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ABSTRACT OF THE DISSERTATION

Microstructural White Matter Integrity in HIV-Infected Individuals
in the HAART Era: A Diffusion Tensor Imaging Study

by
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Professor Igor Grant, Chair

Approximately half of HIV-infected people exhibit cognitive impairment,

which has been related to cerebral white matter damage. Despite the effectiveness of

antiretroviral (ARV) treatment, cognitive impairment remains common even in

X



individuals with undetectable viral loads. One explanation for this may be
subtherapeutic concentrations of some ARVs in the CNS.

We utilized diffusion tensor imaging (DTI) to investigate the relationship of
white matter integrity to cognitive impairment and ARV treatment variables, including
CSF viral load and an index of the CNS penetration of ARVs. Participants included 39
HIV-infected (HIV+) individuals and 25 seronegative subjects. DTI indices were
mapped onto a common whole-brain white matter tract skeleton, allowing between-
subject voxelwise comparisons.

The total HIV+ group exhibited abnormal white matter in the internal capsule,
inferior longitudinal fasciculus, and optic radiation; while HIV+ with AIDS exhibited
more widespread damage, including in the internal capsule and the corpus callosum.
Cognitive impairment in HIV+ 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
ARVs.

DTI 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 DTI in
examining the anatomical underpinnings of HIV-related cognitive impairment. The
study also confirms that CNS injury is evident in persons infected with HIV despite

effective ARV treatment.



INTRODUCTION

HIV INFECTION

It is estimated that human immunodeficiency virus (HIV) has caused more
than 20 million deaths worldwide since 1981, with about 3 million occurring in 2004.
About 40 million people are currently living with the infection, while about 5 million
were newly infected in 2004. Lacking adequate access to effective treatment, it
appears that the developing world is disproportionately affected by the virus.
Estimated numbers at the end of 2004 indicate that North America accounted for about
2.5% (1 million cases) of infected cases worldwide, while Sub-Saharan Africa
accounted for about 64.5% (25.4 million) of infected cases, 63.3% (3.1 million) of
newly infected cases, and 74.2% (2.3 million) of deaths in that year (UNAIDS/WHO,
2004).

HIV is a retrovirus that produces progressive immunodeficiency, primarily
through profound CD4 depletion associated with a chronic immune activation and
fatigue of homeostatic immune responses (McArthur, Brew and Nath, 2005). Lacking
effective antiretroviral (ARV) treatment, most infected individuals progress over a
number of years to a life-threatening condition termed acquired immunodeficiency
syndrome (AIDS). The clinical diagnosis is defined by a decline in
immunocompetence reflected by CD4 level of fewer than 200 cells per cubic
millimeter of blood, and the presence of AIDS-associated opportunistic infections and

neoplasms.



HIV primarily infects a type of cells crucial for immune function known as
CD4+ helper T-cells. The virus enters into cells by way of the interaction between
viral gp120 molecules and the host cell CD4 receptor, resulting in a gp41-modulated
fusion into the host cell. The retroviral RNA is then converted into DNA in the host
cell, which is then replicated, enabling the spreading of infection to other cells. The
reverse transcriptase and protease enzymes are necessary components in the
replication process. The modulation of their activities forms the basis of the majority

of current ARV treatment of HIV.

ANTIRETROVIRAL THREAPY

Since the mid 1990’s, the use of potent combination ARV regimens has
resulted in dramatic changes in the course of illness in HIV-infected individuals.
Commonly referred to as highly active antiretroviral therapy (HAART), such
treatment regimens have the goals of lowering plasma viral RNA to an undetectable
level and restoring immune function as reflected by increasing CD4 level. Dramatic
reductions in plasma HIV RNA usually occur within weeks of starting HAART
regimens, while immunologic responses usually occur over a few months (McArthur
et al., 2003). A 60% decrease in mortality rate in the US from 1996 to 1998 was
attributed to the use of combination ARV regimens (Palella et al., 1998). The use of
HAART has also been associated with reduction in mother-infant HIV transmission

rates, decreased incidence of HIV-related complications, including those of the central



nervous system (CNS), and generally improved quality of life for infected individuals
(Sacktor et al., 2001).

Effective ARV treatment of HIV became available in 1987 with the
introduction of zidovudine, a nucleoside reverse transcriptase inhibitor (NRTI). This
class of drugs works by suppressing the viral replication by interfering with the
reverse transcriptase enzyme after intracellular phosphorylation. NRTIs also act as
chain terminators for viral DNA replication. In a double-blind placebo-controlled trial,
Schmitt et al. (1988) reported improved performance on a brief neuropsychological
battery, and reduced “intensity of symptomatic distress” in HIV-infected individuals
who received zidovudine. Another double-blind placebo-controlled clinical trial
(Sidtis et al., 1993) reported improved neuropsychological performance and reduced
neurological symptoms in individuals who received high doses of zidovudine. These
findings demonstrated the effectiveness of zidovudine, particularly on the CNS. Other
drugs in this class later introduced include abacavir, didanosine, emtricitabine,
lamivudine, stavudine, tenofovir, and zalcitabine.

Protease inhibitors were introduced in 1995. This class of drugs work by
inhibiting the functioning of the protease enzyme required in the process of viral
maturity before HIV can infect other cells. These drugs include amprenavir,
atazanavir, fosamprenavir, indinivir, lopinavir, nelfinivir, ritonavir, and saquinivir.
Non-nucleoside reverse transcriptase inhibitors (NNRTI), first approved for use in
1997, represent an additional class of ARV drugs. They act as non-competitive

inhibitors of reverse transcriptase at a site distinct from NRTIs, not requiring



phosphorylation for activity. Drugs in this class include delavirdine, efavirenz, and
nevirapine. An additional class of ARV drug works by preventing the fusion of HIV to
host cells by binding to the viral gp41 envelopes. Enfuvirtide is the only current FDA-
approved fusion inhibitor (Duffalo and James, 2003). Clinical trials of enfuvirtide
have shown improved immunologic function and reduced viral RNA associated with
twice daily subcutaneous injection (Barbaro et al., 2005; Oldfield et al., 2005).

The use of protease inhibitors and NNRTIs in combination with previously
introduced NRTIs marked the beginning of the so-called HAART era in the mid
1990’s. Potent ARV regimens consisting of 3 or more drugs have become the current
standard of care. Comparing the effects of a triple ARV therapy regimen and
alternating dual therapy regimens, Price et al. (1999) showed a higher survival rate and
better performances on a quantitative neurological battery in subjects who received a
3-drug regimen. Ferrando et al. (1998) demonstrated higher general
neuropsychological performances associated with lower plasma viral RNA in HIV-
infected individuals treated with protease inhibitor-containing HAART regimens.
Sacktor et al. (2000) reported improvement in psychomotor slowing in patients
initiating similar ARV regimens. In addition, Deutsch et al. (2001) compared the time
to initial incidence of cognitive impairment in individuals with AIDS in the pre- and
post-HAART era (using the end of 1995 as the cut-off period), and reported a reduced
hazard for AIDS-related cognitive impairment in post-HAART individuals.

The most recent guideline for treatment of HIV infection by the United States

Department of Health and Human Services (DHHS) was issued on October 10, 2006



(Panel on Antiretroviral Guidelines for Adults and Adolescents, 2006). Based on a
panel of expert and current scientific information, the guideline recommends ARV
therapy for all patients with AIDS-defining illnesses or severe symptoms of HIV
infection regardless of CD4 level. For asymptomatic patients, ARV therapy is
recommended for individuals whose CD4 levels are below 200 cells/mm3; and it is
recommended that treatment be considered for patients with CD4 levels between 200
and 350, and patients with CD4 levels higher than 350 but with plasma HIV RNA
higher than 100,000 copies/mm’. Table 1 shows treatment recommendations for ARV-
naive patients, with regimens constructed by choosing one component (NNRTI or
protease inhibitor) from columns A, and an NRTI combination from column B.
Despite the demonstrated efficacy of current ARV therapy, successful
treatment may be hindered by the complex medication regimens and numerous side
effects, which may in turn affect treatment adherence. In a study of ARV treatment
adherence, Paterson et al. (2000) showed that complete viral suppression occurred in
81% of subjects with adherence level of more than 95%, while only 6% of subjects
with less than 70% adherence showed complete viral suppression. This dramatic
difference was attributed partly to HIV drug resistance. Rapid replication of the virus
results in a high error rate of RNA to DNA transcription, which allows the genome to
readily mutate to drug-resistant forms. King et al. (2005) demonstrated that increased
probability of ARV resistance is associated with low treatment adherence. Other
factors that promote the development of drug-resistant strains of HIV include under-

dosing and pharmacokinetic interactions with other drugs (Condra et al., 2000). These



findings underline the importance of both careful monitoring by the physician, and

strict adherence by the patient.

CENTRAL NERVOUS SYSTEM EFFECTS

HIV-related neuropathology may result from direct effects of the virus on the
CNS characterized by HIV encephalitis (HIVE). CNS complications may also arise
from reactivated latent infections, or infections with organisms that normally are not
pathogenic to immunocompetent individuals. Common examples of these
opportunistic infections are cytomegalovirus, JC papovavirus, herpes simplex,
toxoplasmosis, and cryptococcosis (Marra, 1999). Additionally, AIDS-related
neoplasms, including primary CNS lymphomas, metastatic systemic lymphomas, and
Karposi’s sarcoma can also result in CNS damage.

From early in the HIV epidemic, it was apparent that the CNS is extensively
involved in the course of the disease progression (McArthur et al., 1993). In a review
of 390 AIDS autopsy cases, Masliah et al. (2000) found CNS complications, including
HIVE and opportunistic infections, in 63% of cases. These were second in frequency
only to complications of the lung, which occurred in 84% of cases. CNS
complications, especially in advanced disease, may lead to HIV-associated dementia
(HAD), a debilitating illness characterized by significant cognitive impairment usually
accompanied by motor symptoms. Neurological conditions, including HAD and
sensory neuropathy, have played major roles in AIDS-associated illnesses and

mortality. HAD has an estimated lifetime prevalence of 15% in infected individuals



(McArthur et al., 1993), and account for about 5% of new AIDS-defining illnesses in
the US (McArthur et al., 2003).

HIV-associated opportunistic infection can produce various effects on the
CNS, which are usually dependent on the location of infection, including cystic
lesions, meningitis, and encephalitis. In addition, JC papovavirus infection is
associated with progressive multifocal leukoencephalopathy, a condition characterized
by extensive and widespread white matter damage associated with infection of the
oligodendrocytes and failure of myelin maintenance (Marra, 1999). AIDS-related CNS
neoplasms are associated with focal neurological deficits, commonly in subcortical

white matter (Pfefferbaum, Rosenbloom and Sullivan, 2001).

NEUROPATHOGENESIS OF HIVE

Although neurological conditions are usually not apparent prior to the
development of systemic immunosuppression, especially associated with of AIDS,
converging evidence suggests that HIV enters the CNS shortly after the initial
infection, possibly around the time of seroconversion. For instance, meningitis and
meningo-encephalitis have been reported at the time of HIV seroconversion. HIV
antigens and antibodies have also been found in cerebrospinal fluid (CSF) during the
asymptomatic phase of HIV (Brew et al., 1989; Morris et al., 1998). In addition,
autopsy studies have found positive polymerase chain reaction (PCR) results for HIV
in brains of individuals in early/asymptomatic stages of the disease (Bell et al., 1993;

Sinclair et al., 1994).



The CNS is separated from the rest of the body by the blood-brain barrier
(BBB), which regulates the traffic of cells and substances form the bloodstream to the
CNS. The BBB is a selectively permeable, continuous cellular layer of brain
microvascular endothelial cells. HIV infection of cells within the brain provides
evidence of the virus’s ability to cross the BBB. At least 2 types of mechanisms of
HIV neuroinvasion have been proposed. Using in situ hybridization of a sheep-
specific lentivirus as a model for HIV, Peluso et al. (1985) and Haas (1986) proposed
a “Trojan Horse” mechanism, in which HIV enters the CNS as passengers in cells that
are trafficking to the brain, especially monocytes that migrate across the BBB to
replenish the population of perivascular macrophages. Supporting evidence for this
model includes findings of viral accumulation in the perivascular region CD14+ and
CD16+ cells (Fischer-Smith et al., 2004), the limited pathological evidence of
infection of endothelial cells consistent with their lack of conventional HIV receptors,
and the presence of activated bone-marrow-derived cells in individuals with advanced
illnesses (reviewed in Gonzalez-Scarano and Martin-Garcia, 2005). Alternatively,
using in vitro models, some investigators have proposed that HIV crosses the BBB
through the endothelial cells by transcytosis, a process of transporting across an
epithelium by uptake into and release from coated vesicles (Bomsel, 1997; Banks et
al., 2001, Liu et al., 2002).

Following its entry into the CNS, HIV comes in direct contact with several
types of cells. Although infections of astrocytes, oligodendrocytes, and neurons have

been reported, primary targets of HIV infection appear to be macrophages and



microglia. Microglia and macrophages are bone marrow-derived cells that function as
primary immunocompetent cells of the brain. Immunohistochemistry and in situ
hybridization studies have shown that perivascular macrophages represent the cell
population most infected by HIV (Williams et al., 2001; Fischer-Smith et al., 2004). In
vitro experiments have demonstrated that microglia isolated from the CNS can support
replication of HIV (Watkins et al., 1990; Strizki et al., 1996; Shieh et al., 1998).
Microglia also possess a high level of expression of the CD4 and HIV CCRS co-
receptors (Gonzalez-Scarano and Martin-Garcia, 2005). Conflicting opinions still exist
regarding whether microglia can be infected by HIV (Cosenza et al., 2002). However,
most investigators regard macrophages and microglia as the only types of cells
capable of supporting productive HIV infection in the CNS. Utilizing PCR/in situ
hybridization and immunocytochemistry, Takahashi et al. (1996) reported productive
HIV infection of macrophages and microglia focused within the perivascular region.
Additionally, using postmortem immunohistochemical methods, Kure et al. (1991)
and Brew et al. (1995) reported high levels of productive HIV infection involving
macrophages and microglia within the basal ganglia, subcortical white matter, and
brainstem.

Macrophages and microglia are also implicated in the formation of
multinucleated giant cells (MNGC), the presence of which is a hallmark pathological
feature of HIV encephalitis. MNGC’s are found particularly in the subcortical white
matter and the basal ganglia and are believed to represent the fusion of infected and

uninfected macrophages and/or microglia, mediated by HIV-envelope glycoproteins
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present at the surface of the infected cells and CD4 and chemokine receptors at the
surface of uninfected cells (Budka, 1986).

Astrocytes are responsible for maintaining homeostasis in the CNS, including
neurotransmitter regulation, and maintenance of the BBB through their interaction
with endothelial cells. Evidence for HIV infection of astrocytes has been reported
(Conant et al., 1994; Tornatore et al., 1994; Brack-Werner, 1999). In the absence of
detectable levels of CD4 or the main HIV co-receptors, however, the mechanism for
viral attachment to astrocytes remains unknown (Bell, 2004). More limited evidence
for HIV infection of neurons, oligodendrocytes, and endothelial cells also exists (Pang

et al., 1990).

