30 min 0.2 11

2 1 NP 19 15

3 1 NP 28 10

4 2 30 min – 1 day 33 8

5 6 30 min – 1day 26 15

6 1 < 30 min NP NP

7 1 < 30 min 27 8

8 1 30 min – 1 day 29 25

9 1 NP 31 25

NP=Not provided by the subject.
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Table 2

Demographic, and lifetime alcohol use (kg) of the subjects in the three groups.

Parameter COCTBI (n=9) COC (n=12) CTL (n=12)

Age (years) 41.5 ± 5.3 (35.9 – 52.1) 41.4 ± 6.0 (33.1 – 54.8) 41.0 ± 6.0 (35.5 – 55.0)

Sex 1 F, 8 M 2 F, 10 M 2 F, 10 M

Race 4 AA, 4 C, 1 H 6 AA, 6 C 9 AA, 2 C, 1 A

Education (years) 13.7 ± 2.4 (9 – 16) 12.2 ± 1.3 (11 – 14) 14.9 ± 2.8 (11 – 18)

Lifetime alcohol use (kg) 135.6 ± 141.7 (0 – 310.6) 263.5 ± 320.2 (8.1 – 1130.0) 11.1 ± 15.7 (0 – 40.6)

Alcohol diagnosis 1 PA, 8 N 4 PD, 2 PA, 1 CA, 5 N 12 N

F=female, M=male, AA=American African, C=Caucasian, H=Hispanic, A=Asian, PA=past alcohol abuse, PD=past alcohol dependence, 
CA=current alcohol abuse, and N=none.
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