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Abstract

Approximately half of those infected with the human immunodeficiency virus (HIV) exhibit
cognitive impairment, which has been related to cerebral white matter damage. Despite the
effectiveness of antiretroviral treatment, cognitive impairment remains common even in
individuals with undetectable viral loads. One explanation for this may be subtherapeutic
concentrations of some antiretrovirals in the central nervous system (CNS). We utilized diffusion
tensor imaging and a comprehensive neuropsychological evaluation to investigate the relationship
of white matter integrity to cognitive impairment and antiretroviral treatment variables.
Participants included 39 HIV-infected individuals (49% with acquired immunodeficiency
syndrome [AIDS]; mean CD4=529) and 25 seronegative subjects. Diffusion tensor imaging
indices were mapped onto a common whole-brain white matter tract skeleton, allowing between-
subject voxelwise comparisons. The total HIV-infected group exhibited abnormal white matter in
the internal capsule, inferior longitudinal fasciculus, and optic radiation; whereas those with AIDS
exhibited more widespread damage, including in the internal capsule and the corpus callosum.
Cognitive impairment in the HIV-infected group was related to white matter injury in the internal
capsule, corpus callosum, and superior longitudinal fasciculus. White matter injury was not found
to be associated with HIV viral load or estimated CNS penetration of antiretrovirals. Diffusion
tensor imaging was useful in identifying changes in white matter tracts associated with more
advanced HIV infection. Relationships between diffusion alterations in specific white matter tracts
and cognitive impairment support the potential utility of diffusion tensor imaging in examining the
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anatomical underpinnings of HIV-related cognitive impairment. The study also confirms that CNS
injury is evident in persons infected with HIV despite effective antiretroviral treatment.
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diffusion tensor imaging; HIV dementia; neuropsychological assessment

Results

Although combination antiretroviral (ARV) treatment has markedly reduced human
immunodeficiency virus (HIV)-associated mortality, comparable gains may not have been
attained in reducing neurological complications (Tozzi et al, 2007; Sevigny et al, 2007).
Despite a decline in the incidence of HIV-associated dementia, milder forms of HIV-
associated neurocognitive disorder (HAND) remain prevalent (Brew, 2004; Antinori et al,
2007). The neurobiological underpinnings of HAND remain incompletely understood.
Pathological studies have demonstrated preferential damage to cerebral white matter (Bell,
1998). Structural magnetic resonance imaging (MRI) studies have reported diffuse cerebral
atrophy and white matter and basal ganglia abnormalities (Stout et al, 1998), whereas
magnetic resonance (MR) spectroscopy studies have indicated neuronal injury and glial
activation in white matter regions (Chang et al, 2002).

Diffusion tensor imaging (DTI) permits examination of white matter injury via two common
indices, fractional anisotropy (FA), which reflects the orientation specificity of water
diffusion, and mean diffusivity (MD), which reflects the degree of water diffusion within an
imaging voxel (Parker, 2004). DTI studies in HIV have reported white matter injury (i.e.,
decreased FA or increased MD) in the subcortical white matter, particularly of the frontal
lobes, the genu and splenium of the corpus callosum, and the internal capsule (Filippi et al,
1998; Pomara et al, 2001; Thurnher et al, 2005; Wu et al, 2006; Pfefferbaum, et al 2007;
Chang et al, 2008).

We adopted a novel DTI data analysis approach, which focuses on large white matter tracts
of the whole brain in a voxelwise manner, which is particularly suited for examining the
diffuse white matter injury related to HIV. The unique spatial registration algorithm also
facilitates comparison between healthy and atrophied brains secondary to pathological
processes such as HIV infection. Specifically, we examined the relationship of DTI indices
to presence of HIV infection, ARV experience, and global neurocognitive impairment in
those with HIV. We hypothesized that (1) HIV infection would be related to white matter
injury, and more white matter injury would be observed in individuals with acquired
immunodeficiency syndrome (AIDS); (2) among HIV-infected persons, better ARV
response in the central nervous system (CNS), measured by cerebrospinal fluid (CSF) viral
load, would be associated with less white matter injury; (3) ARV treatment containing drugs
with better CNS penetration would be related to decreased white matter injury; and (4)
neurocognitive impairment would be related to more white matter injury.