POSTMORTEM FINDINGS

Postmortem studies of HIVE have commonly found general brain atrophy
associated with reduction in brain weight and ventricular dilation (Bell, 1998). Diffuse
cerebral white matter damage is one of the most frequent pathological features,
especially at later disease stages and in individuals presented with dementia (Price et
al., 1988; Gray et al., 1996). Studies have shown that white matter of the frontal lobes
and subcortical grey matter structures, notably the basal ganglia, appear to be
disproportionately affected (Navia et al., 1986; Neuen-Jacob et al., 1993). Autopsy
studies have also reported HIV-related brain abnormalities in the corpus callosum
(Neuen-Jacob et al., 1993); the pons (Miller et al., 1998), and the cerebellum (Tagliati

et al., 1998).
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Dendritic and synaptic damages appear to contribute to HIV-related brain
injury. Masliah et al. (1997) reported a negative correlation between dendritic
simplification, based on microtubule-associated protein 2 immunohistochemical
staining, and antemortem neuropsychological performance in AIDS patients with
varying degree of cognitive impairment. Utilizing a combination of stereology and
confocal microscopy, Everall et al. (1999) also found a reverse relationship between
synaptic density and ante-mortem neuropsychological performance in a similar
population. Evidence for myelin loss and axonal damage associated with HIV
infection has also been reported. HIVE has been associated with a widespread myelin
breakdown and loss, resulting in accumulation of lipid macrophage (Bell, 1998).
Axonal damage, as evidenced by immunopositivity for beta-ameloid precursor protein
in white matter, has been demonstrated both in pre-AIDS cases (An et al., 1997),
AIDS cases (Raja et al., 1997), and individuals with confirmed HIVE (Giometto et al.,
1997).

Based on postmortem findings of individuals with AIDS, it appears that brain
white matter plays a major role in HIV-related brain injury. This is further
demonstrated in a study by Bell et al. (1998) of 31 postmortem brains with HIVE, in
which more than 90% showed abnormalities in white matter of the frontal lobes, while
grey matter abnormities were evident in about 50%.

Postmortem studies have the advantage of being able to conclusively
characterize the etiology and anatomical location of CNS pathology. Its obvious

shortcoming, however, is in in vivo examination, which is especially important in
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understanding pathology at earlier stages of the disease. Postmortem studies are also
cross-sectional by nature, preventing the longitudinal tracking of neuropathological
changes. In addition, postmortem study samples may be selective for individuals with
high risk of morbidity, including those with comorbid conditions that may not
necessarily be identified, and individuals not responsive to ARV treatments. Results

from these studies, therefore, may not generalize to other HIV-infected individuals.

MAGNETIC RESONANCE NEUROIMAGING FINDINGS

Magnetic resonance imaging (MRI) presents in vivo techniques for examining
the HIV-infected brains, allowing the examination of pathology at earlier stages of the
disease. Repeated examinations also allow tracking of longitudinal changes. Currently
available MRI techniques can provide multiple types of information that yield
corroborating information for detecting, diagnosing, and monitoring HIV-related CNS
complications.

STRUCTURAL MRI.

General cerebral atrophy both from radiological and pathological
examinations, especially at later stages of the disease, has been a common clinical
observation from early in the HIV epidemic (Bell, 1998). Structural MRI (SMRI)
allows the characterization of cerebral atrophy and other abnormal structural changes
associated with HIV infection via both within- and between-subject comparisons.
SMRI studies can generally be divided into 2 categories. A number of studies,

especially earlier ones, utilize clinical evaluation for visually apparent neurological
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abnormalities. This methodology has been criticized for the possible differences
between the criteria used in each study to define abnormalities, which can prevent
direct between-study comparisons. Alternatively, brain morphology may be
quantitatively examined by utilizing high-resolution magnetic resonance (MR) images
to demarcate structures within the brain and estimate their volumes. Such technique
presents an objective way of characterizing abnormal brain structures.

Consistent with results from postmortem findings, abnormalities within the
basal ganglia and white matter have been extensively demonstrated in SMRI studies.
Generally utilizing clinical neuroradiological evaluation, earlier studies tended to
focus on individuals in later disease stages, especially those with AIDS. Post et al.
(1986) demonstrated the utility of SMRI in detecting AIDS-related structural brain
abnormalities, especially white matter lesions and small lesions surrounded by edema.
Grant et al. (1987) reported general atrophy and white matter hyperintensity both in
individuals with AIDS, and pre-AIDS individuals with AID-related illnesses. Similar
findings were reported by Olsen et al. (1988) and Flowers et al. (1990). Utilizing
quantitative volumetric examination of brain morphology, Jernigan et al. (1993)
reported a reduction in the volume of cerebral white matter and cerebral grey matter,
including the basal ganglia, in non-demented medically symptomatic HIV-infected
men.

Although some investigators (see Manji et al., 1994) have proposed that pre-
AIDS HIV-related neurological changes are not detectable by MRI, abnormal cerebral

structural changes have been reported in numerous MRI studies of individuals in
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earlier disease stages. Post et al. (1991) found cerebral atrophy and white matter
hyperintensities in both medically asymptomatic individuals (13% of cases) and
symptomatic individuals (46%). Di Sclafani et al. (1997) reported global atrophy and
atrophy of the caudate nuclei in both medically asymptomatic and symptomatic HIV
seropositive individuals, which were more pronounced in the latter group. In a
longitudinal study, Stout et al. (1998) reported progressive decline in white matter and
basal ganglia volumes and general cerebral atrophy in both medically asymptomatic
and symptomatic/AIDS individuals.

HIV-related cerebral atrophy in similar regions has also been related to
cognitive impairment, especially at later disease stages. Using ratio indices of cerebral
atrophy, Dal Pan et al. (1992), reported a general cerebral atrophy and atrophy of
caudate nuclei in HIV-infected individuals, which were more pronounced in those
with HAD. Using similar indices of cerebral atrophy in a 30-month longitudinal study,
Hall et al., (1996) reported a relationship between the decline in neuropsychological
performance and the presence of caudate atrophy, which was more pronounced in
individuals with AIDS than in asymptomatic individuals. Aylward et al. (1993)
reported a reduction in basal ganglia volume in individuals with HAD, in comparison
to non-demented HIV-infected individuals and healthy controls. The latter 2 groups,
however, were comparable regarding basal ganglia volume. Following up on the
previous study, Aylward et al. (1995) reported more pronounced white matter volume
loss, as well as less grey matter volume loss in the basal ganglia and posterior cortex,

in individuals with HAD than in non-demented individuals. Again, the differences
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between non-demented and healthy control individuals were not statistically
significant. In a longitudinal study, Pedersen et al. (1991) reported an associated
between the development of HAD and the presence of MRI white matter lesions.

Studies utilizing SMRI have demonstrated its ability in detecting HIV-related
brain abnormalities. These studies, however, tend to be labor intensive, especially
when volumetrically characterizing specific structures of interest. Additional, they
tend in general to be less sensitive in individuals at earlier disease stages. Magnetic
resonance spectroscopy (MRS) presents an additional MRI modality in examining the
HIV-infected brains.

PROTON MAGNETIC RESONANCE SPECTROSCOPY.

Proton MRS (referred to here as MRS) is an MR technique that allows the
quantitation of the concentrations of neurochemical compounds within regions of
interest (ROI) in the brain. Brain metabolites quantifiable by MRS that are of clinical
relevance include N-acetylaspartate (NAA), creatine (Cr), choline (Cho), and myo-
inosital (ml). Apart from water, the largest relevant proton signal detected by MRS is
NAA. NAA is found almost exclusively in neurons, and is generally considered a
measure of neuronal integrity. Since Cr signal tends to be relatively constant across
clinical populations, its concentration is often used as a reference for other signals for
the purpose of standardizing the concentration unit. The Cho signal is generated by
water-soluble Cho-containing compounds, including free Cho, phosphocholine, and
glycerophosphocholine. Cho concentration has been associated with cell membrane

synthesis and turnover, cellular density, and glial density, and usually increases with
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normal aging. ml is found in glial and not neurons, and is a component in the process
of cell volume maintenance. ml has been described as a glial marker, an intracellular
osmolyte, a precursor of myelin phosphatidyl inositol, a progenitor of the widespread
inositol polyphosphate messenger cascade, and the breakdown product of
phosphatidyl inositol. (See Pfefferbaum, Rosenbloom and Sullivan (2002) for a review
of relevant compounds associated with MRS.)

Consistent with postmortem and SMRI findings, HIV-related changes in the
CNS detected by MRS tend to focus in the white matter, especially in the frontal
lobes, and in subcortical grey matter structures, especially the basal ganglia. In one of
the first MRS studies of HIV, Menon et al. (1992) reported decreased NAA/Cr and
increased Cho/Cr ratios in individuals with “moderate to severe” HAD, in comparison
to those with “early HAD” and healthy controls. In 3 separate group comparisons,
Chong et al. (1994) reported decreased NAA/Cr ration in a parietooccipital white
matter ROI associated with 1) AIDS vs. non-AIDS clinical diagnosis, 2) HIV-
associated cognitive/motor complex vs. neurologically asymptomatic, and 3) those
with abnormal SMRI findings vs. otherwise. Meyerhoff et al. (1993) found reduced
NAA/Cr ratio in ROI’s in the white matter regions within the centrum semiovale and
the mesial cortex in cognitively impaired HIV-infected individuals, only 20% of
whom had apparent SMRI abnormalities.

The latter finding of abnormal MRS signals associated with normal SMRI
suggests that MRS may be a more sensitive technique in detecting HIV-associated

CNS complications. Other studies reviewed below have reported similar results. In
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addition, MRS appears to be more sensitive in detecting brain abnormalities in
neurologically asymptomatic individuals. Moller et al. (1999) found decreased
NAA/Cr and increased Cho/Cr ratios within the basal ganglia and the insula of HIV-
infected individuals, including those who were neurologically asymptomatic and/or
had no SMRI-indicated abnormalities. Suwanwelaa et al. (2000) reported decreased
NAA/Cr and NAA/Cho ratios in the centrum semiovale and the thalamus in
neurologically asymptomatic HIV-infected individuals.

Earlier findings cited above tended to use standardized ratio measures of brain
metabolite concentrations, with Cr as the reference. This practice, however, has been
criticized due to findings of fluctuation of Cr concentration in some clinical
populations (Pfefferbaum et al., 1999). By eliminating the possible statistical noise
due to the fluctuating standardization denominator (Cr), absolute measure of
metabolite concentrations may provide a more sensitive measure of brain
abnormalities. In general, more recent studies utilizing absolute measures have yielded
similar results. Chang et al. (1999) found increased NAA and decreased ml and Cho
concentrations in ROI’s within the frontal grey matter, frontal white matter, and basal
ganglia in individuals with HAD, while these changes were observed only in the
frontal white matter in individuals with cognitive impairment who did not meet
criteria for HAD. Stankoff et al. (2001) reported decreased NAA concentration in a
frontal white matter ROI in individuals with HIV-associated cognitive impairment.

Chang et al. (2002) found elevated ml and Cho levels and decreased Cr level in ROI’s
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in the frontal lobes, and decreased basal ganglia Cr in individuals with HAD. MRS
changes were related to the severity of dementia.

DIFFUSION TENSOR IMAGING.

Diffusion tensor imaging (DTI) presents an additional MRI modality for in
vivo examination of HIV-related brain abnormalities. Utilizing novel pulse sequences
in diffusion-weighted MRI, a technology routinely implemented in clinical MR
scanners, and diffusion tensor data analysis techniques, DTI allows the quantitation of
free water diffusion in the brain. The clinical utility of DTI is based on the fact that
water mobility is dependent on the surrounding tissues. Any deviation from the
typically assumed Gaussian distribution of unrestricted water can therefore be
attributed to water’s interactions with barriers such as cell membranes and organelles
(Horsfield and Jones, 2002).

Using a diffusion tensor, both the magnitude and directionality of water
diffusion can be quantified (Parker, 2004). These values can be expressed as
anisotropy, which is indicative of restricted water diffusion, typically in a regularly
organized region such as along an axonal fiber tract. A typical index of anisotropy is a
rotationally invariant scalar quantity referred to as fractional anisotropy (FA), scaled
to values between 0 and 1. Lower FA values reflect free water diffusion such as in
cerebrospinal fluid (CSF), and higher values reflect restricted diffusion such as within
the white matter tracts of the corpus callosum. Let A;, A», and A3 be the eigenvalues for

the diffusion tensor.
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=2 + (R = 2+ (B = 2)’

FA=
VAT + A+ A

An additional common measure of diffusion, referred to as mean diffusivity
(MD), reflects the mean square displacement of water. MD values, therefore, generally
are inversely related to FA, i.e., higher MD reflects unrestricted water movement, and

vice versa.

A+ A+ A,
3

MD =

Given DTI’s ability to quantify water diffusion within brain tissues,
microstructural neurological changes associated with clinical conditions may be
detected by characterization of water diffusion within the tissues of interest. DTI has
been demonstrated to be sensitive to white matter disruptions, including breakdown of
myelin, microtubule structure, and axon density (Sullivan and Pfefferbaum, 2003).
The utility of DTT in detecting neurological changes has been demonstrated in many
populations, including normal aging (Sullivan et al., 2001), multiple sclerosis (Miller
et al., 1998), stroke (Spielman et al., 1996), schizophrenia (Lim et al., 1999), and
chronic alcoholism (Pfefferbaum and Sullivan, 2002). In addition, a number of
investigators have utilized DTI to examine HIV-related changes in the brain.

Filippi et al. (2001) examined 10 HIV-infected individuals characterized on
plasma HIV RNA. The author reported no abnormalities apparent on SMRI, except for
“age-appropriate” atrophy (mean age = 42 years, age range was not reported). All

subjects were HAART-treated, while 4 were not on protease inhibitors. Elevated viral
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load was associated with decreased FA in the genu and splenium of the corpus
callosum, and increased MD in subcortical white matter.

Pomara et al. (2001) examined 6 HIV-infected individuals and 9 age-matched
seronegative controls. Four subjects met the criteria for AIDS, 3 had peripheral
neuropathy, and 5 subjects were receiving HAART. Average CD4 count was 289. No
group differences were apparent on qualitative reviews of white matter
hyperintensities. The authors reported decreased FA in frontal white matter and
internal capsules in the HIV-infected group. No group differences in MD were found.

Cloak, Chang and Ernst (2004) examined 11 seropositive individuals and 14
age-matched controls. All subjects were under 50 years of age, and were characterized
with proton MRS and a neuropsychological battery designed to assess brain functions
associated with the frontal lobe and/or the basal ganglia. Six of the seropositive
subjects were receiving HAART, while 5 were ARV-naive. Only MD was used in the
analysis. The authors reported that MD was elevated in the frontal white matter of
HIV+ subjects. Elevated frontal white matter MD was associated with elevated ml
concentration based on MRS in the same region, and lower composite cognitive
performance score.

Ragin et al. (2004a) examined 9 seropositive individuals and 9
demographically matched controls, using both DTT and magnetization transfer
imaging (MTTI). “Peak whole brain” DTI and MTI measures were used as response

variables. FA and MTI index were both significantly related to HIV serostatus and
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severity of HIV-associated dementia. MD was not found to be related to serostatus,
but was related to MTI index and psychomotor ability.

Ragin et al. (2004b) examined 6 HAART-treated advanced HIV seropositive
individuals and 8 demographically matched controls. CD4 counts for seropositive
subjects ranged from 10 to 187, while log; of plasma viral load ranged from 1.9 to
2.6. Seropositive subjects were also characterized on a dementia scale rating. The
authors used whole-brain FA as the dependent variable in the study. FA level was
found to be decreased in HIV-infected subjects, although no difference in MD was
reported. FA level was also found to be negatively correlated with dementia severity.

