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Abstract

This study investigated the association of HIV infection and cocaine dependence with cerebral
white matter integrity using diffusion tensor imaging (DTI). 135 participants stratified by HIV and
cocaine status (26 HIV+/COC+, 37 HIV+/COC-, 37 HIV-/COC+, and 35 HIV-/COC-)
completed a comprehensive substance abuse assessment, neuropsychological testing, and MRI
with DTI. Among HIV+ participants, all were receiving HIV care and 46% had an AIDS
diagnosis. All COC+ participants were current users and met criteria for cocaine use disorder. We
used tract-based spatial statistics (TBSS) to assess the relation of HIV and cocaine to fractional
anisotropy (FA) and mean diffusivity (MD). In whole-brain analyses, HIVV+ participants had
significantly reduced FA and increased MD compared to HI\V- participants. The relation of HIV
and FA was widespread throughout the brain, whereas the HIV-related MD effects were restricted
to the corpus callosum and thalamus. There were no significant cocaine or HIV-by-cocaine effects.
These DTI metrics correlated significantly with duration of HIV disease, nadir CD4+ cell count,
and AIDS diagnosis, as well as some measures of neuropsychological functioning. These results
suggest that HIV is related to white matter integrity throughout the brain, and that HIV-related
effects are more pronounced with increasing duration of infection and greater immune
compromise. We found no evidence for independent effects of cocaine dependence on white
matter integrity, and cocaine dependence did not appear to exacerbate the effects of HIV.
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Introduction

It is well established that HIV attacks the central nervous system through several indirect
mechanisms (Navia et a/, 1986; Valcour ef a/, 2011). Early in the course of infection, HIV
can infect monocytes and cross the blood-brain barrier, initiating an inflammatory cascade
that involves perivascular macrophages, microglia, and astrocytes, eventually leading to
pathogenesis (Lindl ef a/, 2010). HIV can also trigger axonal degeneration and neuronal loss
by shedding neurotoxic viral proteins such as gp120 and Tat (Mocchetti ef a/, 2014). Even in
the era of combination antiretroviral therapy, HIVV-associated neurocognitive impairments
are common (Spudich, 2013). For example, a multi-site study of >1500 HIV-infected
persons in the United States reported a 52% prevalence of neurocognitive impairment
(Heaton et af, 2010). Neurocognitive impairment is most prevalent among those with
advanced HIV disease, but high rates of mild impairment are present at all disease stages
(Dawes et al, 2008; Heaton ef a/, 2010).

Diffusion tensor imaging (DTI) is a non-invasive neuroimaging technique used to examine
white matter integrity by sensitizing the MRI signal to the diffusion of water molecules
within the brain (Johansen-Berg and Behrens, 2013; Le Bihan and Johansen-Berg, 2012).
Physiologically, DTI metrics are influenced by the degree of myelination, microstructural
features such as fiber diameter and density, and macrostructural features such as intravoxel
fiber-tract coherence. The most commonly reported metrics are fractional anisotropy (FA), a
normalized scalar value between 0 (perfectly isotropic) and 1 (perfectly anisotropic), and
mean diffusivity (MD), the average diffusion in all directions. Typically, reduced FA and
increased MD indicate compromised white matter integrity (Chanraud et a/, 2010; Madden
et al, 2012a) and are strongly associated with neurocognitive deficits (Bosch ef a/, 2012;
Madden et a/, 2012b; Schouten et a/, 2011).

Previous DTI studies have found fairly broad effects of HIV throughout the brain. The
majority reported significantly reduced FA and/or elevated MD among HIV-infected
compared to HIV-uninfected persons in the corpus callosum (Chang et a/, 2008; Chen et al,
2009; Du et al, 2012; Hoare et al, 2011; Miller-Oehring et a/, 2010; Pfefferbaum et a/, 2009;
Thurnher et al, 2005; Wang et al, 2016; Wright et af, 2015; Wu et al, 2006; Zhu et al, 2013).
This is likely symptomatic of a general decline in white matter integrity, as FA reduction
and/or MD elevation among HIV-infected persons have also been reported in several other
regions, including the cingulate cortex, frontal, parietal, temporal, and occipital white matter
(Chang et al, 2008; Chen et al, 2009; Pomara et al, 2001; Zhu et a/, 2013). However, the role
of common co-morbidities in exacerbating these effects has not been adequately examined.