All group comparisons were matched for age, gender, ethnicity (i.e., proportion of
Caucasians), and level of education, P>.05. The findings below are summarized in Table 1.

HIV infection

Two primary group comparisons were performed to examine the effect of HIV infection
(HIV-seronegative comparison subjects (SC) versus all individuals with HIV infection (HIV
+) participants) and the effect of disease stage (medically asymptomatic HIV+ participants
versus those with AIDS). Accordingly, a-level for these comparisons was set at .025. FA
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was found to be significantly higher in SC than HIV+ in the right posterior limb of the
internal capsule, the right inferior longitudinal fasciculus, and the right optic radiation,
N=64, P<.025. No significant differences were found in MD of SC and HIV+, although
trends towards higher MD in HIVV+ were apparent in the right posterior limb of the internal
capsule, and the right optic radiation, N= 51, P=.064.

No significant differences in FA were found between medically asymptomatic HIV+
participants and those with AIDS, N=39, P>.05. However, significantly increased MD in the
AIDS group was apparent in the bilateral posterior corona radiata, the bilateral optic
radiation, the bilateral superior longitudinal fasciculus, the genu and splenium of the corpus
callosum, the left anterior and bilateral posterior limbs of the internal capsule, and the
bilateral inferior longitudinal fasciculus, N=39, P<.025.

Additional follow-up analyses comparing SC and HIV+ participants with AIDS showed
AlIDS-associated FA decrease in the right optic radiation, the right posterior limb of the
internal capsule, and the right inferior longitudinal fasciculus, N=44, P<.025. Significantly
increased MD in the AIDS group was apparent in the bilateral corona radiata, the right optic
radiation, the bilateral superior longitudinal fasciculus, the genu, body, and splenium of the
corpus callosum, the bilateral anterior and posterior limbs of the internal capsule, and the
right inferior longitudinal fasciculus, N=31, P< .05 (Figure 1).

No significant diffusion differences were found between SC and medically asymptomatic
HIV+, N=45 (FA) and 32 (MD), P>.05.

ARV treatment effectiveness

Two analyses were performed to evaluate the relationship between ARV treatment
effectiveness and white matter injury. First, HIV+ participants with detectable CSF HIV
RNA were compared with those with undetectable CSF HIV RNA. No significant group
differences were found, N=31, P>.05. Additionally, in the nine individuals who had
detectable CSF HIV RNA, we correlated this marker variable with FA and MD, after
covarying for nadir CD4 level. Similarly, no significant relationships were found between
these variables, N=9, P>.05, regardless of whether nadir CD4 was used as a covariate.

CNS penetration of ARV regimens

We correlated CNS penetration scores of HIV+ participants with FA and MD, after
covarying for nadir CD4 level. No significant relationships were found between these
variables, N=32, P>.05, regardless of whether nadir CD4 was used as a covariate.

Neurocognitive impairment

To examine the relationship between white matter injury and neurocognitive impairment in
HIV-infected individuals, FA and MD were compared between HIV+ participants with and
without neurocognitive impairment. The two groups are comparable regarding proportions
with AIDS, ¥2(1, N=38)=.04, P>.05. Neurocognitively impaired individuals exhibited
significantly decreased FA in the genu and body of the corpus callosum, N= 38, P>.05, and
significantly increased MD in the right corona radiata, the right optic radiation, the right
posterior internal capsule, and the genu, body, and splenium of the corpus callosum, N=38,
P< .05 (Figure 2). Follow-up analyses were performed to examine the relationship between
the degree of neurocognitive impairment reflected by the Global Deficit Score (GDS), and
DTI indices averaged across regions where significant differences were found between the
two groups. Average MD in these regions was found to be significantly related to GDS,
r(36)=.37, P<.05, whereas average FA showed a trend toward significant relationship,
r(36)=.29, P=.077.
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Discussion

DTI as implemented here appears to be sensitive to HIV-related microstructural white
matter abnormalities in the overall HIVV+ group, consisting of individuals both with and
without AIDS. However, the most robust differences were noted in those with AIDS. These
include MD and FA changes in the internal capsule, inferior longitudinal fasciculus, and
optic radiation. Differences in MD (but not FA) suggested that there may also be injury to
the corpus callosum, superior longitudinal fasciculus, and corona radiata.