Ragin et al. (2005) examined 11 seropositive individuals and 11
demographically matched controls. All HIV+ individuals were ARV-experienced, and
had CD4 count ranging from 24 to 427, and plasma HIV RNA level from undetectable
to 154938. ROI’s were in the basal ganglia (caudate and putamen), and centrum
semiovale. The authors reported no main effects of HIV on FA or MD, although the
DTI indices were significantly correlated with deficits in working memory, verbal
memory, visual memory, and visuoconstruction ability. It should be noted that no type
I error control for multiple comparisons was attempted despite the 8 analyses
performed on neuropsychological variables for each of the two DTI indices, with
significant p’s ranging from .017 to .048.

Thurnher et al. (2005) examined 60 HIV seropositive individuals and 30
demographically matched controls. ROI’s were in the genu and splenium of the corpus

callosum, frontal white matter, and hippocampus. Significant main effects of HIV on
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FA and MD in the expected directions were reported only in the genu. This appears to
be the largest published study to date.

Ragin et al. (2006) examined 11 seropositive individuals who appear to be the
same HIV+ sample as reported in Ragin et al. (2005). The authors focused on the
relationships between DTI indices and biomarkers of HIV CNS disorders, namely
monocyte chemoattractant protein-1 (MCP-1), tumor necrosis factor oo (TNF-a), and
hematocrit. ROI’s were in the caudate, putamen, and centrum semiovale. Significant
relationships in the expected directions were found in the caudate (MD and MCP-1, p
=.007), putamen (MD and MCP-1, p =.05; FA and hematocrit, p = .05), and centrum
semiovale (MD and MCP-1, p =.03; FA and TNF-a, p =.03).

Wu et al. (2006) examined 11 seropositive individuals and 11 controls. The
sample appears to be the same as that reported in Ragin et al. (2005). ROI’s were in
the genu and splenium of the corpus callosum. Significant main effects of HIV on FA
and MD were reported in the splenium. DTI indices were also related to HI'V-related
dementia severity, and deficits in verbal memory, visual memory, and
visuoconstruction ability.

It therefore appears that HIV-related white matter abnormalities may be
demonstrated by DTI, as apparent by reduced FA and increased MD, especially in
later disease stages and in individuals with cognitive impairment. The findings in the
frontal lobes, basal ganglia, and corpus callosum also appear to be consistent with

those from autopsy studies and other neuroimaging studies.
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HIV-ASSOCIATED COGNITIVE IMPAIRMENT

HIV infection is frequently accompanied by cognitive and behavioral
complications, especially in later stages of illness (McArthur et al., 1993). The most
advanced form of these complications is referred to as HIV-associated dementia
(HAD). HAD is characterized by severe impairments in cognitive functioning with
marked interference in social-occupational performance, and is diagnosed following
marked neuropsychological impairment in multiple ability domains, as well as marked
interference in day-to-day functioning (Grant and Martin, 1994). HAD is a common
AIDS complication, and can present as the first or only manifestation of AIDS (Navia
and Price, 1987). HAD seldom develops before severe immunosuppression
accompanying advanced HIV infection. For instance, Miller et al. (2000) reported a
0.4% prevalence of HAD in medically asymptomatic HIV-infected individuals in a
pre-HAART cohort, while McArthur (1987) reported 16% prevalence among
symptomatic individuals. In an early cohort, the lifetime cumulative risk of a
seropositive individuals developing HAD was estimated to be 15-20% (McArthur et
al., 1993).

HAD usually presents as an insidious decline in cognitive and psychomotor
functioning, most notably reflected by psychomotor slowing, impaired concentration
and attention, memory disturbances, and executive dysfunction, usually accompanied
by changes in affect and social functioning (Navia et al., 1986; McArthur et al., 2003).
In addition, HAD has been associated with a verbal memory profile characterized by a

retrieval deficit, with relatively spared retention (White et al., 1997). Neurobehavioral
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disturbances commonly reported in HAD include bradyphrenia, bradykinesia,
extrapyramidal signs, and apathy (Grant et al., 1995). This neurobehavioral picture
appears to resemble those of conditions with subcortical neuropathology such as
Parkinson’s and Huntington’s diseases. Together with converging evidence from
neuropathological and neuroimaging studies, HAD has often been described as a
subcortical dementia associated with preferential disruption of the frontal-basal
ganglia systems.

In addition to HAD, a milder form of HIV-related neurobehavioral disorders
has been described. Minor cognitive motor disorder (MCMD) is diagnosed following
observed neuropsychological impairment in at least 2 ability domains, in addition to
disruption in everyday living, including work, home life, and social activities (Grant &
Martin, 1994). MCMD patients usually present with difficulty in concentrating,
unusual fatigability when required to engage in demanding mental tasks, and
subjective feelings of “slowing down” and forgetfulness. Prevalence rates of about
30% in symptomatic individuals have been reported (Janssen et al., 1989; Sacktor et
al., 2002). Diagnosis of MCMD has been associated with a worse prognosis for AIDS
(Sacktor et al., 1996), and subsequent detection of HIVE at autopsy (Cherner et al.,
2002). Despite the similarity in their clinical presentations, MCMD only occasionally
progresses to HAD, and it remains unclear whether they represent levels of severity of
one disorder, or are separate entities that also differ in clinical course and pathogenesis

(Heaton et al., 1995).
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Cognitive impairment also appears to exist to a more limited extent in
medically asymptomatic seropositive individuals. Earlier studies, however, presented
inconsistent results. White et al. (1995) reviewed 57 studies of neuropsychological
impairment in asymptomatic individuals, and reported that 32% found significant
HIV-related impairment, while 21% had inconclusive results, and 47% found no
impairment. Despite the findings, however, the authors found a strong association
between the comprehensiveness of the test batteries and the likelihood of a positive
finding of group difference. Utilizing a comprehensive neuropsychological test battery
in 249 medically asymptomatic HIV-infected individuals and 111 seronegative
controls, Heaton et al. (1995) found no group difference based on mean comparisons
of test scores. However, using a global rating of neuropsychological impairment, a
larger proportion of seropositive subjects than controls appeared to be impaired. The
authors stressed the importance of comprehensive neuropsychological batteries, and
data analysis methods that permit detection of the variable patterns of mild cognitive

impairment, such as exhibited in medically asymptomatic HIV-infected individuals.

CNS EFFECTS OF HAART

Among the dramatic improvements attributed to modern ARV treatment is the
reported decline in the incidence of HAD. In a cohort of 2,734 men, Sacktor et al.
(2001) reported a 53% decline in HAD incidence from 21.3:1000 person-years (PY)
from 1990 to 1992, to 10.0:1000 PY from 1996 to 1998. This picture, however, is

complicated by a recent report by McArthur (2004), in another large cohort, that
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despite a similar finding in earlier years following the introduction of HAART, the
incidence of HAD has begun to increase again in 2003. The data on the prevalence
rates of HAD is also problematic. Sacktor et al. (2002) reported comparable
prevalence of HAD between a 1994-1995 cohort and a 1998-1999 cohort. In contrast,
Dore et al. (2003) reported a 30.8% increase in HAD prevalence from 5.2% in 1993-
1995 to 6.8% in 1996-2000. McArthur et al., (2003) reported a 53% increase in
prevalence of HAD from 6.6:100 PY in 1994 to 10.1:100 PY to 2000. The apparent
rise in the prevalence rate of HAD may be attributable to the decreased mortality rate
and the associated increase in the number of people living with HIV/AIDS.
Neuropathological studies also present an interesting picture of the HIV
epidemic in the HAART era. In a review of 390 AIDS autopsy cases from 1982 to
1998, Masliah et al. (2000) reported a downward trend in the frequency of CNS
opportunistic infections. Despite an initial decrease from 1987-1989, however, there
was an overall trend towards an increase in HIVE, which was found in 26.3% of all
examined cases. In addition, Gray et al. (2003) reported a rise in the number of
variants of HIVE, probably associated with prolonged survival and ARV exposure.
Despite somewhat uncertain results from many quantitative studies of the CNS
effects of HAART, the clinical impression appears to be that people with HAD are
currently more neurologically stable, and tend to show reversal of neurological deficits
(McArthur et al., 2003). Findings from MRS studies also show improved neuronal and
glial integrity associated with ARV treatment. Wilkinson et al. (1997) reported an

initial increase in a ratio measure of NAA in the parietooccipital white matter,
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associated with improvement in neurological status, in subjects receiving ARV
therapy. Following the initiation of combination ARV treatment, Chang et al. (1999)
found increased Cho/Cr ratios in the midfrontal cortex and the basal ganglia, and
decreased ml concentrations in the basal ganglia and the frontal white matter.

A number of studies have also documented improved neuropsychological
performance associated with HAART. Ferrando et al. (1998) reported better
neuropsychological performance in attention, concentration, learning, memory, and
psychomotor speed associated with HAART. Sacktor et al. (1999) reported improved
psychomotor speed, while Tozzi et al. (1999) reported improved concentration and
speed of mental processing, mental flexibility, memory, fine motor functioning, and
visuospatial and constructional abilities. In addition, Deutsch et al. (2001) found a
reduced risk of developing cognitive impairment in individuals with AIDS in the
HAART era.

Despite the apparently common findings of the benefit of HAART on HIV-
associated neuropsychological impairment, Cysique, Maruff, and Brew (2004) noted
that these improvements might not be maintained in the long run, due to factors such
as age and drug resistance associated with prolonged ARV exposure. Indeed, in a
cohort of 141 non-demented HIV-infected individuals, the authors reported no
difference in the prevalence of cognitive impairment between those in the ARV
monotherapy era and HAART era. However, it was noted that the pattern of

impairment between the 2 eras appeared to be different, with improvement in the



28

HAART era in attention, verbal fluency, and visuoconstructional ability; and
deterioration in learning efficiency and complex attention.

The fact that many medically stable HAART-treated individuals may be
cognitively impaired suggests that ARV treatment may have limited effectiveness in
the CNS in some cases. This has been attributed to the limited penetration of ARV
drugs through the blood-brain barrier, or to divergent evolution of the virus in the CNS
leading perhaps to more neuroadaptive and neurovirulent strains or divergence in
ARV resistance. HIV replication, therefore, may persist within the CNS even with
successful systemic ARV treatment. For example, Ellis et al. (2002) found that HIV
RNA level may occasionally be higher in CSF than in plasma; and that CSF viral
RNA better predicted progression to neuropsychological impairment than plasma
RNA. In addition, since the introduction of HAART, people with HAD have exhibited
higher CD4 counts (Dore et al., 1999), and an altered relationship between plasma
HIV RNA and neurological status (McArthur et al., 2004). These findings indicate the
contrast between the systemic and CNS effects of HIV in the context of current ARV
treatment. Strain et al. (2005) reported that the viral populations found within the CNS
were distinct from those found in plasma and lymphoid tissues. Lowered plasma and
CSF HIV RNA level associated with initiation of a HAART regimen has also been
associated with improved cognitive functioning (Marra et al., 2003; Robertson et al.,
2004). In addition, Letendre et al. (2004) demonstrated that ARV regimens focused on
CSF virologic suppression were associated with improved neuropsychological

functioning. CNS-penetrating drugs were defined as those with reported CSF
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concentrations exceeding the level needed to inhibit HIV replication, and included
NRTIs (stavudine, zidovudine, abacavir), NNRTIs (efavirenz, nevirapine), and a
protease inhibitor (indinivir). HIV infection within the CNS, therefore, may be
protected from the effects of ARV and allowed to produce additional infection. In this
context, the CNS has been referred to as both a sanctuary and a reservoir for the virus

(McArthur, 2003).

PROPOSED STUDY AND HYPOTHESES

CNS complications are frequently observed in HIV-infected individuals.
Corroborating lines of evidence suggest that white matter, particularly of the frontal
lobes and the basal ganglia, are preferentially affected. Alteration of the corpus
callosum has also been implicated by neuropathological and DTI studies. As an
extension to current findings, this study proposes to use DTI to examine HIV-
associated white matter injury. A methodologically novel aspect of the current study is
the use of a voxelwise whole-brain approach in DTI data processing. Abandoning the
ROI approach (utilized in all DTI studies of HIV infection to date) enables the
examination of HIV-related white matter injury without specifying a priori ROIs.
This approach is therefore particularly appropriate in the HIV-infected population, in
which diffused white matter damage is implicated. Other methodological difficulties
associated with the ROI approach are also avoided, as further discussed in the next

section.
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One goal of this study is to provide additional corroborating data to the
previously reported association between HIV infection and alterations of DTI index
values, with the benefit of a large and well-characterized sample relative to those
reported in the current literature. In addition, participants in this study received a
comprehensive neuropsychological assessment, allowing the examination of the
relationship between white matter injury and cognitive impairment.

It is apparent that modern ARV treatment has altered the manifestation of HIV
infection in the brain. Evidence of decreased white matter damage associated with
HAART has been reported, although a limited number of neuroimaging studies have
directly addressed the issue, and none utilizing DTI. Therefore, this study also
attempts to examine the effect of ARV treatment on HIV-related white matter injury,
1.e., whether successful suppression of HIV in the CNS is related to decreased white
matter injury. To this end, CSF HIV viral load is used to reflect ARV treatment
efficacy in the CNS (Ellis et al., 2002).

ARYV drugs differ on their degrees of penetration into the CNS. In light of the
association between ARV regimens including drugs with high CNS penetration and
improved cognitive performance (Letendre et al., 2004), we hypothesize that the
inclusion of such drugs in a treatment regimen would be related to decreased HI'V-
related white matter injury.

Thus, the current study is driven by the following hypotheses.
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Hypothesis 1: HIV-infected individuals, especially those diagnosed with
AIDS, will exhibit white matter injury (i.e., lower FA and higher MD) when compared
to seronegative controls.

Hypothesis 2: Controlling for pre-treatment immunosuppression level (i.e.,
nadir CD4 level), the extent of white matter injury in HIV-infected individuals will be
related to ARV treatment efficacy in the CNS (i.e., CSF HIV RNA).

Hypothesis 3: Controlling for pre-treatment immunosuppression level,
individuals on ARV regimens with better CNS penetration will exhibit less white
matter injury.

Hypothesis 4: The extent of white matter injury in HIV-infected individuals

will be related to neuropsychological impairment.



METHODS

PARTICIPANTS

Participants include 39 individuals with HIV infection (HIV+) and 25 HIV
seronegative healthy controls (CON). HIV infection was indicated by enzyme linked
immunosorbent assays and a Western Blot confirmatory test. Thirty-six of the HIV+
were recruited as part of the CNS HIV Anti-Retroviral Therapy Effects Research
(CHARTER) study, an NIH-funded multi-site study of the CNS effects of HAART. In
addition to neuroimaging examinations, participants in the CHARTER study received
detailed laboratory, medical history, and neuropsychological examinations. The
majority of these participants (83%, N = 30) were undergoing ARV treatment at the
time of the study. As a result, 22 participants had undetectable CSF viral load. In
addition, CSF samples were not acquired for 8 participants, yielding a total of 6
participants with detectable CSF HIV RNA. Since this is a primary variable of interest
in this study, 3 additional individuals with detectable CSF HIV RNA were recruited
from ongoing studies at the HIV Neurobehavioral Research Center in San Diego, CA.
These additional participants received comparable neuroimaging, laboratory, medical
history, and neuropsychological examinations as above.

The 25 HIV seronegative CON were recruited as part of a neuroimaging study
of HIV infection (N = 12), and another study of alcoholism (N = 13). CON and HIV+
were comparable regarding age, t(62) = .93, p > .1, years of education, t(62) = .31, p >

.1, proportions of gender, %*(1, N = 64) = 1.05, p > .1, and proportions of ethnicity

32
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(White/non-White), %*(1, N = 64) = 2.49, p > .1. Table 2 shows demographic
information and relevant lab results of study participants.