An important comorbidity is the abuse of stimulant drugs such as cocaine, which is
disproportionately prevalent among HIV-infected persons in high-income countries (Bing et
al, 2001; Garin Escriva et al, 2014; Mimiaga et al, 2013; Pence et al, 2008; Siconolfi et al,
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2013). In a recent study of >3,000 patients receiving HIV care in four American cities, 8.5%
reported crack-cocaine use in the past 3 months (Mimiaga et a/, 2013). Both /n vitroand in
vivo studies have shown that cocaine has numerous neurotoxic effects. Cocaine can disrupt
the blood-brain barrier, increase HIV replication in monocytic cells, macrophages, and
astrocytes, and upregulate dendritic proteins implicated in the facilitation of HIV infection,
and it can potentiate the effects of HIV-associated proteins through increased glial activation,
oxidative stress, and neurotoxicity (Gandhi et a/, 2010; Gaskill et a/, 2009; Nath, 2010;
Purohit ef af/, 2011). A recent meta-analysis concluded that cocaine users perform worse than
controls on a range of neuropsychological tests (Spronk et a/, 2013). Moreover, prior studies
have demonstrated that chronic cocaine use is associated with greater neurocognitive
impairment in HIV-infected persons (Meade et a/, 2011; Meade et al, 2015; Nath et al,
2001). DTI studies provide preliminary evidence that chronic cocaine use is associated with
reduced FA, particularly in the corpus callosum and frontal and parietal lobes, but cocaine
does not appear to affect MD (Kelly et a/, 2011; Lane et al, 2010; Lim et a/, 2002; Lim et al,
2008; Ma et al, 2009; Ma et al, 2015; Moeller et al, 2005; Moeller et al, 2007; Romero et al,
2010). A recent study compared HIV-infected stimulant users to healthy controls and found
white matter deficits in four fronto-temporal white matter tracts (Tang et a/, 2015). However,
without comparison groups, it is not possible to determine the unique effects of stimulant
abuse versus HIV infection. While it is well established that cocaine affects HIV
neuropathology, it is not known if cocaine accelerates damage to white matter in the context
of HIV infection.

The current study used DTI to elucidate the independent and interactive effects of HIV and
cocaine on white matter in the brain, and to examine the association between white matter
integrity and neurocognitive impairment. Specifically, we compared DTI metrics (FA and
MD) across four groups of adults stratified by HIV and cocaine status. Based on existing
literature, we hypothesized that HIV would have broad independent effects on white matter
integrity, and that co-occurring HIV and cocaine would increase the brain’s vulnerability to
degeneration, particularly in FA in the corpus callosum. We expected that impaired white
matter integrity — as potentially driven both by HIV status and by cocaine use — would be
associated with greater neurocognitive impairment.

Data was collected from 135 individuals as part of two neuroimaging studies examining the
effects of HIV infection and cocaine dependence. There were 4 groups: HIV-positive
cocaine users (HIV+/COC+), HIV-positive non-cocaine users (HIV+/COC-), HIV-negative
cocaine users (HIV-/COC+), and HIV-negative non-cocaine users (HIV-/COC-). All HIV+
participants were engaged in HIV care for >3 months. For HIV- individuals, an OraQuick©
rapid HIV test confirmed HIV status. The COC+ groups met the following criteria: =4 days
of past-month cocaine use or cocaine-positive urinalysis, =1 year of regular cocaine use, and
lifetime cocaine dependence. Current alcohol and marijuana dependence were permitted if
cocaine dependence was the principal diagnosis. The COC- groups met the following
criteria: no lifetime cocaine use disorder, no history of regular cocaine use, 0 days of cocaine
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use in the past year, and cocaine-negative urinalysis. Past alcohol and marijuana dependence
in full sustained remission were permitted. In all groups, alcohol, marijuana, and nicotine
use were permitted. For all other drugs, individuals were excluded for lifetime dependence,
history of regular use, and/or a positive drug screen (except for prescribed medications).
Additional exclusion criteria were: English non-fluency or illiteracy; <8t grade education;
severe learning disability with functional impairment; serious neurological disorders; acute
opportunistic brain infections or a history of such infections without return to normal
cognition; severe head trauma with loss of consciousness >30 minutes and persistent
functional decline; indicators of severe mental illness; and impaired mental status. These
exclusions are consistent with current guidelines for classifying contributing or confounding
conditions to HIV-associated neurocognitive disorders (Antinori ef a/, 2007). In addition,
participants could have no MRI contraindications.