Diffuse cerebral white matter damage is a hallmark pathological feature of HIV encephalitis.
The changes to the corpus callosum apparent here are consistent with neuropathologic
reports of heavy histological labeling of HIV DNA and RNA in the corpus callosum in HIV
encephalitis (Gosztonyi et al, 1994), as well as callosal thinning on anatomical MRI
(Thompson et al, 2006). Histopathological data also indicate increased presence of HIV in
the internal capsule (Gosztonyi et al, 1994). More specifically, the demonstrated preferential
injury to the posterior limb of the internal capsule has been previously reported in another
DTI study (Pomara et al, 2001). Using the current voxelwise data analysis approach, we also
found significant results in the superior/inferior longitudinal fasciculi, the optic radiation,
and the corona radiata, which have not been previously reported in the absence of secondary
conditions. Such widespread findings are consistent with a previous DTI study of HIV
utilizing a voxelwise approach (Stebbins et al, 2007). Apparent white matter injury to these
regions may therefore reflect the diffuse white matter pathology associated with progression
to AIDS.

The lack of association between diffusion alterations and the ARV treatment variables—i.e.,
virus suppression in the CSF, and degree of CNS penetration of ARV regimens—was
contrary to expectation. This is notable in light of previously reported associations between
elevated CSF viral load and subsequent development of HIV-associated dementia (HAD)
(Ellis et al, 2002), and between ARV regimens with good CNS penetration and improved
cognitive performance (Letendre et al, 2004). The current results should be interpreted in the
context of notable limitations of our study. First, only nine HIV-infected participants (23%)
had detectable CSF viral load, suggesting possible statistical power limitation in the analyses
involving the variable. Second, the implication of these results may be limited by the cross-
sectional and uncontrolled design of our study. Important variables such as durations of HIV
disease and ARV treatment, and history of ARV regimens and treatment adherence, may be
confounded with CD4 and viral load variables. This may be addressed longitudinally in
future studies, i.e., by examining changes over time of DTI indices in the context of CSF
viral load and estimated ARV CNS penetration. It is also possible, however, that the current
DTI implementation is not adequately sensitive to detect the hypothesized relationships. We
are not aware of other published studies examining diffusion alterations in the context of
these treatment variables, and this remains an issue that requires further investigation.

Finally, we also found significant association between diffusion alterations and the presence
of neurocognitive impairment in HIV-infected individuals. In impaired individuals, white
matter injury indicated by increased MD was apparent in the genu, body, and splenium of
the corpus callosum, the posterior limb of the internal capsule, the corona radiata, and the
optic radiation, whereas voxels with decreased FA were limited to the genu and body of the
corpus callosum. As noted above, callosal damage has been observed in HIV infection.
Although frank disconnection symptoms have not been associated with HIV infection,
general cognitive impairment with motor dysfunction has been reported in individuals who
exhibited callosal thinning on MRI examinations (Thompson et al, 2006). Abnormal FA and
MD in the corpus callosum have also been associated with increased dementia severity and
decreased motor speed (Wu et al, 2006), and increased global cognitive deficit (Chang et al,
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2008). In addition, in a simian model of AIDS, motor impairment was associated with
axonal injury in the corpus callosum, indicated by accumulation of B-amyloid precursor
protein (Weed et al, 2003).

Damage to the posterior limb of the internal capsule would be consistent with the motor
deficits commonly observed in HIV-related cognitive disorders, though the current study
provides no specific evidence for this association. We further conducted a preliminary
analysis of the relationship between diffusion alteration and fine motor performance.
Although this failed to yield significant results, we believe that future studies specifically
designed to address this issue are warranted. The additional novel findings in the corona
radiata and the optic radiation, again, have not been previously reported, and may reflect the
diffuse nature of HIV-related white matter pathology.

HIV-related neuronal injury is generally believed to be secondary to neurotoxic cascades
associated with the virus itself or infection/activation of other CNS cell types. Such injury
typically occurs without substantial neuronal loss and may help explain the relative
sensitivity of MD to HIV-related white matter injury. Increased extracellular space due to
atrophied neurons would be consistent with a general increase in water diffusivity (i.e.,
MD). Diffusion anisotropy (i.e., FA), however, may be more associated with frank axonal or
neuronal loss, which may be less evident in HIV infection, except in late stage disease. If
this is correct, it is possible that the significant AIDS-related FA alterations found here in
the optic radiation, the posterior internal capsule, and the inferior longitudinal fasciculus
may reflect a distinctive nature of white matter injury in these regions. The same may apply
to the relative sensitivity of FA to white matter injury in the anterior corpus callosum in
individuals with cognitive impairment.