Potential participants were excluded if they met any of the following criteria:
1) a history of head injury with loss of consciousness greater than 10 minutes; 2) a
history of neurological or psychiatric illness that would adversely impact cognitive
functioning (e.g., seizure disorder, toxoplasmosis, or schizophrenia); 3) a diagnosis of
substance use disorder (except marijuana) within the past 6 months.

As indicated above, CSF data were available for 31 of the 39 HIV+. Plasma
data were available for 38 of the 39 participants. Available CD4 level of HIV+ ranged
from 18 to 1223 (M =529, SD = 243). Nadir CD4 data were available for all HIV+,
and ranged from 0 to 600 (M =219, SD = 159). Ten participants had detectable
plasma HIV RNA, with log;o values ranging from 2.92 to 5.71 (M = 4.40, SD = 0.75).
Nine participants had detectable CSF HIV RNA, with log;o values ranging from 2.42
to 3.79 (M = 3.06, SD = 0.46). In these 9 individuals, CSF and plasma HIV RNA
values were not significantly related, r(7) = .50, p > .1. CSF HIV RNA detectability is
directly related to plasma HIV RNA detectability, x*(1, N=31) = 30.85, p <.0001,
and inversely related to CD4 level t(28) =2.28, p <.05.

Approximately half (49%, N = 19) of all HIV+ had an AIDS diagnosis. HIV+
with and without AIDS were comparable regarding age, t(37) = .26, p > .1, years of
education, t(37) = 1.97, p > .1, proportions of gender, Xz(l, N=39)=.43,p>.1, and
proportions of White ethnicity, %*(1, N = 39) = 3.63, p > .05. Participants with AIDS

exhibited lower CD4 level, t(36) =3.17, p <.0005, and nadir CD4 level, t(37) = 6.79,
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p <.0001. No group differences were found, however, in proportions of individuals
with detectable plasma HIV RNA, x*(1, N = 38) =.871, p > .1, and proportions with
detectable CSF HIV RNA, (1, N =31) = 261, p> .1. The lack of significant
relationships between disease stage and detectability of virologic markers was likely
due to ARV treatment: 84% of individuals with AIDS were receiving treatment. A
comparable proportion of HIV+ without AIDS (80%) also received treatment, %*(1, N
=39)=.118, p > .1. Table 3 shows demographic information and relevant lab results

of HIV+ with and without the AIDS diagnosis.

CNS PENETRATION OF ARV DRUGS

Hypothesis 3 of the current study concerns the relative abilities of ARV drugs
to enter the CNS. To quantify this, a scoring system for CNS penetration of ARV
drugs introduced in a preliminary study by Letendre et al. (2006) was used. In this
system, each ARV drug is assigned a score of 0, 0.5, or 1, based on published data on
CSF concentrations and/or chemical properties. For each participant’s treatment
regimen, the scores for all drugs are summed to represent the degree of CNS
penetration. The authors also showed a significant relationship between the
penetration score and CSF viral load in a large sample of HIV-infected persons (N =
374). Table 4 shows the scores assigned to ARV drugs currently in use for the
treatment of HIV. Calculated in this way, CNS penetration scores for HIV+ ranged
from 0 to 3.5 (M = 1.44, SD = 1.07). Due to the high number of participants with

undetectable plasma and/or CSF viral load, these variables cannot be directly
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correlated with the CNS penetration scores. Participants were therefore divided into 2
groups based on viral load detectability. Neither of these grouping variables for
plasma nor CSF viral loads were related to the CNS penetration scores, although there
were trends towards lower penetration scores in the detectable groups for both plasma,

t(37) = 1.44, p = .16, and CSF, t(37) = 1.53, p = .13.

NEUROPSYCHOLOGICAL EXAMINATION

NP data are available for HIV+. All testing was performed by trained
psychometrists using standardized procedures. The standard battery examined 7
neurocognitive ability domains most implicated in HIV-associated cognitive disorders
(Heaton et al., 1995): Speed of Information Processing, Learning, Delayed Recall,
Abstraction/Executive Functioning, Verbal Fluency, Attention/Working Memory, and
Motor Skills. Table 5 shows the tests within each ability domain.

A statistically derived summary score were used to reflect the severity of NP
impairment. This system of scoring, proposed and validated by Heaton et al. (1995 &
2004), focuses on impaired performances, and gives no credits for above-average
performances, i.e., it minimizes the chance that good performance on some component
test measures will obscure impairments on others. In this scoring system, the
demographically corrected T-score for each test is converted to a deficit score (DS),
representing normal to severe impairment, as follows: DS = 0 (normal) for T > 39, DS
= 1 (mildly impaired) for 35 <T <39, DS = 2 (mildly to moderately impaired) for 30

T <34, DS =3 (moderately impaired) for 25 < T <29, DS =4 (moderately to
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severely impaired) for 20 < T < 24, and DS =5 (severely impaired) for T <20. As a
summary measure of cognitive impairment, the global deficit score (GDS) is
subsequently calculated by averaging the DS across all tests in the battery. Using case
conference diagnoses of cognitive impairment as the gold standard, the authors
demonstrated that a GDS cutpoint of 0.5 reliably yields approximately 15% specificity
in detecting of cognitive impairment. (This GDS value can be thought of as being
equivalent to having mildly impaired, DS = 1, ratings on half of the tests in the
battery.)

Calculated in this way, GDS values ranged from 0 to 3.47 (M = 0.38, SD =
.62). Due to the floor effect apparent in the variable values (51% of HIV+ had GDS <
.1), participants were divided into 2 groups based on cognitive impairment, defined as
GDS > 0.5 (i.e., the previously established cutpoint for 15% specificity of detecting
cognitive impairment). In this manner, 10 participants exhibited cognitive impairment
(NPI+), while 29 were cognitively normal (NPI-). The 2 groups were comparable in
age, t(37) = .55, p > .1, years of education, t(37) = .68, p > .1, and proportions of
gender, Xz(l, N=139)=.10, p > .1, and White ethnicity, Xz(l, N=39)=.47,p>.1.
Likewise, no group differences were found in proportion with AIDS, %*(1, N = 39) =
.009, p> .1, CD4 level, t(36) = .08, p = .94, nadir CD4 level, t(37) =.67,p> .1,
proportions of participants with detectable plasma HIV RNA, %*(1, N = 38) =.105, p
> .1, or proportions with detectable CSF HIV RNA, %*(1, N=31)=.087, p > .1.
However, a significantly higher proportion of NPI+ are on ARV than NPI-, %*(1, N =

39) =4.65, p <.05. Table 6 shows demographic information and relevant lab results of
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HIV+ with and without cognitive impairment.

DTI DATA ACQUISITION AND PROCESSING PROTOCOLS

All neuroimaging scans were performed on a GE 1.5T imager at the San Diego
VA Medical Center. DTI data for all HIV+ and 12 CON participants were collected
through a single-shot spiral spin-echo acquisition with TE = 120 ms, TR = 6000 ms,
field of view = 250 mm, slice thickness = 3.9 mm, image matrix = 64x64, and b-value
= 2416 s/mm”. Diffusion-weighted images were acquired in 42 diffusion directions, in
addition to the normalization image with no diffusion encoding (Frank, 2001). Four
images were acquired and averaged for each direction (and for the normalization
image). The spirally acquired DTI images were reconstructed at 128x128 in-plane
resolution, with slice thickness remaining at 3.9 mm. For 13 CON participants, data
were collected with the same pulse sequence except for the following parameters: TE
=100 ms, TR = 6000 ms, field of view = 240 mm, slice thickness = 3.8 mm, and b-
value = 1745 s/mm®. Post-acquisition processing procedures were identical for all
participants.

For the current study, a voxelwise whole-brain approach was utilized for the
examination of HIV-related white matter damage, which provides several advantages
over ROI-based approaches. Examining whole-brain white matter changes eliminates
the necessity of a priori hypotheses regarding white matter changes in specific regions,
making this approach particularly suitable for examining the generally diffused HIV-

related white matter damage. Other complications associated with ROI-based
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techniques are also avoided, including the determination of optimal ROI shapes and
sizes across subject groups (a special challenge in the studies of clinical populations
with significant neuroanatomical changes, such as the general white matter atrophy
associated with advanced HIV-infection), the reliability of ROI placement, and the
comparability of ROI’s across subjects (i.e., whether they represent identical
neuroanatomical regions in all subjects).

A common voxelwise whole-brain approach for analyzing MR
neuroanatomical data is generally referred to as voxel-based morphometry (VBM; see
Ashburner and Friston, 2000, for an overview). VBM was originally developed for
finding local changes in grey matter density in T1-weighted structural brain images. A
typical processing scheme involves initially registering anatomical images to a
template (generally either a standard space template, or a study-specific template
typically created by averaging all subjects’ images after registering to a standard-space
template). Registered images are then segmented for the tissue type(s) of interest; and
the segmented images are spatially smoothed. Smoothing is generally performed for
several reasons, including to ameliorate imperfect registration, and to increase
sensitivity (which is achieved only if the extent of smoothing matches the spatial
extent of the structure of interest). Smoothing also renders the data more Gaussian
distributed, which improves the validity of Gaussian random field (GRF) theory, a
statistical thresholding approach commonly used for VBM data to account for Type I
error level inflation associated with multiple comparisons.

Primary limitations of VBM approach relevant to the analysis of diffusion data
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can be categorized into issues related to alignment, and those related to spatial
smoothing. Alignment issues have to do with the comparability across individual
brains among corresponding voxels within the tissue of interest, i.e., how can one
guarantee that any given voxel in the tissue of interest contains data from anatomically
corresponding regions across subjects, especially considering the typically imperfect
registration of individual brains to the template. Such problem is especially apparent
when the registration process utilizes low to medium degrees of freedom, which is
typical in VBM studies. For example, in a study of children with chromosome 22q11.2
deletion syndrome, Simon et al. (2005) found apparent alteration of FA in the patient
group. However, the authors also noted that, due to imperfect registration, changes in
ventricle size may actually be driving the FA results (i.e., “white matter” voxels may
in fact have situated in the ventricles, thus representing the more isotropic water
diffusion of the CSF). An obvious solution for minimizing residual misalignment after
registration is the use of non-linear high-degrees-of-freedom registration approaches.
In extreme cases, such approaches can render target images virtually identical to
template. However, this procedure is performed at the risk of excessive distortion of
anatomical topology, such as splitting an actual fiber bundle into two after registration,
or vice versa, thus compromising the validity of the analysis.

Another limitation of VBM approach is related to the spatial smoothing
procedure generally performed for reasons indicated above. Typically, there is no
principled way of determining the appropriate smoothing extent; and different

smoothing extents can yield significantly different results and conclusions from the
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data. For example, in a VBM dataset of FA images in schizophrenia, Jones et al.
(2005) demonstrated that group differences appeared and disappeared at different
levels of smoothing extents ranging from 0 to 16 mm FWHM. In addition, depending
on the extent of application, spatial smoothing can also increase the partial volume
effect (i.e., the blurring of tissue classes at the border of two tissues), further
complicating the interpretation of the results.

With these issues related to voxelwise whole-brain DTI approach in mind, the
current study utilized a data processing methodology introduced by Smith et al.
(2006). The so called Tract-Based Spatial Statistics (TBSS) approach allows
voxelwise investigation of whole-brain white matter, while minimizing the necessity
of near-perfect registrations required in VBM. In addition, the spatial smoothing
process is altogether eliminated. These methodological issues are circumvented by the
reduction of the investigated white matter tissue to a whole-brain “skeleton” of only
the centers of white matter fiber tracks. The one-voxel-wide skeleton is derived from
the average image of all subjects’ FA images after registration to a common template.
This average skeleton is used as the basis for a search algorithm for optimal white
matter skeletons in individual subjects’ brains. By eliminating partial voluming issues
(by focusing on the narrow skeleton within white matter), and by individually fitting
the skeleton for each subjects, the issues of smoothing and perfect registration are
avoided in this type of analysis. However, due to the nonlinear registration procedure,
and lacking the spatial smoothing procedure, the assumption of Gaussian distribution

necessary for GRF analysis cannot be made for DTI images processed in this manner.
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An alternative permutation-based nonparametric statistical analysis method is
described in the next section.

The steps involved in DTI data processing in this study are described as
follow. The computational algorithms were performed using ready-to-use executables
included in the Analysis of Functional Neurolmages package (AFNI; Cox, 1996), and
the TBSS tools of the Oxford Centre for Functional Magnetic Resonance Imaging of
the Brain (FMRIB) Software Package (FSL; Smith et al., 2004).

1. FA and MD images were derived from the acquired diffusion-weighted (and
normalization) images via the 3dDWItoDT program in the AFNI package. First, the
normalization (b = 0) image was skull-stripped with a built-in AFNI algorithm
(identical to default stripping parameters by the AFNI 3dAutomask program). The
stripped normalization image was subsequently used as a mask for the diffusion-
weighted images in 42 directions, rendering the shape and size of each image slice in
each subject identical across all diffusion encoding directions. The masked diffusion
data were then fitted to a 3x3 symmetric tensor model. The orthogonal eigenvectors
and corresponding eigenvalues were derived for the 3 axes of the ellipsoid fitted to the
tensor model, enabling the calculations of FA and MD based on the standard formulas
included above.

(The following steps were performed using tools included with FSL.)

2. For convenience of later data handling, FA and MD values were linearly
scaled to roughly 0 < x < 10000. For FA, which theoretically ranges from 0 to 1, all

values were multiplied by 10000. For MD, which ranges approximately from 0 to 5,
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all values were multiplied by 2000. No negative FA or MD values were apparent using
the current processing procedures.

3. Prior to computing the mean FA image necessary for subsequent generation
of the white matter skeleton, individual subjects’ FA images were nonlinearly
registered to a common target image using the Image Registration Toolkit (Rueckert et
al., 1999), which performs nonlinear registration based on free-form deformations and
B-Splines. This target image was chosen from among the study subjects in a way that
minimized the amount of warping necessary across all subjects in the registration
process. To identify this “most typical” registration target, Smith et al. (2006)
recommended registering every subject to every other subject, in order to calculate the
mean displacement of the corresponding warping. The registration target is the subject
with the minimum mean displacement to all other subjects. The authors also noted that
this ideal procedure may be impractical when performed on a single-processor
microcomputer, and showed that selection of the registration target with alternative
procedures yielded similar results. To illustrate this point, estimating 15 minutes for
registering each pair of brains, the full sample in the current study (N = 64) would
require 42 days (i.e., 64P2 x 15 minutes) of uninterrupted processing time to complete
this procedure. Consequently, a representative subject was visually selected,
considering both image quality and anatomical similarity to other subjects in the
sample.

4. The registered images from step 3 were affine-transformed into 1x1x1 mm®

MNI152 space. The purpose of the upsampling is to avoid partial voluming.
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Transformed images were then averaged to create a mean FA image.

5. A white matter tract skeleton was generated from the mean FA image. The
goal of this process was to identify the one-voxel-thick lines or surfaces with
maximum FA values within white matter tracts, representing that center of the tracts.
The identified white matter tract skeletons were then thresholded to eliminate noises.
In this study, an FA value of 0.25 (= 2500 following the scaling in step 2) was used as
the lower threshold.