Participants were recruited from the Raleigh-Durham area between October 2011 and May
2015 via advertisements in local newspapers and websites, flyers and brochures at
community-based organizations and infectious diseases clinics, and participant referrals.
After a telephone screen, interested individuals completed a comprehensive in-person
screening that included assessment of psychiatric, substance abuse, and medical histories
and urine drug and pregnancy testing, as described previously (Meade ef a/, 2015).
Participants also provided a release of information for research staff to obtain their medical
record and abstract HIV clinical variables, including years since HIV diagnosis, most recent
and nadir CD4 cell count, most recent HIV viral load, and history of an AIDS diagnosis.
Eligible participants returned to complete a neurobehavioral assessment and an MRI brain
scan. Study procedures were approved by the institutional review boards at Duke University
Health System and University of North Carolina at Chapel Hill.

Neurobehavioral assessment

Neurocognitive functioning was assessed across seven domains: processing speed (Trail
Making Test Part A (Reitan and Wolfson, 1993)), verbal learning (Hopkins Verbal Learning
Test — Revised, HVLT-R, immediate trials (Brandt and Benedict, 2001)), verbal memory
(HVLT-R delayed trial (Brandt and Benedict, 2001)), executive functioning (Stroop Color
and Word Test interference score (Golden, 1978); Trail Making Test Part B (Reitan and
Wolfson, 1993)), verbal fluency (FAS letter fluency and category fluency (Benton et a/,
1983)), working memory (Paced Auditory Serial Addition Task- 50 or 100 (Diehr et al,
2003); NAB Digits Forward/Digits Backward Test (Stern and White, 2009)), and motor
functioning (Grooved Pegboard Test dominant and non-dominant (Klove, 1963)). Raw
scores were converted to standardized T-scores using up-to-date published norms. Domain
scores were computed by taking the mean T-scores of the tests comprising each respective
domain.

MRI data acquisition

All scans were performed using a 3T GE scanner with an 8-channel head coil. DTI images
were acquired in the axial plane using a single shot spin-echo diffusion sensitized EPI
sequence (30 directions, 2mm3, flip angle 90°, FOV= 25.6 cm, matrix= 128x128,
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interleaved slices of 2.0 mm thickness). Additional parameters differed slightly between
protocol 1 (b-value= 0 and 900 s/mm?2, TR/TE= 10,000/79.4ms, 73 slices) and protocol 2 (b-
value= 0 and 800 s/mm?, TR/TE= 8,000/81.4ms, 67 slices). All groups were represented in
protocol 1 (n=68; 13 HIV+/COC+, 19 HIV+/COC-, 18 HIV-/COC+, and 18 HIV-/COC-)
and protocol 2 (n=67; 13 HIV+/COC+, 18 HIV+/COC-, 19 HIV-/COC+, and 17 HIV
—-/COC-), with no significant difference across protocols on the proportion in each study
[X2(3)2.075, p=.995]. Protocol was controlled for in all group comparisons.

DTI data processing and analysis

After an initial visual check of each diffusion weighted image, one participant was excluded
due to incomplete spatial coverage. Each participant’s diffusion weighted image was run
through the DTIPrep pipeline, which includes image dimension checking, slice-wise
checking, interlace-wise checking, baseline averaging, gradient-wise checking, head motion
correction, and eddy current correction (Oguz et a/, 2014). Images from three participants
were excluded because of motion-related artifacts. An additional visual check confirmed
uniform distribution of the remaining gradient directions.

All data were processed using FMRIB Software Library (FSL) (Smith et a/, 2004). First, text
files containing gradient directions and b-values were extracted for each corrected image.
Then, a binary brain mask was created for the data using the Brain Extraction Tool (BET)
with a threshold of 0.3 (Smith, 2002). Finally, the corrected diffusion weighted image, BET
binary brain mask, gradient directions, and b-values were input into DTIFIT Reconstruct
Diffusion Tensors, creating a separate image for each diffusion tensor for each participant.