This study provides evidence that injury to white matter tracts can be demonstrated in HIV
infected individuals receiving ARV treatment. The relationship between DTI indices and
neurocognitive impairment suggests that such white matter changes may have clinical
significance. Longitudinal investigations are needed to determine whether long-term
successful viral suppression relates to improvement in these indices of white matter injury.

Participants included 39 individuals with HIV+ and 25 SC subjects. HIV infection was
verified by enzyme-linked immunosorbent assay (ELISA) and Western blot confirmatory
test. Half of the HIV+ group (49%, N=19) met the AIDS diagnosis according to the Centers
for Disease Control and Prevention (CDC) 1993 criteria (CDC, 1992). HIV+ participants
were recruited as part of the CNS HIV Anti-Retroviral Therapy Effects Research
(CHARTER) and other cohort studies at the University of California, San Diego, HIV
Neurobehavioral Research Center.

Plasma was available for 38 (97%) and CSF was available for 31 participants (79%). Most
HIV+ participants (82%, N=32) reported current ARV use. Twenty-two participants had
undetectable CSF HIVV RNA levels (<50 copies/ml). Nine participants had detectable values
ranging in logqg from 2.42 to 3.79 (M=3.06, SD=0.46).

HIV-seronegative control (SC) participants were from healthy control cohorts from a study
of HIV infection (N=12), and a study of alcoholism (N= 13). SC and HIV+ participants were
comparable demographically (Table 2).

J Neurovirol. Author manuscript; available in PMC 2011 March 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gongvatana et al.

Page 6

Participants were excluded for history of (1) head injury with loss of consciousness >10
minutes; (2) neurological or psychiatric illness that would impact cognitive functioning; (3)
substance use disorder (except marijuana) within the past 6 months.

CNS penetration of ARV drugs

ARV treatment information was obtained through written questionnaire and clinician
interview. The degree of CNS penetration of ARV regimens was quantified by assigning a
value of 0, 0.5, or 1 to each drug based on published data on CSF concentrations and/or
chemical properties. The ranks for all drugs in a regimen were summed to estimate
penetration and effectiveness in the CNS (Letendre et al, 2008). In this cohort, penetration
scores for the 32 ARV-treated individuals ranged from 0.5 to 3.5 (M=1.72, SD=0.91).

Neurocognitive evaluation

Thirty-eight HIV+ participants received comprehensive neurocognitive evaluation
examining seven cognitive domains most implicated in HIV (Rippeth et al, 2004): speed of
information processing, learning, delayed recall, executive functions, verbal fluency,
working memory, and motor skills.

A statistically derived summary score, the GDS was used to represent the severity of
neurocognitive impairment (Heaton et al, 1995). GDS values range from 0 (normal) to 5
(severely impaired). Prior research supports the construct validity of the GDS in HIV (Carey
et al, 2004), for which a cutpoint of 0.5 demonstrates optimal classification accuracy for
identifying global cognitive impairment. Using the recommended GDS cutpoint, we
observed a 26% (N=10) prevalence of neurocognitive impairment in this cohort, in which
GDS values ranged from 0 to 3.47 (M=0.39, SD=.63).

DTI data acquisition and processing protocols

All neuroimaging was performed on one GE Echospeed LX 1.5-T imager at the VA San
Diego Healthcare System. DTI for HIV+ and 12 SC participants were performed with a
single-shot spiral spin-echo acquisition with TE=120 ms, TR=6000 ms, FOV=250 mm, slice
thickness=3.9 mm, image matrix=64x64, and b-value=2416 s/mm2. Diffusion-weighted
images were acquired in 42 diffusion directions, in addition to a T2-weighted image with no
diffusion encoding (Frank, 2001). Images were derived by averaging four identical
acquisitions. For 13 SC participants, data were collected with the same parameters except
for 'gE=100 ms, TR=6000 ms, FOV=240 mm, slice thickness=3.8 mm, and b-value=1745 s/
mm=.