6. To account for residual misalignment from the registration procedures up to
this point, subjects’ FA images were individually “projected” on to the mean FA
skeleton. Essentially, this process involves superimposing the skeleton on an FA
image, then searching perpendicular to the tracts for maximum FA values (i.e., tract
center), which are subsequently assigned to the corresponding tract location.
Individual skeletons after projection remain anatomically identical to the mean FA
skeleton, with only the values assigned to each voxels altered, allowing direct
voxelwise comparisons.

7. Step 6 was repeated to generated individual projected MD skeletons, using
the same mean FA skeleton as above, superimposed on individual MD images, as the

basis for the searching algorithm.

STATISTICAL ANALYSIS
A voxelwise whole-brain statistical analysis, by nature, is complicated by Type

I error inflation due to multiple comparisons. Studies using VBM approach typically
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utilize GRF theory to account for this issue. TBSS approach, however, involves
nonlinear registration, deviating the data from a Gaussian distribution. The spatial
smoothing procedure utilized in VBM, which renders data more Gaussian distributed,
is also lacking in TBSS. Consequently, Smith et al. (2006) recommend the use of a
nonparametric permutation-based approach for the statistical analysis of TBSS data
(see Nichols & Holmes, 2001, for an introduction to the approach with PET and fMRI
examples). Briefly, this nonparametric statistical technique involves creating a
sampling distribution of test statistic based on a large number of random permutations
of the data. The critical value of the test statistic can then be determined from the rank
orders. For the current analyses of TBSS data, the suprathreshold cluster test was used
for the analysis of DTI index values. This technique involves thresholding the statistic
image at a predetermined primary threshold, and assessing the resulting pattern of
suprathreshold activity. The procedure therefore requires the construction of a
permutation distribution of cluster sizes of voxels with values above the primary
threshold. The critical suprathreshold cluster size is then the |aN] + 1 largest member
of the permutation distribution, where a is the desired Type I error level, and N is the
number of permutations (5000 in this study).

Before performing the suprathreshold test, an arbitrary choice of the primary
threshold has to be made. The selection of a threshold value involves a tradeoff
between detecting larger clusters of small-magnitude differences, and vice versa. It is
generally recommended that a threshold be chosen that yields the most meaningful

results in a given dataset (Nichols & Holmes, 2001). This should also be chosen prior
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to statistical analyses, ideally in a separate dataset from the one under investigation, to
avoid further inflating Type I error level. For the current study, an analysis
investigating the effect of HIV infection on FA (i.e., comparing HIV+ and CON), and
another analysis investigating the effect on MD were examined for threshold values
yielding reasonable cluster sizes that appeared meaningful for the interpretation of
results. For both FA and MD, a threshold of t > 2 was chosen for all subsequent
analyses.

All statistical analyses were performed using the randomise program included
with FSL, using a threshold of t > 2, and 5000 permutations to construct the sampling
distributions. The possible number of permutations is directly proportionate the size of
the dataset. For the current study, these numbers in all analyses approached infinity.
The number 5000 was chosen because it was recommended by the randomise
program; and increasing the value to 10000 did not alter the results in initial analyses.

As noted above, 13 of the 25 CON participants received a slightly different
DTI protocol than the other CON and HIV+ participants. Since FA values are
automatically scaled to range from 0 to 1, all CON participants were treated as
equivalent. A permutation-based test with 5000 permutations confirmed that the 2
CON subgroups were comparable in FA values, N=25,t>2, p>0.1. MD values,
however, are not scaled, preventing a comparison between the 13 CON participants in
this subgroup and HIV+ participants without the confounding effect of the difference
in protocols. Confirming this, a similar permutation-based test showed statistically

significant differences in the majority of skeleton voxels, N =25, t > 2, maximum p <
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.01. These 13 CON participants were therefore excluded from statistical analyses
involving MD.

In this manner, the following statistical analyses were performed in this study.
All analyses were performed separately for FA and MD.

Hypothesis 1 analyses involve examining white matter injury associated with
HIV infection, and whether AIDS contributes to additional injury. Two comparisons
were performed for each DTI index. To examine the effect of HIV infection, FA and
MBD of CON and all HIV+ were compared. To examine the effect of disease stage,
HIV+ with and without AIDS were compared. The Bonferroni-corrected a-level for
these comparisons was .025. In addition, exploratory analyses were performed to
compare FA and MD between CON and HIV+ with AIDS, and between CON and
medically asymptomatic HIV+.

Hypothesis 2 analyses involve examining the relationship between white
matter injury and a CSF marker of ARV treatment efficacy in the CNS, i.e., CSF HIV
RNA. Two analyses were performed. First, HIV+ with detectable CSF HIV RNA
were compared with those who were undetectable. Additionally, for individuals with
detectable CSF HIV RNA, this marker variable was correlated with FA and MD, after
covarying for nadir CD4 level.

Hypothesis 3 analysis involves examining the relationship between white
matter injury and the degrees of CNS penetration of participants’ ARV regimens. CNS
penetration scores of HIV+ were correlated with FA and MD, after covarying for nadir

CD4 level.



Hypothesis 4 analysis involves examining the relationship between white
matter injury and HIV-associated NP impairment. FA and MD were compared

between NPI- and NPI+.
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RESULTS

All permutation-based inferences on suprathreshold cluster size were
performed with a threshold of t > 2, using 5000 permutation to construct the null

distribution of the cluster-size statistic. The findings below are summarized in Table 7.

HYPOTHESIS 1: HIV INFECTION

Using a nonparametric permutation-based suprathreshold cluster test,
voxelwise FA was found to be significantly higher in CON 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 (Figure 1). No significant differences were
found in MD of CON and HIV+, although trends towards higher MD in HIV+ were
apparent in the right posterior limb of the internal capsule, and the right optic
radiation, N = 51, p = .0642 (Figure 2).

No significant differences in FA were found between medically asymptomatic
HIV+ and those with AIDS, N =39, p > .1. However, significantly increased MD in
the AIDS group was apparent in the bilateral posterior corona radiata, the left anterior
and right posterior superior longitudinal fasciculus, the bilateral inferior longitudinal
fasciculus, the left anterior and bilateral posterior limbs of the internal capsule, the
corpus callosum body and the splenium, and the bilateral optic radiation, N =39, p <
.025 (Figure 3).

Additional exploratory analyses comparing CON and HIV+ with AIDS

48
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showed AIDS-associated FA decrease in the right posterior limb of the internal
capsule, the right inferior longitudinal fasciculus, and the right optic radiation, N = 44,
p <.025 (Figure 4). Significantly increased MD in the AIDS group was apparent in
the bilateral corona radiata, the bilateral superior longitudinal fasciculus, the right
inferior longitudinal fasciculus, the bilateral internal capsule, the corpus callosum
body and the splenium, and the right optic radiation, N =31, p <.05 (Figure 5).

No significant diffusion differences were found between CON and medically

asymptomatic HIV+, N =45 (FA) and 32 (MD), p > .1.

HYPOTHESIS 2: ARV TREATMENT EFFICACY

No significant diffusion differences were found between HIV+ with detectable
and undetectable CSF HIV RNA, N =31, p > .1. Similarly, no significant
relationships were found between FA/MD and detected CSF HIV RNA, N =9, p> .1,

regardless of whether nadir CD4 was used as a covariate.

HYPOTHESIS 3: CNS PENETRATION OF ARV REGIMEN
No significant relationships were found between FA or MD, and the ARV
CNS penetration score, N =39, p > .1, regardless of whether nadir CD4 was used as a

covariate.

HYPOTHESIS 4: COGNITIVE IMPAIRMENT

Decreased FA in the NPI+ group was apparent in the genu and anterior corpus
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callosum body, N =39, p <.05 (Figure 6). NPI+ exhibited significantly higher MD in
the right posterior superior longitudinal fasciculus, the right posterior internal capsule,

and the genu, body, and splenium of the corpus callosum, N = 39, p < .05 (Figure 7).



DISCUSSION

Cognitive impairment is observed in up to half of people infected with HIV
(Heaton et al., 1995). In addition, up to 20% of infected individuals are estimated to
develop HIV-associated dementia (HAD), a diagnosis characterized by severe
cognitive, motor, and neurobehavioral dysfunction, accompanied by significant
disruption in instrumental activities of daily living (McArthur, 2004). HAD has also
been associated with shorter life span (Tozzi et al., 2005). Although these symptoms
are typically not apparent until more advanced disease stages, evidence points to CNS
involvement early following HIV infection. For example, an iatrogenic case study
reported virus in the brain as soon as 15 days after an accidental intravenous
inoculation (Davis et al., 1992). MR spectroscopy (MRS) studies have also reported
abnormalities in brain metabolite concentrations in clinically and cognitive
asymptomatic HIV-infected individuals (Moller et al., 1999; Suwanwelaa et al., 2000).
It has also been suggested that the accumulation of CNS insults in earlier disease
stages may explain the development of HAD (McArthur, 2004). These findings point
to the importance of understanding the mechanisms and manifestations of HIV
infection in the CNS at all stages of the disease, in addition to the need for additional
sensitive markers of early HIV involvement in the CNS.

White matter abnormalities are among the hallmark pathological features of
HIV encephalitis (Masliah et al., 2000). To better understand the disease processes of

HIV within the CNS, the current study attempted to examine white matter injury
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associated with HIV infection via diffusion tensor imaging (DTI). DTI is a relatively
novel neuroimaging technique for the examination CNS abnormalities, the utility of
which is derived from its sensitivity to differential degrees of restriction of the
diffusion of water molecules within tissues. Since microscopic water diffusion is more
uniform in fibrous tissues, such as white matter tracts within the brain, DTI is
especially sensitive in detecting changes in white matter microstructures. Two
typically used scalar diffusion indices are fractional anisotropy (FA), and mean
diffusivity (MD). These values both reflect water movement along the 3 primary axes
of the diffusion ellipsoid, formally represented by the eigenvalues associated with the
3 orthogonal eigenvectors of the symmetrical 3x3 tensor matrix fitted to the diffusion-
weighted image data (Parker, 2004). FA is a summary measure of the differences
among the eigenvalues, and thus provides information regarding the orientation
specificity of water diffusion. White matter injury is typically associated with
decreased FA values, i.e., decreased orientation specificity or “anisotropy” of water
diffusion. MD is derived by averaging the 3 eigenvalues, and thus reflects the total
degree of water diffusion along the ellipsoid axes. White matter abnormalities are
typically associated with increased MD values.

A number of studies have reported HIV-associated alterations in FA and MD
in regions of interest (ROI) placed in the frontal white matter, basal ganglia structures,
the internal capsule, and the genu and splenium of the corpus callosum (reviewed
above). A goal of the current study is to provide additional supporting information

regarding alterations in water diffusion within brain white matter in a large and well-
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characterized group of participants relative to currently published studies. In addition,
a methodologically novel aspect of this study is the use of a data processing technique
that allows voxelwise examination of major white matter tracts in the whole brain.
This enables the identification of affected white matter regions without the need for a
priori hypotheses regarding anatomical specificity, as has been the case for all existing
DTI studies of HIV.

Since the introduction of highly active antiretroviral therapy (HAART) of HIV
infection, antiretroviral (ARV) treatment has been largely successful at achieving the
treatment goals of suppressing viral replication and restoring immunologic
functioning. This has resulted in significant improvements in clinical symptoms and
quality of life of infected individuals (Tozzi et al., 1999). Data on the effect of ARV
treatment on cognitive functioning, however, have been less conclusive. For instance,
conflicting accounts regarding the pre-/post-HAART change in HAD prevalence in
either direction have been reported (McArthur, 2004). It should be noted these
prevalence comparisons may be confounded by factors such as the prolonged survival
associated with effective ARV treatment. Moreover, epidemiological studies typically
do not focus on qualitative changes in HIV-associated cognitive impairment. In fact,
alterations in the cognitive domains affected by HIV in the HAART era have been
demonstrated (Cysique, Maruff, & Brew, 2004). However, again, the different
neuropsychological batteries across time may have confounded the results. Leaving
aside these issues, however, the fact remains that many medically stable HAART-

treated individuals are still cognitively impaired. This may be partly explained by
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evidence indicating that HIV replication may persist in the CNS even with successful
systemic treatment (Ellis et al., 2002). These findings have been attributed to the
limited CNS penetration of ARV drugs, and/or divergent evolutions of HIV in and
outside of the CNS. The former theory is supported by findings associating improved
performance on neuropsychological testing, and ARV regimens including drugs
known to have good CNS penetration (Letendre et al., 2004).

To further clarify this issue, this study also attempted to examine the
relationship between diffusion alteration and 2 ARV treatment variables: 1) CSF HIV
RNA, a marker representing ARV treatment efficacy in the CNS, and 2) an index of
CNS penetration of ARV regimens (Letendre et al., 2006). In addition, in an attempt
to better understand the cognitive correlates of HIV CNS infection, the relationship
between white matter tract integrity and cognitive impairment was also examined in
this cohort of primarily ARV-treated individuals (83% of HIV+ had ongoing ARV
treatment at the time of the DTI examinations).

The current study cohort consisted of 30 HIV-infected individuals (HIV+) and
25 seronegative controls (CON). As discussed above, data from only 12 CON were
used in the analyses of MD data, while all 25 were used in FA analyses. Both
medically asymptomatic individuals and those with AIDS were well represented, each
comprising about half of the HIV+ sample. Results from Hypothesis 1 analyses
confirm previous findings regarding white matter abnormalities associated with HIV
infection. DTI as implemented here appears to be sensitive to HIV-related

microstructural white matter abnormalities in the overall HIV+ group, consisting of
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individuals in both disease stages. Statistically significant findings, however, were
limited to white matter tracts within the right posterior region, and only with the FA
measure; while a trend (p = .06) towards significant group differences in MD was
apparent. The smaller sample size in the MD analysis should be noted. This suggests
that the lack of significant finding may be attributable to a statistical power issue.

Within the HIV+ group, more advanced infection, represented by the AIDS
diagnosis, was associated with more widespread white matter damage. These include
bilateral findings in most significant regions, more widespread damage to the internal
capsule (including the anterior limb), and findings in the corpus callosum and other
regions. These findings, however, were limited to the MD measure. Additional
exploratory pairwise group comparisons showed similar effects of AIDS in relation to
the CON group on MD. CON/AIDS group differences in FA, however, were also
apparent, suggesting a larger effect size in the comparison between these groups over
the AIDS/non-AIDS comparison. It may therefore be inferred that medically
asymptomatic infected individuals exhibited white matter injury relative to CON. A
direct comparison between the 2 groups, however, failed to find any group differences.
The current DTI implementation, therefore, appears insensitive to white matter tract
injury in subclinical HIV. Table 7 summarizes findings from the above group
comparison.

Diffuse cerebral white matter damage, apparent in neuropathological and
structural neuroimaging studies, is a hallmark feature of HIV encephalitis. This is

confirmed by the demonstrated widespread white matter injury in medically
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symptomatic HIV-infected individuals. The significant diffusion alterations within the
corpus callosum are also consistent with current evidence. Using
immunohistochemistry and in situ hybridization in AIDS patients with HIV
encephalitis, Gosztonyi et al. (1994) found heavy labeling of HIV DNA and RNA in
the corpus callosum. A simian model of AIDS indicated significant correlations
between motor impairment and accumulation of beta-amyloid precursor protein in the
corpus callosum, indicating axonal injury (Weed et al., 2003). Moreover, callosal
thinning in individuals with AIDS was reported in a recent MRI study using
computational anatomy techniques (Thompson et al., 2006).