Voxelwise statistical analysis of FA and MD data was carried out using TBSS in FSL (Smith
et al, 2006). To remove likely outliers from the diffusion tensor fitting, FA images were
slightly eroded and end slices zeroed. Nonlinear registration was run on all participants’ FA
data, aligning them to a 1Imm3 standard space (FMRIB58_FA standard-space target image).
The target image and all participants’ FA images were transformed into MNI152 standard-
space. A mean FA skeleton was produced, and each participant’s aligned FA data was
projected onto this skeleton. Next, the FA nonlinear registration was applied to each
participants’ MD data, which was then merged into a 4D file and projected onto the original
mean FA skeleton, resulting in 4D projected MD data. FSL’s GLM was used to create a two-
factor design modelling the main effects of HIV and cocaine with age, gender, education,
and protocol added as covariates. This design was then tested using FMRIB Randomise, a
statistical approach that corrects for multiple comparisons using permutation testing
(Nichols and Holmes, 2002). We used 10,000 permutations with threshold-free cluster
enhancement to estimate the null distribution.

Whole-brain values were extracted in MNI152 standard space using the mean FA mask. To
quantify more specific effects of HIV and cocaine, mean FA and MD values for each region
were obtained using region-of-interest (ROI) masks created in FSLView using the MNI
structural atlas (9 anatomical structural regions) and the JHU ICBM-DTI-81 white matter
labels atlas (3 sections of the corpus callosum) (Grabner et a/, 2006; Mori et al, 2008). Each
mask was binarized and then multiplied by the mean FA skeleton mask to create
skeletonized ROI masks for each region. These masks were then multiplied by each
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participant’s mean FA or MD data in MNI152 standard-space, producing mean FA and MD
values within each ROI. For ease of interpretation, left and right masks were combined for
bilaterally defined regions.

Statistical Analyses

Results

Descriptive statistics were used to characterize the sample. Group differences on
demographic and HIV characteristics were examined using one-way analyses of variance
(ANQOVA), chi-square, and independent samples t-tests. Group differences on whole-brain
and ROI measures of FA and MD were examined using 2 (HIV+/HIV-) x 2 (COC+/COC-)
between-subjects general linear model analyses. Age (in years), gender (male/female),
education (in years), and DTI acquisition protocol were covaried in all group comparisons.
To examine the impact of clinical measures within HIV+ participants, whole-brain FA and
MD were correlated with current and nadir CD4 cell count and duration of HIV (years since
HIV diagnosis) using Pearson correlations, and were compared between participants with
and without an AIDS diagnosis and current unsuppressed HIV viral load (=50 copies/mL)
using t-tests. Nadir CD4 cell counts were square-root transformed to improve normality.
Finally, domain T-scores were correlated with whole-brain FA and MD in the full sample.
All of these analyses were conducted using SPSS 22.0.

Sample characteristics

The final sample included 135 adults. Table 1 summarizes the sample characteristics across
the study groups. Overall, the majority of participants identified as male (67%) and African-
American (81%). They ranged in age from 22 to 55 years (M= 43.52, SD= 8.40), and most
(90%) had at least a high school education. There were significant group differences in age
and education, with COC+ participants being older [t(133)= 3.03, p=.003] and having fewer
years of education [t(133)= 3.44, p=.001] than COC- participants, but there were no other
demographic differences between groups.

Cocaine users reported using cocaine for an average of 17.19 years (SD= 7.81), and they had
used on an average of 10.29 days (SD = 7.89) out of the past 30. All HIV+ participants were
receiving HIV care and were on antiretroviral medications. Compared to COC- participants,
COC+ participants had been diagnosed with HIV for longer, were more likely to have an
AIDS diagnosis, and had a lower nadir CD4 cell count. Among cocaine users, there were no
group differences in cocaine use characteristics between HIV+ and HIVV- participants.