We utilized a voxelwise data-processing method, which focuses on whole-brain large white
matter tracts. FA and MD were calculated using nonlinear estimation of the diffusion tensor
model with the 3dDWItoDT program of the AFNI package (Cox, 1996) based on standard
formulas (Parker, 2004). White matter tract maps were generated with the Tract-Based
Spatial Statistics (TBSS) tool from the FMRIB Software Library (FSL; Smith et al, 2004).
The process involved nonlinear registration of each participant’s FA images to a study-
specific template, before affine transformation to MNI152 space. All images were then
averaged to create a representative FA image from which a white matter tract skeleton was
generated. The skeleton was mapped onto individual participants’ FA images via a spatial
searching algorithm. This processing approach thus minimizes the necessity of nonlinear
registration with higher degrees of freedom, which typically introduces significant distortion
to images and limits comparability between subjects with healthy and significantly atrophied
brains such as typically found in advanced HIV disease. The previous processing steps
yielded identical skeletons for all participants, with voxel values representing white matter
tract centers, allowing between-subject voxel-by-voxel comparisons without additional

J Neurovirol. Author manuscript; available in PMC 2011 March 29.
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spatial registration. The spatial mapping results were also used to map MD images to the
skeleton (Smith et al, 2006).

White matter tracts were identified using human brain atlases (Woolsey et al, 2002; Mori et
al, 2005). Subregions of the corpus callosum were defined by dividing the anterior-to-

posterior length at mid-line into four equal sections. The anterior quarter was designated as
the genu, the middle quarters as the callosal body, and the posterior quarter as the splenium.

Statistical analysis

Voxelwise statistical analyses inherently involve a large number of comparisons. Parametric
statistical techniques are commonly used to control for type I error in such analyses,
especially in studies utilizing voxel-based morphometry. Valid application of such approach,
however, requires gaussian distribution of image data. Such a requirement is not met in the
case of the current study due to processing steps involving nonlinear image registration and
the lack of spatial smoothing. We therefore utilized a nonparametric permutation-based
approach with suprathreshold cluster test. This involved creating a sampling distribution of
the t-statistic based on a large number of random permutations of the data. The t-statistic
image was then thresholded at a predetermined level, and the cluster sizes of supra-threshold
voxels were nonparametrically tested. The critical cluster size was the aN+1 highest ranked
member of the distribution (a=type I error level, N=number of permutations) (Nichols and
Holmes, 2002). All permutation-based analyses were performed using the randomise
program of the FSL package, with 5000 permutations to construct the sampling distribution,
and a threshold t-value of 2.

Thirteen SC participants received a slightly different DTI protocol than the others. Because
FA values are normalized to a common metric, all SC were treated as equivalent (both
protocols had identical resolution, and comparable echo times). A permutation-based test
confirmed that the two SC groups were comparable in FA, N=25, P>.1. MD values,
however, are not normalized. Thus, significant differences in MD between the SC groups
were found in the majority of skeleton voxels, N=25, P< .01. These 13 participants were
therefore excluded from statistical analyses involving MD.

References

Antinori A, Arendt G, Becker JT, Brew BJ, Byrd DA, Cherner M, Clifford DB, Cinque P, Epstein LG,
Goodkin K, Gisslen M, Grant I, Heaton RK, Joseph J, Marder K, Marra CM, McArthur JC, Nunn
M, Price RW, Pulliam L, Robertson KR, Sacktor N, Valcour VV, Wojna VE. Updated research
nosology for HIV-associated neurocognitive disorders. Neurology. 2007; 69:1789-1799. [PubMed:
17914061]

Bell JE. The neuropathology of adult HIV infection. Rev Neurol (Paris). 1998; 154:816-829.
[PubMed: 9932303]

Brew BJ. Evidence for a change in AIDS dementia complex in the era of highly active antiretroviral
therapy and the possibility of new forms of AIDS dementia complex. AIDS. 2004; 18:S75-S78.
[PubMed: 15075501]

Carey CL, Woods SP, Gonzalez R, Conover E, Marcotte TD, Grant I, Heaton RK. the HNRC Group.
Predictive validity of global deficit scores in detecting neuropsychological impairment in HIV
infection. J Clin Exp Neuropsychol. 2004; 26:307-319. [PubMed: 15512922]

Centers for Disease Control and Prevention. 1993 revised classification system for HIV infection and
expanded surveillance case definition for AIDS among adolescents and adults. MMWR Recomm
Rep. 1992; 41:1-19.