In addition, injury to the internal capsule demonstrated here also corroborates
existing data. Histopathological data indicated heavy presence of HIV DNA and RNA
in the internal capsule (Gosztonyi et al., 1994). Pomora et al. (2001) also reported
decreased FA in a DTI study of individuals primarily with more advanced infection.
Similar to the finding here, the latter study reported a preferential damage to the
posterior limb in the internal capsule. Situating directly adjacent to the internal
capsule, the basal ganglia has been extensively implicated in HIV CNS disorders.
Brew et al. (1995) reported a high level of productive HIV infection within the basal
ganglia. Multinucleated giant cells, another hallmark pathological feature of HIVE, are
also found primarity within these structures (Budka, 1986). Structural compromises of
basal ganglia structures have also been demonstrated in a number of autopsy (e.g.,

Neuen-Jacob et al., 1993) and structural MRI (e.g., Stout et al., 1998) studies.
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Specific HIV-related injuries to the superior/inferior longitudinal fasciculi, the
optic radiation, or the corona radiata, however, have not been reported in the literature
in the absence of opportunistic infections or secondary conditions. For example,
Fabricius, Moller, and Prantl (1991), reported a high incidence of optic neuritis in
AIDS patients in the course of cytomegalovirus retinitis. Apparent white matter
injuries to these regions, therefore, may reflect the diffuse white matter pathology
associated with HIV encephalitis. Whether the current findings in these regions
represent anatomically specific HIV-related CNS damage remains a question for
future investigation.

In the second set of analyses (Hypotheses 2 and 3) involving ARV treatment
variables, the lack of association between diffusion alterations and either the measure
of CNS treatment efficacy (i.e., CSF HIV RNA) or the degree of CNS penetration of
ARV drugs was in contrary to expectation. This is especially remarkable in light of
reported association between elevated CSF HIV RNA and subsequent development of
HAD (Ellis et al., 2002). The degree of pretreatment immunosuppression level,
indicated by nadir CD4 count, was used as a covariate in examining the white matter
effects of both variables. However, it is possible that these analyses were confounded
by other factors, including history of medication regimens, response, and adherence;
time since seroconversion; and structured treatment interruption (which may be
associated with detectable viral loads despite history of good treatment response and
adherence). Moreover, only 9 HIV-infected individuals (23%) in this study had

detectable CSF viral load, suggesting a possible statistical power issue in the analyses
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of the variable. Currently, no other published studies have examined diffusion
alterations in the context of these variables. The relationship between ARV treatment
and HIV-related white matter injury therefore remains to be investigated.

The current study also showed abnormal diffusion alterations in cognitively
impaired HIV-infected individuals (Hypothesis 4). Table 8 summarizes findings from
these analyses involving cognitive impairment. White matter injury has been widely
implicated in HIV-related cognitive impairment. A number of DTI studies have
reported similar findings. Cloak, Chang, and Ernst (2004) found an association
between elevated frontal white matter MD and lower composite cognitive
performance. Ragin et al. (2004a & b) reported correlations between average whole-
brain DTI measures and HAD severity. Ragin et al. (2005) reported correlations
between DTI measures in the centrum semiovale and basal ganglia (grey matter)
structures and neuropsychological deficits. Wu et al. (2006) reported associations
between DTI measure in the frontal white matter and the genu and splenium of the
corpus callosum, and neuropsychological deficits. In additional to DTT studies,
structural MRI studies of individual with HAD have demonstrated white matter
volume loss in both pre- (Pedersen et al., 1991; Aylward et al., 1995) and post-
HAART cohorts (Chiang et al, 2007). A number of MR spectroscopy studies also
reported abnormal metabolite concentrations in HIV-infected individuals with
cognitive impairment, particularly in the frontal white matter (Chang et al., 1999 &

2002; Stankoff et al., 2001)
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In this study, white matter damage in the genu, body, and splenium of the
corpus callosum was found in cognitive impairment individuals. The corpus callosum
contains fiber bundles interconnecting the cerebral hemispheres, and has been
implicated in a wide and complex range of cognitive functions, particularly those
involving interhemispheric interactions. Symptoms indicating interhemispheric
disconnection are therefore common in patients with callosal dysgenesis or damage.
Left-ear suppression during verbal dichotic listening tasks associated with callosal
damage has been reported in various populations, including patients with multiple
sclerosis (Gadea et al., 2002), and partial section of the corpus callosum (Sugishita et
al., 1995). In addition, individuals with callosal agenesis typically exhibit slowed
simple reaction time and a range of motor dysfunctions (Sauerwein & Lassonde,
1983). Although frank disconnection symptoms tend to be associated with extensive
callosal dysfunction, and have not been associated with HIV infection, general
cognitive impairment marked by frequent motor dysfunctions has been reported in
individuals who exhibited callosal thinning on MRI exams (Thompson et al., 2006).
Considering previous data indicating extensive HIV involvement in the corpus
callosum, the finding here provides promising evidence for the use of DTI in
monitoring the development of HIV-related cognitive disorders.

Cognitive impairment was also associated here with white matter injury in the
posterior limb of the internal capsule, which has been described to contain
corticospinal fibers (Kretschmann, 1988). Although lacking specific empirical

evidence, the damage to such white matter tracts would be consistent with the motor
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deficits commonly observed in people with HIV-related cognitive disorders. The
single study of focal injury to the internal capsule reported motor weakness in patients
with damage to the posterior limb and the genu of the internal capsule (Tredici et al.,
1982).

The superior longitudinal fasciculus, a major intrahemispheric fiber tract,
contains fibers connecting the dorsolateral frontal and posterior associative areas. The
region is believed to subserve a wide range of complex cognitive functions, including
sensorimotor coordination, higher aspects of motor behaviors, and coordination of
visuospatial and audiospatial information (Makris et al., 2005). FA reduction in the
region has been related to impaired performance on the Trail Making Test B in
patients with frontotemporal dementia (Borroni et la., 2007). The superior longitudinal
fasciculus has not been specifically implicated in HIV-related cognitive impairment.
The current finding in this region is novel and remains to be corroborated.

It should be noted that the findings discussed above were based on a global
measure of cognitive impairment, which additively takes into account impairments on
any of the assessed neuropsychological domains. The significant regions reported
here, therefore, represent white matter tracts most commonly affected in cognitively
symptomatic HIV-infected individuals, who generally exhibit “spotty”
neuropsychological impairment profiles (Heaton et al., 1995). Similar analyses
focusing on individual neuropsychological domains may provide more specific

information regarding cognitive correlates of white matter damage.
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HIV-associated CNS insults have been shown to occur through a number of
pathways. Direct neuronal infection is not commonly reported; and HIV-associate
neuronal damage appears to be secondary to neurotoxic cascades associated with the
virus itself and/or infection or activation of other CNS cell types. The virally encoded
HIV envelope protein gp120 has been implicated in the overactivation of glutamate
receptors, leading to neuronal excitotoxicity (Tenneti & Lipton, 2000). Such process
typically results in alterations in dendritic morphology and neuronal physiology, rather
than neuronal apoptosis (Garden et al., 2002). Reactive astrocytosis and microgliosis,
increased activation of microglia, and loss of large pyramidal neurons have also been
reported (Kaul & Lipton, 2005). HIV infection of astrocytes results in the production
of the viral protein transactivator of transcription (Tat), which has been associated
with dendritic loss, mitochondrial dysfunction, microgliosis, and neuronal death
(Chauhan et al., 2003). HIV-associated CNS injury has also been attributed to
neurotoxic products of infected or activated monocytes, macrophages, microglia, and
astrocytes. Among the consequences of such neurotoxic mechanisms, abnormal
activation of cytokine and chemokine receptors has been associated with inflammatory
cascades leading to abnormal dendritic morphology and failure of long-term
potentiation (Kaul & Lipton, 2006).

As delineated above, HIV-associated neuronal injury is related primarily to
changes in pre- and postsynaptic structures, often without substantial neuronal loss.
This is corroborated by the relationship between HIV-related synaptodendritic

degenerative changes and the presence and severity of cognitive impairment. For
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instance, histopathological evidence in AIDS patients demonstrated inverse
relationships between antemortem neuropsychological performance, and dendritic
simplification (Masliah et al., 1997) and synaptic density (Everall et al., 1999). Animal
model of AIDS has also suggested that neuronal damage might initially occur in
synapses and dendrites, before spreading to the rest of the neuron and activating
apoptotic cascades (Garden et al., 2002). In addition, gliosis and multinucleated giant
cells, pathological hallmarks of HIV encephalitis, are consistent with the neurotoxic
mechanisms outlined above.

Considering the nature of HI'V neurotoxicity, therefore, the relative sensitivity
of MD to HIV-related white matter injury demonstrated here is not surprising.
Synaptodendritic injury structurally manifests as pruning of synaptic network,
retraction of dendritic spines, dendritic beading, and aberrant sprouting (Masliah et al.,
1997). Such alterations may result in a general increase in water diffusivity (i.e., MD).
Diffusion anisotropy (i.e., FA), however, may be more associated with frank axonal or
neuronal losses, which are less evident in HIV infection. Following this speculated
dissociation between the microstructural alterations underlying changes in FA and MD
then, the significant AIDS-related FA alterations found here in the posterior internal
capsule, the superior longitudinal fasciculus, and the optic radiation, may reflect a
distinctive nature of white matter injury in these regions, possibly involving more
white matter tract breakdown. The same may apply to the relative sensitivity of FA to
white matter injury in the genu and body of the corpus callosum associated with HIV-

related cognitive impairment.
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Despite the utility of both FA and MD, the underlying biological phenomena
driving these indices remain incompletely understood (Beaulieu, 2002). For example,
the FA measure is conceptualized to reflect the orientation specificity (i.e., anisotropy)
of intracellular water diffusion though restrictive fibers such as axons. However, it has
been observed that the contribution of diffusion signals from extracellular water,
which comprises about 82.5% of water volume within biological tissue, is unlikely to
be negligible. Studies using biexponential diffusion models have corroborated the
existence of 2 (“fast” and “slow”) diffusion signal pools (Cohen & Assaf, 2002). The
physical origin of these signals, however, has not been adequately explained, leaving a
rigorous description of FA to remain the goal for future studies.

Regardless of the exact biological meaning of FA and MD alterations, their
demonstrated sensitivity to white matter abnormalities confirms that the eigenvalues
of the diffusion tensor, which constitute these indices, do reflect some microstructural
changes associated with disease processes. Their usefulness has thus been firmly
established. Beyond these commonly used scalar indices, however, the diffusion
tensor formulation of diffusion-weighted images also provides additional
multidimensional data that are potentially useful for clinical research. The primary
eigenvector for the diffusion tensor, for example, is formulated to provide information
regarding the average direction of water diffusion within a voxel. Mapping such
information over 2- or 3-dimensinal spaces, therefore, may provide data regarding

anatomical connectivity within the brain. However, the validation of such fiber track
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mapping results against actual anatomical data still remains methodologically
problematic (Mori & van Zijl, 2002).

The current study is the first to use DTI to investigate HIV-related white matter
alteration in a voxelwise manner, in addition to focusing exclusively on major white
matter tracts. For this reason, and also due to the novelty of the data processing
technique (Smith et al., 2006), the results here should be regarded as preliminary,
pending future corroborations. As discussed above, possibly due to uncontrolled
confounding factors and/or statistical power issues, the hypothesized relationship
between white matter alterations and CNS ARV treatment was not found here. In light
of the still significant prevalence of HAD, this remains an important issue to be
investigated. In addition, the relationships between impairment on specific cognitive
domains and diffusion alteration also warrant investigation. This may provide valuable
information regarding the neural substrates of HIV-related cognitive impairment.
Other avenues for DTI investigation of HIV infection include the use of supporting
information from other neuroimaging modalities. For example, white matter signal
intensity abnormalities on MRI examinations are frequently observed in HIV/AIDS
(Filippi et al., 1998). The use of such technique to initially identify affected white

matter regions may enhance the utility of DTL



TABLES

Table 1. DHHS treatment recommendations (October 2006) for ARV-naive HIV-
infected patients.

Column A Column B
NNRTI PI 2-NRTI
Preferred Efavirenz Atazanavir + ritonavir Tenofovir/emtricitabine
(alphabetical order) Fosamprenavir + ritonavir BID | Zidovudine/lamivudine

Lopinavir/ritonavir BID

Alternative Nevirapine Atazanavir (unboosted) Abacavir/lamivudine
(alphabetical order) Fosamprenavir (unboosted) Didanosine + lamivudine
Fosamprenavir + ritonavir once
daily

Lopinavir/ritonavir once daily
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Table 2. Participants’ demographic information and relevant lab results.

CON (N =25) HIV+ (N = 39)

Age (years) 38.64 (12.97) 42.35 (8.35)
Education (years) 13.76 (2.52) 13.56 (2.48)

% male 84% 92%

% Caucasians 88% 72%

% AIDS - 49%

CD4 level (N = 38) - 529 (243)
Nadir CD4 level - 219 (159)

% with detectable plasma HIV RNA - 29%

% with detectable CSF HIV RNA - 26%
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Table 3. Demographic information and relevant lab results of HIV+ participants with
and without the diagnosis of AIDS. * denotes p <.0005.

Non-AIDS (N=20) AIDS (N=19)
Age (years) 42.70 (9.43) 42.00 (7.29)
Education (years) 14.30 (2.30) 12.79 (2.49)
% male 95% 89%
% Caucasians 85% 58%
% on ARV 80% 84%

CD4 level* (N = 38)
Nadir CD4 level*
% with detectable plasma HIV RNA

% with detectable CSF HIV RNA

635 (212; N = 20)
333 (121)
20%

25%

411 (225; N = 18)
100 (90)
33%

33%




Table 4. CNS penetration scores for antiretroviral drugs.

0 0.5 1

NRTI’s: Tenofovir Stavudine Zidovudine

Didanosine Lamivudine

Zalcitibine Emtricitabine Abacavir
NNRTTs: Efavirenz Delavirdine

Nevirapine

Protease Inhibitors: Nelfinavir Amprenavir Amprenavir-r

Saquinavir Fosamprenavir Fosamprenavir-r

Saquinavir-r Atazanavir Atazanavir-r

Ritonavir Indinavir Indinavir-r

Tipranavir-r

Fusion Inhibitors: Enfuvirtide

Lopinavir-r

Note. NRTI (nucleoside reverse transcriptase inhibitor); NNRTI (non- nucleoside

reverse transcriptase inhibitor); -r (drugs boosted with ritonavir)
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Table 5. Neuropsychological tests within each ability domain.

Neuropsychological Ability Domain

1. Speed of Information Processing

2. & 3. Learning & Delayed Recall

4. Abstraction/Executive Functioning

5. Verbal Fluency

6. Attention/Working Memory

7. Motor Skills

Tests

WAIS-III Digit Symbol

WAIS-II Symbol Search

WAIS-III Processing Speed Index

Trail Making Part A

Paced Auditory Serial Addition Test
(PASAT)

Hopkins Verbal Learning Test — Revised
Brief Visuospatial Memory Test — Revised
Story Memory

Figure Memory

Wisconsin Card Sorting Test

Trail Making Part B

Letter Fluency

Category Fluency

Letter-Number Sequencing

PASAT 1st channel

Grooved Pegboard
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Table 6. Demographic information and relevant lab results of HIV+ participants with
and without cognitive impairment. * denotes p < .05.