Group comparisons on DTI metrics

Compared to HIV- participants, HIV+ participants had widespread white matter
abnormalities, with significantly reduced FA and elevated MD in the whole-brain analyses
that controlled for multiple comparisons. Figure 1 illustrates the tracts in which differences
were observed. Table 2 shows the FA and MD values for each of the 4 groups and presents
the results of the ANCOVAs. For FA, the main effects of HIV were widespread, with
significant group differences in all segments of the corpus callosum and all anatomical
regions except the striatum (caudate and putamen). For MD, the HIV effects were restricted
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to the body and genu of the corpus callosum and the thalamus. While there were no
significant main effects of cocaine or a HIV-by-cocaine interaction effect, the HIV+/COC+
group had the lowest FA and highest MD values of the study groups.

Since the HIVV+/COC+ group had greater systemic HIV disease, we conducted a post-hoc
ANCOVA among the HIV+ participants. After controlling for nadir CD4 cell count (in
addition to other covariates), there was still no significant effect of cocaine on whole-brain
FA or MD.

Associations between DTI metrics and clinical measures

As shown in Figure 2, whole-brain FA was negatively correlated with years since HIV
diagnosis and nadir CD4 cell count, and it was significantly lower among those with an
AIDS diagnosis. MD was positively correlated with years since HIV diagnosis and
negatively correlated with nadir CD4 cell count. There was no relationship between DTI
metrics and current viral load or CD4 cell count. For neurocognitive functioning, whole-
brain FA was positively correlated with executive functioning (r=.202, p=.019), and MD
was negatively correlated with motor functioning (r= —.200, p=.020). However, neither of
these correlations remained significant after correcting for multiple comparisons to account
for the number of cognitive domains examined.

Discussion

This is the first DTI study to examine the role of cocaine dependence on white matter
integrity in the context of HIV infection. Our results contribute to a growing body of
research demonstrating that HIV is associated with compromised white matter integrity
throughout the brain (Bing et a/, 2001; Chang et a/, 2008; Chen et a/, 2009; Du et al, 2012,;
Hoare et al, 2011; Miiller-Oehring et a/, 2010; Pfefferbaum et a/, 2009; Pomara et al, 2001;
Thurnher et al, 2005; Wright et al, 2015; Wu et al, 2006; Zhu et al, 2013). Specifically, HIV
was associated with widespread decreases in FA, but more regionally specific increases in
MD within the corpus callosum and thalamus. In contrast, we found no support for our
hypothesis that cocaine dependence exacerbates the effects of HIV on white matter integrity.
Lastly, while DTI metrics were associated with neurocognitive functioning in the expected
direction, these correlations were small.

Among HIV+ participants, we found that a lower nadir CD4 count and longer duration of
HIV infection were associated with compromised white matter integrity. Multiple studies
have now reported that nadir CD4 cell count and an AIDS diagnosis are strong predictors of
HIV-associated neurocognitive impairment (Ellis et a/, 2011; Heaton et a/, 2010; Munoz-
Moreno et al, 2008; Pfefferbaum et a/, 2009; Valcour et a/, 2006), and advanced HIV disease
progression has also been correlated with white matter degradation in some studies (Cohen
et al, 2010; Hua et al, 2013; Jernigan et al, 2011; Wright et al, 2015; Zhu et al, 2013). In
contrast, current markers of HIV systemic disease were not related to white matter integrity,
suggesting that a history of severe immune suppression may underlie white matter
compromise rather than current disease status. The data suggest that HIV may disrupt the
spatial structure (axonal orientation) of the white matter tracts throughout the brain, but
HIV-associated increases in diffusivity are more localized. While the precise biological
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mechanism underlying these differences is unknown, they may be explained by increased
blood-brain barrier permeability, neuro-inflammatory cascades, and subsequent neural
damage in HIV (Gray et a/, 1996). Together, these findings support the conclusion that
advanced immunosuppression in HIV can lead to irreversible neural injury.