Chang L, Ernst T, Witt MD, Ames N, Gaiefsky M, Miller E. Relationships among brain metabolites,
cognitive function, and viral loads in antiretroviral-naive HIV patients. Neuroimage. 2002;
17:1638-1648. [PubMed: 12414302]

J Neurovirol. Author manuscript; available in PMC 2011 March 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gongvatana et al.

Page 8

Chang L, Wong V, Nakama H, Watters M, Ramones D, Miller EN, Cloak C, Ernst T. Greater than
age-related changes in brain diffusion of HIV patients after 1 year. J Neuroimmune Pharmacol.
2008; 3:265-274. [PubMed: 18709469]
Cox RW. AFNI: software for analysis and visualization of functional magnetic resonance
neuroimages. Comput Biomed Res. 1996; 29:162-173. [PubMed: 8812068]
Ellis RJ, Moore DJ, Childers ME, Letendre S, McCutchan JA, Wolfson T, Spector SA, Hsia K, Heaton
RK, Grant I. Progression to neuropsychological impairment in human immunodeficiency virus
infection predicted by elevated cerebrospinal fluid levels of human immunodeficiency virus RNA.
Arch Neurol. 2002; 59:923-928. [PubMed: 12056927]
Filippi CG, Sze G, Farber SJ, Shahmanesh M, Selwyn PA. Regression of HIV encephalopathy and
basal ganglia signal intensity abnormality at MR imaging in patients with AIDS after the initiation
of protease inhibitor therapy. Radiology. 1998; 206:491-498. [PubMed: 9457204]

Frank LR. Anisotropy in high angular resolution diffusion-weighted MRI. Magn Reson Med. 2001;
45:935-939. [PubMed: 11378869]

Gosztonyi G, Artigas J, Lamperth L, Webster HD. Human immunodeficiency virus (HIV) distribution
in HIV encephalitis: study of 19 cases with combined use of in situ hybridization and
immunocytochemistry. J Neuropathol Exp Neurol. 1994; 53:521-534. [PubMed: 8083694]

Heaton RK, Grant I, Butters N, White DA, Kirson D, Atkinson JH, McCutchan JA, Taylor MJ, Kelly
MD, Ellis RJ, Wolfson T, Velin R, Marcotte TD, Hesselink JR, Jernigan TL, Chandler J, Wallace
M, Abramson I. the HNRC Group. The HNRC 500—neuropsychology of HIV infection at
different disease stages. HIV Neurobehavioral Research Center. J Int Neuropsychol Soc. 1995;
1:231-251. [PubMed: 9375218]

Kretschmann HJ. Localisation of the corticospinal fibres in the internal capsule in man. J Anat. 1988;
160:219-225. [PubMed: 3253257]

Letendre S, Marquie-Beck J, Capparelli E, Best B, Clifford D, Collier AC, Gelman BB, McArthur JC,
McCutchan JA, Morgello S, Simpson D, Grant I, Ellis RJ. Group CHARTER. Validation of the
CNS penetration-effectiveness rank for quantifying antiretroviral penetration into the central
nervous system. Arch Neurol. 2008; 65:65-70. [PubMed: 18195140]

Letendre SL, McCutchan JA, Childers ME, Woods SP, Lazzaretto D, Heaton RK, Grant I, Ellis RJ,
Group HNRC. Enhancing antiretroviral therapy for human immunodeficiency virus cognitive
disorders. Ann Neurol. 2004; 56:416-423. [PubMed: 15349869]

Mori, S.; Wakana, S.; Nagae-Poetscher, LM.; van Zijl, PCM. MRI atlas of human white matter.
Elsevier; Boston: 2005.