NPI- (N =29) NPI+ (N = 10)
Age (years) 42.79 (8.54) 41.10 (8.06)
Education (years) 13.74 (2.23) 13.10 (3.18)
% male 93% 90%
% Caucasians 69% 80%
% AIDS 48% 50%
% on ARV* 76% 100%

CD4 level (N = 38)
Nadir CD4 level
% with detectable plasma HIV RNA

% with detectable CSF HIV RNA

530 (267; N = 28)
229 (168)
28%

30%

523 (171; N = 10)
190 (131)
22%

25%




Table 7. Regions within the white matter skeleton with significantly altered FA and MD indicating white matter injury.

SC Asymptomatic HIV+ SC Cognitively Impaired
vs. All HIV+ vs. AIDS vs. AIDS vs. Unimpaired HIV+
FA MD? FA MD FA MD FA MD
Corona Radiata Voxels 1823 1929 97
Effect size (d) 1.73 1.64 1.13
Optic Radiation Voxels 817 231 1817 1045 1369 262
Effect size (d) 0.94 1.28 1.67 1.50 2.12 1.24
Superior Longitudinal Voxels 2115 324
Fasciculus Effect size (d) 1.70 1.59
Corpus Callosum: Voxels 228 294 884 618
Genu Effect size (d) 1.05 1.24 1.09 1.19
Corpus Callosum: Voxels 5 259 305
Body Effect size (d) .95 1.23 1.16
Corpus Callosum: Voxels 740 147 427
Splenium Effect size (d) 1.62 1.24 1.59
Internal Capsule: Voxels 357 560
Anterior Limb Effect size (d) 1.10 1.19
Internal Capsule: Voxels 20 303 57 79 464 85
Posterior Limb Effect size (d) 0.38 1.24 1.25 0.85 1.72 1.25
Inferior Longitudinal ~ Voxels 414 3216 782 1392
Fasciculus Effect size (d) 0.71 1.84 1.36 1.89

Note. Voxels are isometric 1 mm®.

p=.06

IL



FIGURES

Figure 1. Axial view of white matter tract voxels with significantly decreased FA
(shown in blue) in HIV+ relative to CON (p <.025), overlaid on white matter tract
skeleton (yellow) and mean FA image (grayscale).
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Figure 2. Axial view of white matter tract voxels with a trend towards increased MD
(shown in blue) in HIV+ relative to CON (p = .0642), overlaid on white matter tract
skeleton (yellow) and mean FA image (grayscale).



Figure 3. Axial view of white matter tract voxels with significantly increased MD
(shown in blue) in HIV+ with AIDS relative to those without AIDS (p <.025),
overlaid on white matter tract skeleton (yellow) and mean FA image (grayscale).

74



Figure 3. Axial view of white matter tract voxels with significantly increased MD
(shown in blue) in HIV+ with AIDS relative to those without AIDS (p <.025),
overlaid on white matter tract skeleton (yellow) and mean FA image (grayscale),
Continued.
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Figure 4. Axial view of white matter tract voxels with significantly decreased FA
(shown in blue) in HIV+ with AIDS relative to CON (p <.025), overlaid on white
matter tract skeleton (yellow) and mean FA image (grayscale)
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Figure 5. Axial view of white matter tract voxels with significantly increased MD
(shown in blue) in HIV+ with AIDS relative to CON (p < .05), overlaid on white
matter tract skeleton (yellow) and mean FA image (grayscale).
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Figure 5. Axial view of white matter tract voxels with significantly increased MD
(shown in blue) in HIV+ with AIDS relative to CON (p < .05), overlaid on white
matter tract skeleton (yellow) and mean FA image (grayscale), Continued.
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Figure 6. Axial view of white matter tract voxels with significantly decreased FA
(shown in blue) in NPI+ relative to NPI- (p <.05), overlaid on white matter tract
skeleton (yellow) and mean FA image (grayscale).
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Figure 7. Axial view of white matter tract voxels with significantly increased MD
(shown in blue) in NPI+ relative to NPI- (p <.05), overlaid on white matter tract
skeleton (yellow) and mean FA image (grayscale).



REFERENCES

An, S. F., Giometto, B., Groves, M., Miller, R. F., Beckett, A. A., Gray, F., et al.
(1997). Axonal damage revealed by accumulation of beta-APP in HIV-positive
individuals without AIDS. J Neuropathol Exp Neurol, 56(11), 1262-1268.

Anderson, E., Zink, W., Xiong, H., & Gendelman, H. E. (2002). HIV-1-associated
dementia: a metabolic encephalopathy perpetrated by virus-infected and

immune-competent mononuclear phagocytes. J Acquir Immune Defic Syndr,
31 Suppl 2, S43-54.

Ashburner, J., & Friston, K. J. (2000). Voxel-based morphometry--the methods.
Neuroimage, 11(6 Pt 1), 805-821.

Aylward, E. H., Brettschneider, P. D., McArthur, J. C., Harris, G. J., Schlaepfer, T. E.,
Henderer, J. D., et al. (1995). Magnetic resonance imaging measurement of

gray matter volume reductions in HIV dementia. Am J Psychiatry, 152(7), 987-
994.

Aylward, E. H., Henderer, J. D., McArthur, J. C., Brettschneider, P. D., Harris, G. J.,
Barta, P. E., et al. (1993). Reduced basal ganglia volume in HIV-1-associated

dementia: results from quantitative neuroimaging. Neurology, 43(10), 2099-
2104.

Banks, W. A, Freed, E. O., Wolf, K. M., Robinson, S. M., Franko, M., & Kumar, V.
B. (2001). Transport of human immunodeficiency virus type 1 pseudoviruses
across the blood-brain barrier: role of envelope proteins and adsorptive
endocytosis. J Virol, 75(10), 4681-4691.

Barbaro, G., Scozzafava, A., Mastrolorenzo, A., & Supuran, C. T. (2005). Highly
active antiretroviral therapy: current state of the art, new agents and their

pharmacological interactions useful for improving therapeutic outcome. Curr
Pharm Des, 11(14), 1805-1843.

Beaulieu, C. (2002). The basis of anisotropic water diffusion in the nervous system - a
technical review. NMR Biomed, 15(7-8), 435-455.

Bell, J. E. (1998). The neuropathology of adult HIV infection. Rev Neurol (Paris),
154(12), 816-829.

Bell, J. E. (2004). An update on the neuropathology of HIV in the HAART era.
Histopathology, 45(6), 549-559.

81



82

Bell, J. E., Brettle, R. P., Chiswick, A., & Simmonds, P. (1998). HIV encephalitis,
proviral load and dementia in drug users and homosexuals with AIDS. Effect
of neocortical involvement. Brain, 121 ( Pt 11), 2043-2052.

Bomsel, M. (1997). Transcytosis of infectious human immunodeficiency virus across
a tight human epithelial cell line barrier. Nat Med, 3(1), 42-47.

Borroni, B., Brambati, S. M., Agosti, C., Gipponi, S., Bellelli, G., Gasparotti, R., et al.
(2007). Evidence of white matter changes on diffusion tensor imaging in
frontotemporal dementia. Arch Neurol, 64(2), 246-251.

Brack-Werner, R. (1999). Astrocytes: HIV cellular reservoirs and important
participants in neuropathogenesis. Aids, 13(1), 1-22.

Brew, B. J., Rosenblum, M., Cronin, K., & Price, R. W. (1995). AIDS dementia
complex and HIV-1 brain infection: clinical-virological correlations. Ann
Neurol, 38(4), 563-570.

Budka, H. (1986). Multinucleated giant cells in brain: a hallmark of the acquired
immune deficiency syndrome (AIDS). Acta Neuropathol (Berl), 69(3-4), 253-
258.

Chang, L., Ernst, T., Leonido-Yee, M., Walot, L., & Singer, E. (1999). Cerebral
metabolite abnormalities correlate with clinical severity of HIV-1 cognitive
motor complex. Neurology, 52(1), 100-108.

Chang, L., Ernst, T., Leonido-Yee, M., Witt, M., Speck, O., Walot, L., et al. (1999).
Highly active antiretroviral therapy reverses brain metabolite abnormalities in
mild HIV dementia. Neurology, 53(4), 782-789.

Chang, L., Ernst, T., Witt, M. D., Ames, N., Gaiefsky, M., & Miller, E. (2002).
Relationships among brain metabolites, cognitive function, and viral loads in
antiretroviral-naive HIV patients. Neuroimage, 17(3), 1638-1648.

Chang, L., Ernst, T., Witt, M. D., Ames, N., Walot, 1., Jovicich, J., et al. (2003).
Persistent brain abnormalities in antiretroviral-naive HIV patients 3 months
after HAART. Antivir Ther, 8(1), 17-26.

Chauhan, A., Turchan, J., Pocernich, C., Bruce-Keller, A., Roth, S., Butterfield, D. A.,
et al. (2003). Intracellular human immunodeficiency virus Tat expression in

astrocytes promotes astrocyte survival but induces potent neurotoxicity at
distant sites via axonal transport. J Biol Chem, 278(15), 13512-13519.

Cherner, M., Masliah, E., Ellis, R. J., Marcotte, T. D., Moore, D. J., Grant, 1., et al.
(2002). Neurocognitive dysfunction predicts postmortem findings of HIV
encephalitis. Neurology, 59(10), 1563-1567.



83

Cherubini, A., Luccichenti, G., Peran, P., Hagberg, G. E., Barba, C., Formisano, R., et
al. (2007). Multimodal fMRI tractography in normal subjects and in clinically
recovered traumatic brain injury patients. Neuroimage, 34(4), 1331-1341.

Chiang, M. C., Dutton, R. A., Hayashi, K. M., Lopez, O. L., Aizenstein, H. J., Toga,
A. W, etal. (2007). 3D pattern of brain atrophy in HIV/AIDS visualized using
tensor-based morphometry. Neuroimage, 34(1), 44-60.

Chong, W. K., Paley, M., Wilkinson, I. D., Hall-Craggs, M. A., Sweeney, B.,
Harrison, M. J., et al. (1994). Localized cerebral proton MR spectroscopy in
HIV infection and AIDS. AJNR Am J Neuroradiol, 15(1), 21-25.

Cloak, C. C., Chang, L., & Ernst, T. (2004). Increased frontal white matter diffusion is
associated with glial metabolites and psychomotor slowing in HIV. J
Neuroimmunol, 157(1-2), 147-152.

Cohen, Y., & Assaf, Y. (2002). High b-value g-space analyzed diffusion-weighted
MRS and MRI in neuronal tissues - a technical review. NMR Biomed, 15(7-8),
516-542.

Conant, K., Tornatore, C., Atwood, W., Meyers, K., Traub, R., & Major, E. O. (1994).
In vivo and in vitro infection of the astrocyte by HIV-1. Adv Neuroimmunol,
4(3), 287-289.

Condra, J. H., Petropoulos, C. J., Ziermann, R., Schleif, W. A., Shivaprakash, M., &
Emini, E. A. (2000). Drug resistance and predicted virologic responses to

human immunodeficiency virus type 1 protease inhibitor therapy. J Infect Dis,
182(3), 758-765.

Cosenza, M. A., Zhao, M. L., Si, Q., & Lee, S. C. (2002). Human brain parenchymal
microglia express CD14 and CD45 and are productively infected by HIV-1 in
HIV-1 encephalitis. Brain Pathol, 12(4), 442-455.

Cox, R. W. (1996). AFNI: software for analysis and visualization of functional
magnetic resonance neuroimages. Comput Biomed Res, 29(3), 162-173.

Cysique, L. A., Maruff, P., & Brew, B. J. (2004). Prevalence and pattern of
neuropsychological impairment in human immunodeficiency virus-
infected/acquired immunodeficiency syndrome (HIV/AIDS) patients across

pre- and post-highly active antiretroviral therapy eras: a combined study of two
cohorts. J Neurovirol, 10(6), 350-357.

d'Arminio Monforte, A., Cinque, P., Mocroft, A., Goebel, F. D., Antunes, F., Katlama,
C., et al. (2004). Changing incidence of central nervous system diseases in the
EuroSIDA cohort. Ann Neurol, 55(3), 320-328.



84

Dal Pan, G. J., McArthur, J. H., Aylward, E., Selnes, O. A., Nance-Sproson, T. E.,
Kumar, A. J., et al. (1992). Patterns of cerebral atrophy in HIV-1-infected

individuals: results of a quantitative MRI analysis. Neurology, 42(11), 2125-
2130.

Davis, L. E., Hjelle, B. L., Miller, V. E., Palmer, D. L., Llewellyn, A. L., Merlin, T.
L., et al. (1992). Early viral brain invasion in iatrogenic human
immunodeficiency virus infection. Neurology, 42(9), 1736-1739.

Deutsch, R., Ellis, R. J., McCutchan, J. A., Marcotte, T. D., Letendre, S., & Grant, 1.
(2001). AIDS-associated mild neurocognitive impairment is delayed in the era
of highly active antiretroviral therapy. Aids, 15(14), 1898-1899.

Di Sclafani, V., Mackay, R. D., Meyerhoff, D. J., Norman, D., Weiner, M. W., &
Fein, G. (1997). Brain atrophy in HIV infection is more strongly associated

with CDC clinical stage than with cognitive impairment. J Int Neuropsychol
Soc, 3(3), 276-287.

Dore, G. J., Correll, P. K., Li, Y., Kaldor, J. M., Cooper, D. A., & Brew, B. J. (1999).
Changes to AIDS dementia complex in the era of highly active antiretroviral
therapy. Aids, 13(10), 1249-1253.

Dore, G. J., McDonald, A., Li, Y., Kaldor, J. M., & Brew, B. J. (2003). Marked
improvement in survival following AIDS dementia complex in the era of
highly active antiretroviral therapy. Aids, 17(10), 1539-1545.

Duffalo, M. L., & James, C. W. (2003). Enfuvirtide: a novel agent for the treatment of
HIV-1 infection. Ann Pharmacother, 37(10), 1448-1456.

Ellis, R. J., Moore, D. J., Childers, M. E., Letendre, S., McCutchan, J. A., Wolfson, T.,
et al. (2002). Progression to neuropsychological impairment in human
immunodeficiency virus infection predicted by elevated cerebrospinal fluid
levels of human immunodeficiency virus RNA. Arch Neurol, 59(6), 923-928.

Everall, I. P., Heaton, R. K., Marcotte, T. D., Ellis, R. J., McCutchan, J. A., Atkinson,
J. H., et al. (1999). Cortical synaptic density is reduced in mild to moderate

human immunodeficiency virus neurocognitive disorder. HNRC Group. HIV
Neurobehavioral Research Center. Brain Pathol, 9(2), 209-217.

Fabricius, E. M., Moller, A. A., & Prantl, F. (1991). [Disorders of the afferent visual
pathway in HIV infection. 1. Optic nerve and 2. Visual pathways/visual
cortex]. Fortschr Ophthalmol, 88(6), 721-730.

Ferrando, S., van Gorp, W., McElhiney, M., Goggin, K., Sewell, M., & Rabkin, J.
(1998). Highly active antiretroviral treatment in HIV infection: benefits for



85

neuropsychological function. Aids, 12(8), F65-70.

Filippi, C. G., Sze, G., Farber, S. J., Shahmanesh, M., & Selwyn, P. A. (1998).
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, 206(2), 491-498.

Filippi, C. G., Ulug, A. M., Ryan, E., Ferrando, S. J., & van Gorp, W. (2001).
Diffusion tensor imaging of patients with HIV and normal-appearing white
matter on MR images of the brain. AJNR Am J Neuroradiol, 22(2), 277-283.

Fischer-Smith, T., Croul, S., Adeniyi, A., Rybicka, K., Morgello, S., Khalili, K., et al.
(2004). Macrophage/microglial accumulation and proliferating cell nuclear

antigen expression in the central nervous system in human immunodeficiency
virus encephalopathy. Am J Pathol, 164(6), 2089-2099.