Our primary finding is that the observed associations between white matter integrity and
HIV infection were comparable among individuals with and without cocaine dependence.
Given evidence that cocaine users have reduced FA in parts of the corpus callosum and
frontal and parietal regions (Lane et a/, 2010; Lim et a/, 2002; Lim et a/, 2008; Ma et al,
2009; Ma et al, 2015; Moeller et al, 2005; Moeller et al, 2007; Romero et al, 2010), we
expected that HIV-positive persons would be vulnerable to additional white matter
alterations in the face of chronic cocaine exposure. Prior studies have yielded inconsistencies
in terms of which regions are affected by cocaine, possibly due to small sample sizes and
varied analytic strategies (Lane et af, 2010; Lim et al, 2002; Lim et al, 2008; Ma et al, 2009;
Ma et al, 2015; Moeller et al, 2005; Moeller et al, 2007; Romero et a/, 2010), and at least
one study has reported no effects (Kelly et a/, 2011). Since our study was powered to detect
medium effects, it is possible that we missed cocaine effects if they were small. However,
with 63 cocaine users and 72 non-cocaine users, this is among the largest DT studies to
examine the effects of cocaine. Furthermore, we defined our groups to isolate the effects of
cocaine: all of the cocaine users met diagnostic criteria for cocaine use disorder with cocaine
as their primary drug of abuse, most had used cocaine regularly for many years, and — with
the exception of alcohol, marijuana, and nicotine — they could not be using other substances.
Several of the prior studies that found cocaine effects on white matter integrity permitted
other drug use, including opiate and sedative use disorders, in their cocaine-using groups
(Lane et al, 2010; Lim et al, 2002; Lim et al, 2008; Ma et al, 2009; Moeller et al/, 2005;
Moeller et al, 2007). A recent study found that FA reduction correlated negatively with
number of substances used (Kaag et a/, 2016). Thus, it is possible that prior findings
reflected the broader effects of poly-substance use on white matter, rather than the specific
effects of cocaine. Finally, our analyses controlled for sociodemographic factors like
education, which tend to be lower in chronic cocaine users. These factors have not been
consistently controlled for in prior analyses, despite having important effects on brain
structure (Gianaros ef a/, 2013; Leonard et al, 2015; Noble et al, 2012; Noble et a/, 2013).

The present study has several important strengths, including a robust sample size, a case-
controlled design, and fairly well-matched comparison groups. However, there are also
several limitations that warrant discussion. First, despite our attempts to match the groups,
the HIV+ participants were older and had fewer years of education. To address this potential
confound, both factors were controlled for in all analyses. In addition, cocaine users had
been diagnosed with HIV for longer, were more likely to have an AIDS diagnosis, and had a
lower nadir CD4 cell count, but this is expected to have contributed to cocaine effects, which
we did not observe. More importantly, results did not change when we controlled for these
HIV clinical variables in a post-hoc analysis among the HIVV+ group. Lastly, the cross-
sectional design prevents us from making inferences about causation. Future studies should
examine these effects longitudinally.
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Conclusion

In sum, our results suggest that cocaine dependence is not associated with greater white
matter degradation among HIV-infected persons. While we did not detect a deleterious effect
of cocaine on white matter, cocaine has been associated with a host of adverse health
outcomes in HIV-infected persons, including faster HIV disease progression and higher
AIDS-related mortality (Baum et a/, 2009; Cook et al, 2008; Rafie et a/, 2010). Indeed, the
cocaine users in this sample had evidence of greater systemic HIV disease, including a lower
nadir CD4 count, which was independently associated with compromised white matter
integrity. Thus, cocaine users are at high risk for HIV-associated alterations in white matter
integrity, independent of the impact of substance abuse on neurocognitive functioning. This
study underscores the important of linking and retaining drug users in HIV care to improve
overall health, including the prevention of neurological disease.
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Fig. 1. Main effects of HIV on FA and MD
Radiological presentation of regions with significantly lower FA (top row) and higher MD

(bottom row) in HIV-positive compared to. HIV-negative participants (p<.05). Green
represents the mean FA skeleton, red-yellow indicates regions with significantly lower FA,
and blue-light blue indicates regions with significantly higher MD. P-values associated with
each color range are shown to the right. Cocaine status, age, education, gender, and scanning
protocol were covaried
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Fig. 2. Associations between DT1 metrics and HIV characteristics
Comparison of whole brain FA and MD (mean + standard error) among HIV+ participants

with and without an AIDS diagnosis, and correlations between whole-brain FA/MD and
nadir CD4 cell count and duration of HIV infection. Note: nadir CD4 cell counts were
square-root transformed to improve normality
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