Nichols TE, Holmes AP. Nonparametric permutation tests for functional neuroimaging: a primer with
examples. Hum Brain Mapp. 2002; 15:1-25. [PubMed: 11747097]

Parker GJ. Analysis of MR diffusion weighted images. Br J Radiol. 2004; 77:S176-S185. [PubMed:
15677359]

Pfefferbaum A, Rosenbloom MJ, Adalsteinsson E, Sullivan EV. Diffusion tensor imaging with
quantitative fibre tracking in HIV infection and alcoholism comorbidity: synergistic white matter
damage. Brain. 2007; 130:48-64. [PubMed: 16959813]

Pomara N, Crandall DT, Choi SJ, Johnson G, Lim KO. White matter abnormalities in HIV-1 infection:
a diffusion tensor imaging study. Psychiatry Res. 2001; 106:15-24. [PubMed: 11231096]

Rippeth JD, Heaton RK, Carey CL, Marcotte TD, Moore DJ, Gonzalez R, Wolfson T, Grant I. the
HNRC Group. Methamphetamine dependence increases risk of neuropsychological impairment in
HIV infected persons. J Int Neuropsychol Soc. 2004; 10:1-14. [PubMed: 14751002]

Sevigny JJ, Albert SM, McDermott MP, Schifitto G, McArthur JC, Sacktor N, Conant K, Selnes OA,
Stern Y, McClernon DR, Palumbo D, Kieburtz K, Riggs G, Cohen B, Marder K, Epstein LG. An
evaluation of neurocognitive status and markers of immune activation as predictors of time to
death in advanced HIV infection. Arch Neurol. 2007; 64:97-102. [PubMed: 17210815]

Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE, Watkins KE,
Ciccarelli O, Cader MZ, Matthews PM, Behrens TE. Tract-based spatial statistics: voxelwise
analysis of multi-subject diffusion data. Neuroimage. 2006; 31:1487-1505. [PubMed: 16624579]

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, Johansen-Berg H, Bannister PR,
De Luca M, Drobnjak I, Flitney DE, Niazy RK, Saunders J, Vickers J, Zhang Y, De Stefano N,

J Neurovirol. Author manuscript; available in PMC 2011 March 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gongvatana et al.

Appendix

Page 9

Brady JM, Matthews PM. Advances in functional and structural MR image analysis and
implementation as FSL. Neuroimage. 2004; 23:5208-S219. [PubMed: 15501092]

Stebbins GT, Smith CA, Bartt RE, Kessler HA, Adeyemi OM, Martin E, Cox JL, Bammer R, Moseley
ME. HIV-associated alterations in normal-appearing white matter: a voxel-wise diffusion tensor
imaging study. J Acquir Immune Defic Syndr. 2007; 46:564-573. [PubMed: 18193498]

Stout JC, Ellis RJ, Jernigan TL, Archibald SL, Abramson I, Wolfson T, McCutchan JA, Wallace MR,
Atkinson JH, Grant I. Progressive cerebral volume loss in human immunodeficiency virus
infection: a longitudinal volumetric magnetic resonance imaging study. HIV Neurobehavioral
Research Center Group. Arch Neurol. 1998; 55:161-168. [PubMed: 9482357]

Thompson PM, Dutton RA, Hayashi KM, Lu A, Lee SE, Lee JY, Lopez OL, Aizenstein HJ, Toga AW,
Becker JT. 3D mapping of ventricular and corpus callosum abnormalities in HIV/AIDS.
Neuroimage. 2006; 31:12-23. [PubMed: 16427319]

Thurnher MM, Castillo M, Stadler A, Rieger A, Schmid B, Sundgren PC. Diffusion-tensor MR
imaging of the brain in human immunodeficiency virus-positive patients. AINR Am J
Neuroradiol. 2005; 26:2275-2281. [PubMed: 16219833]

Tozzi V, Balestra P, Bellagamba R, Corpolongo A, Salvatori MF, Visco-Comandini U, lassi C,
Giulianelli M, Galgani S, Antinori A, Narciso P. Persistence of neuropsychologic deficits despite
long-term highly active antiretroviral therapy in patients with HIV-related neurocognitive
impairment: prevalence and risk factors. J Acquir Immune Defic Syndr. 2007; 45:174-182.
[PubMed: 17356465]

Tredici G, Pizzini G, Bogliun G, Tagliabue M. The site of motor corticospinal fibres in the internal
capsule of man. A computerised tomographic study of restricted lesions. J Anat. 1982; 134:199-
208. [PubMed: 7076549]

Weed MR, Hienz RD, Brady JV, Adams RJ, Mankowski JL, Clements JE, Zink MC. Central nervous
system correlates of behavioral deficits following simian immunodeficiency virus infection. J
NeuroVirol. 2003; 9:452-464. [PubMed: 12907390]

Woolsey, TA.; Hanaway, J.; Gado, MH. The brain atlas: a visual guide to the human central nervous
system. 2. Hoboken, NJ: Wiley; 2002.

Wu'Y, Storey P, Cohen BA, Epstein LG, Edelman RR, Ragin AB. Diffusion alterations in corpus
callosum of patients with HIV. AINR Am J Neuroradiol. 2006; 27:656-660. [PubMed: 16552012]

The CNS HIV Anti-Retroviral Therapy Effects Research (CHARTER) is supported by
award NO1MH22005 from the NIH. The CHARTER group is affiliated with the Johns
Hopkins University, Mount Sinai School of Medicine, University of California, San Diego,
University of Texas, Galveston, University of Washington, Seattle, Washington University,
St. Louis, and is headquartered at the University of California, San Diego, and includes
Director: Igor Grant, MD; Co-Directors: J. Allen McCutchan, MD, Ronald J. Ellis, MD,
PhD, Thomas D. Marcotte, PhD; Center Manager: Donald Franklin, Jr; Neuromedical
Component: Ronald J. Ellis, MD, PhD (P.1.), J. Allen McCutchan, MD, Terry Alexander,
RN; Laboratory, Pharmacology and Immunology Component: Scott Letendre, MD (P.1.),
Edmund Capparelli, PharmD, Janis Durelle; Neurobehavioral Component: Robert K.
Heaton, PhD (P.1.), J. Hampton Atkinson, MD, Steven Paul Woods, PsyD, Matthew
Dawson; Virology Component: Joseph K. Wong, MD (P.1.), Caroline Ignacio; Imaging
Component: Terry Jernigan, PhD (Co-P.1.), Michael J. Taylor, PhD (Co-P.l.), Rebecca
Theilmann, PhD; Data Management Unit: Anthony C. Gamst, PhD (P.1.), Clint Cushman;
Statistics Unit: lan Abramson, PhD (P.l.), Chris Ake, PhD, Deborah Lazzaretto, MS;
Protocol Coordinating Component: Thomas D. Marcotte, PhD (P.1.), Rodney von Jaeger,
MPH; Johns Hopkins University Site: Justin McArthur (P.1.); Mount Sinai School of
Medicine Site: Susan Morgello, MD (Co-P.1.) and David Simpson, MD (Co-P.1.); University
of California, San Diego, Site: J. Allen McCutchan, MD (P.1.); University of Washington,
Seattle, Site: Ann Collier, MD (Co-P.1.) and Christina Marra, MD (Co-P.l.); University of

J Neurovirol. Author manuscript; available in PMC 2011 March 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gongvatana et al.

Page 10

Texas, Galveston, Site: Benjamin Gelman, MD, PhD (P.1.); and Washington University, St.
Louis, Site: David Clifford, MD (P.l.), Muhammad Al-Lozi, MD.

The research described was also supported by NIH grants P30MH62512, ROIMH64729,
RO1MH73419, ROIMH75870, R24MH59745, and the Alcohol Abuse and
Neuropsychological Impairment study at the VA San Diego Healthcare System. The views
expressed in this article are those of the authors and do not reflect the official policy or
position of the Department of Defense or the United States Government. The authors extend
their gratitude to Dr. Susan Tapert for her advice, to Jennifer Marquie-Beck for her help
regarding lab results, and to Dexter Walpole for his assistance in data collection and
preparation.

Statistical analysis conducted by A.G. and B.C.S.

J Neurovirol. Author manuscript; available in PMC 2011 March 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gongvatana et al. Page 11

Figure 1.

Sample consecutive 5-mm slices showing voxels with significantly increased MD (blue) in
HIV+ participants with AIDS relative to seronegative participants, overlaid on white matter
tract skeleton (green), and averaged FA image (grayscale).
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Figure 2.

Sample consecutive 5-mm slices showing voxels with significantly increased MD (blue) in
neurocognitively impaired relative to unimpaired HIV+ participants, overlaid on white
matter tract skeleton (green), and averaged FA image (grayscale).
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