Flowers, C. H., Mafee, M. F., Crowell, R., Raofi, B., Arnold, P., Dobben, G., et al.
(1990). Encephalopathy in AIDS patients: evaluation with MR imaging. A/NR
Am J Neuroradiol, 11(6), 1235-1245.

Friston, K. J., & Ashburner, J. (2004). Generative and recognition models for
neuroanatomy. Neuroimage, 23(1), 21-24.

Gadea, M., Marti-Bonmati, L., Arana, E., Espert, R., Casanova, V., & Pascual, A.
(2002). Dichotic listening and corpus callosum magnetic resonance imaging in
relapsing-remitting multiple sclerosis with emphasis on sex differences.
Neuropsychology, 16(2), 275-281.

Garden, G. A., Budd, S. L., Tsai, E., Hanson, L., Kaul, M., D'Emilia, D. M., et al.
(2002). Caspase cascades in human immunodeficiency virus-associated
neurodegeneration. J Neurosci, 22(10), 4015-4024.

Gonzalez-Scarano, F., & Martin-Garcia, J. (2005). The neuropathogenesis of AIDS.
Nat Rev Immunol, 5(1), 69-81.

Gosztonyi, G., Artigas, J., Lamperth, L., & Webster, H. D. (1994). 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, 53(5), 521-534.

Grant, ., Atkinson, J. H., Hesselink, J. R., Kennedy, C. J., Richman, D. D., Spector, S.
A., et al. (1987). Evidence for early central nervous system involvement in the
acquired immunodeficiency syndrome (AIDS) and other human
immunodeficiency virus (HIV) infections. Studies with neuropsychologic
testing and magnetic resonance imaging. Ann Intern Med, 107(6), 828-836.



86

Gray, F., Chretien, F., Vallat-Decouvelaere, A. V., & Scaravilli, F. (2003). The
changing pattern of HIV neuropathology in the HAART era. J Neuropathol
Exp Neurol, 62(5), 429-440.

Gray, F., Scaravilli, F., Everall, 1., Chretien, F., An, S., Boche, D., et al. (1996).
Neuropathology of early HIV-1 infection. Brain Pathol, 6(1), 1-15.

Haase, A. T. (1986). Pathogenesis of lentivirus infections. Nature, 322(6075), 130-
136.

Hall, M., Whaley, R., Robertson, K., Hamby, S., Wilkins, J., & Hall, C. (1996). The
correlation between neuropsychological and neuroanatomic changes over time

in asymptomatic and symptomatic HIV-1-infected individuals. Neurology,
46(6), 1697-1702.

Heaton, R. K., Grant, 1., Butters, N., White, D. A., Kirson, D., Atkinson, J. H., et al.
(1995). The HNRC 500--neuropsychology of HIV infection at different disease
stages. HIV Neurobehavioral Research Center. J Int Neuropsychol Soc, 1(3),
231-251.

Horsfield, M. A., & Jones, D. K. (2002). Applications of diffusion-weighted and
diffusion tensor MRI to white matter diseases - a review. NMR Biomed, 15(7-
8), 570-577.

Janssen, R. S., Saykin, A. J., Cannon, L., Campbell, J., Pinsky, P. F., Hessol, N. A., et
al. (1989). Neurological and neuropsychological manifestations of HIV-1

infection: association with AIDS-related complex but not asymptomatic HIV-1
infection. Ann Neurol, 26(5), 592-600.

Jernigan, T. L., Archibald, S., Hesselink, J. R., Atkinson, J. H., Velin, R. A.,
McCutchan, J. A., et al. (1993). Magnetic resonance imaging morphometric

analysis of cerebral volume loss in human immunodeficiency virus infection.
The HNRC Group. Arch Neurol, 50(3), 250-255.

Jones, D. K., Symms, M. R., Cercignani, M., & Howard, R. J. (2005). The effect of
filter size on VBM analyses of DT-MRI data. Neuroimage, 26(2), 546-554.

Kalkut, G. (2005). Antiretroviral therapy: an update for the non-AIDS specialist. Curr
Opin Oncol, 17(5), 479-484.

Kaul, M., & Lipton, S. A. (2005). Experimental and potential future therapeutic
approaches for HIV-1 associated dementia targeting receptors for chemokines,
glutamate and erythropoietin. Neurotox Res, 8(1-2), 167-186.

King, M. S., Brun, S. C., & Kempf, D. J. (2005). Relationship between adherence and
the development of resistance in antiretroviral-naive, HIV-1-infected patients



87

receiving lopinavir/ritonavir or nelfinavir. J Infect Dis, 191(12), 2046-2052.

Kleihues, P., Leib, S. L., Strittmatter, C., Wiestler, O. D., & Lang, W. (1991). HIV
encephalopathy: incidence, definition and pathogenesis. Results of a Swiss
collaborative study. Acta Pathol Jpn, 41(3), 197-205.

Kretschmann, H. J. (1988). Localisation of the corticospinal fibres in the internal
capsule in man. J Anat, 160, 219-225.

Kure, K., Llena, J. F., Lyman, W. D., Soeiro, R., Weidenheim, K. M., Hirano, A., et
al. (1991). Human immunodeficiency virus-1 infection of the nervous system:
an autopsy study of 268 adult, pediatric, and fetal brains. Hum Pathol, 22(7),
700-710.

Letendre, S. L., McCutchan, J. A., Childers, M. E., Woods, S. P., Lazzaretto, D.,
Heaton, R. K., et al. (2004). Enhancing antiretroviral therapy for human
immunodeficiency virus cognitive disorders. Ann Neurol, 56(3), 416-423.

Lim, K. O., Hedehus, M., Moseley, M., de Crespigny, A., Sullivan, E. V., &
Pfefferbaum, A. (1999). Compromised white matter tract integrity in
schizophrenia inferred from diffusion tensor imaging. Arch Gen Psychiatry,
56(4), 367-374.

Liu, N. Q., Lossinsky, A. S., Popik, W., Li, X., Gujuluva, C., Kriederman, B., et al.
(2002). Human immunodeficiency virus type 1 enters brain microvascular
endothelia by macropinocytosis dependent on lipid rafts and the mitogen-
activated protein kinase signaling pathway. J Virol, 76(13), 6689-6700.

Makris, N., Kennedy, D. N., Mclnerney, S., Sorensen, A. G., Wang, R., Caviness, V.
S., Jr., et al. (2005). Segmentation of subcomponents within the superior
longitudinal fascicle in humans: a quantitative, in vivo, DT-MRI study. Cereb
Cortex, 15(6), 854-869.

Marra, C. M. (1999). Bacterial and fungal brain infections in AIDS. Semin Neurol,
19(2), 177-184.

Marra, C. M., Lockhart, D., Zunt, J. R., Perrin, M., Coombs, R. W., & Collier, A. C.
(2003). Changes in CSF and plasma HIV-1 RNA and cognition after starting
potent antiretroviral therapy. Neurology, 60(8), 1388-1390.

Masliah, E., DeTeresa, R. M., Mallory, M. E., & Hansen, L. A. (2000). Changes in
pathological findings at autopsy in AIDS cases for the last 15 years. Aids,
14(1), 69-74.

Masliah, E., Heaton, R. K., Marcotte, T. D., Ellis, R. J., Wiley, C. A., Mallory, M., et
al. (1997). Dendritic injury is a pathological substrate for human



88

immunodeficiency virus-related cognitive disorders. HNRC Group. The HIV
Neurobehavioral Research Center. Ann Neurol, 42(6), 963-972.

McArthur, J. C. (1987). Neurologic manifestations of AIDS. Medicine (Baltimore),
66(6), 407-437.

McArthur, J. C. (2004). HIV dementia: an evolving disease. J Neuroimmunol, 157(1-
2), 3-10.

McArthur, J. C., Haughey, N., Gartner, S., Conant, K., Pardo, C., Nath, A., et al.
(2003). Human immunodeficiency virus-associated dementia: an evolving
disease. J Neurovirol, 9(2), 205-221.

McArthur, J. C., Hoover, D. R., Bacellar, H., Miller, E. N., Cohen, B. A., Becker, J.
T., et al. (1993). Dementia in AIDS patients: incidence and risk factors.
Multicenter AIDS Cohort Study. Neurology, 43(11), 2245-2252.

Menon, D. K., Ainsworth, J. G., Cox, I. J., Coker, R. C., Sargentoni, J., Coutts, G. A.,
et al. (1992). Proton MR spectroscopy of the brain in AIDS dementia complex.
J Comput Assist Tomogr, 16(4), 538-542.

Meyerhoff, D. J., MacKay, S., Bachman, L., Poole, N., Dillon, W. P., Weiner, M. W.,
et al. (1993). Reduced brain N-acetylaspartate suggests neuronal loss in
cognitively impaired human immunodeficiency virus-seropositive individuals:

in vivo 1H magnetic resonance spectroscopic imaging. Neurology, 43(3 Pt 1),
509-515.

Miller, D. H., Grossman, R. L., Reingold, S. C., & McFarland, H. F. (1998). The role
of magnetic resonance techniques in understanding and managing multiple
sclerosis. Brain, 121 ( Pt 1), 3-24.

Miller, E. N., Selnes, O. A., McArthur, J. C., Satz, P., Becker, J. T., Cohen, B. A, et
al. (1990). Neuropsychological performance in HIV-1-infected homosexual
men: The Multicenter AIDS Cohort Study (MACS). Neurology, 40(2), 197-
203.

Miller, R. F., Harrison, M. J., Hall-Craggs, M. A., & Scaravilli, F. (1998). Central
pontine myelinolysis in AIDS. Acta Neuropathol (Berl), 96(5), 537-540.

Moller, H. E., Vermathen, P., Lentschig, M. G., Schuierer, G., Schwarz, S.,
Wiedermann, D., et al. (1999). Metabolic characterization of AIDS dementia
complex by spectroscopic imaging. J Magn Reson Imaging, 9(1), 10-18.

Mori, S., & van Zijl, P. C. (2002). Fiber tracking: principles and strategies - a
technical review. NMR Biomed, 15(7-8), 468-480.



89

Navia, B. A., Cho, E. S., Petito, C. K., & Price, R. W. (1986). The AIDS dementia
complex: II. Neuropathology. Ann Neurol, 19(6), 525-535.

Navia, B. A., Jordan, B. D., & Price, R. W. (1986). The AIDS dementia complex: L.
Clinical features. Ann Neurol, 19(6), 517-524.

Navia, B. A., & Price, R. W. (1987). The acquired immunodeficiency syndrome
dementia complex as the presenting or sole manifestation of human
immunodeficiency virus infection. Arch Neurol, 44(1), 65-609.

Neuen-Jacob, E., Figge, C., Arendt, G., Wendtland, B., Jacob, B., & Wechsler, W.
(1993). Neuropathological studies in the brains of AIDS patients with
opportunistic diseases. Int J Legal Med, 105(6), 339-350.

Oldfield, V., Keating, G. M., & Plosker, G. (2005). Enfuvirtide: a review of its use in
the management of HIV infection. Drugs, 65(8), 1139-1160.

Olsen, W. L., Longo, F. M., Mills, C. M., & Norman, D. (1988). White matter disease
in AIDS: findings at MR imaging. Radiology, 169(2), 445-448.

Palella, F. J., Jr., Delaney, K. M., Moorman, A. C., Loveless, M. O., Fuhrer, J., Satten,
G. A, etal. (1998). Declining morbidity and mortality among patients with
advanced human immunodeficiency virus infection. HIV Outpatient Study
Investigators. N Engl J Med, 338(13), 853-860.

Panel on Antiretroviral Guidelines for Adults and Adolescents. (2006). Guidelines for
the use of antiretroviral agents in HIV-infected adults and adolescents, October
10, 2006. US Department of Health and Human Services, 2006.

Parker, G. J. (2004). Analysis of MR diffusion weighted images. Br J Radiol, 77 Spec
No 2, S176-185.

Paterson, D. L., Swindells, S., Mohr, J., Brester, M., Vergis, E. N., Squier, C., et al.
(2000). Adherence to protease inhibitor therapy and outcomes in patients with
HIV infection. Ann Intern Med, 133(1), 21-30.

Pedersen, C., Thomsen, C., Arlien-Soborg, P., Praestholm, J., Kjaer, L., Boesen, F., et
al. (1991). Central nervous system involvement in human immunodeficiency
virus disease. A prospective study including neurological examination,

computerized tomography, and magnetic resonance imaging. Dan Med Bull,
38(4), 374-379.

Peluso, R., Haase, A., Stowring, L., Edwards, M., & Ventura, P. (1985). A Trojan

Horse mechanism for the spread of visna virus in monocytes. Virology, 147(1),
231-236.



90

Pfefferbaum, A., Adalsteinsson, E., Spielman, D., Sullivan, E. V., & Lim, K. O.
(1999). In vivo spectroscopic quantification of the N-acetyl moiety, creatine,

and choline from large volumes of brain gray and white matter: effects of
normal aging. Magn Reson Med, 41(2), 276-284.

Pfefferbaum, A., Rosenbloom, M., & Sullivan, E. V. (2002). Alcoholism and AIDS:
magnetic resonance imaging approaches for detecting interactive
neuropathology. Alcohol Clin Exp Res, 26(7), 1031-1046.

Pfefferbaum, A., Rosenbloom, M. J., Adalsteinsson, E., & Sullivan, E. V. (2007).
Diffusion tensor imaging with quantitative fibre tracking in HIV infection and
alcoholism comorbidity: synergistic white matter damage. Brain, 130(Pt 1),
48-64.

Pfefferbaum, A., & Sullivan, E. V. (2002). Microstructural but not macrostructural
disruption of white matter in women with chronic alcoholism. Neuroimage,
15(3), 708-718.

Pomara, N., Crandall, D. T., Choi, S. J., Johnson, G., & Lim, K. O. (2001). White
matter abnormalities in HIV-1 infection: a diffusion tensor imaging study.
Psychiatry Res, 106(1), 15-24.

Post, M. J., Berger, J. R., & Quencer, R. M. (1991). Asymptomatic and neurologically
symptomatic HIV-seropositive individuals: prospective evaluation with cranial
MR imaging. Radiology, 178(1), 131-139.

Post, M. J., Sheldon, J. J., Hensley, G. T., Soila, K., Tobias, J. A., Chan, J. C,, et al.
(1986). Central nervous system disease in acquired immunodeficiency

syndrome: prospective correlation using CT, MR imaging, and pathologic
studies. Radiology, 158(1), 141-148.

Price, R. W., Brew, B., Sidtis, J., Rosenblum, M., Scheck, A. C., & Cleary, P. (1988).
The brain in AIDS: central nervous system HIV-1 infection and AIDS
dementia complex. Science, 239(4840), 586-592.

Price, R. W., Yiannoutsos, C. T., Clifford, D. B., Zaborski, L., Tselis, A., Sidtis, J. J.,
et al. (1999). Neurological outcomes in late HIV infection: adverse impact of
neurological impairment on survival and protective effect of antiviral therapy.
AIDS Clinical Trial Group and Neurological AIDS Research Consortium study
team. Aids, 13(13), 1677-1685.

Ragin, A. B., Storey, P., Cohen, B. A., Edelman, R. R., & Epstein, L. G. (2004).
Disease burden in HIV-associated cognitive impairment: a study of whole-
brain imaging measures. Neurology, 63(12), 2293-2297.



91

Ragin, A. B., Storey, P., Cohen, B. A., Epstein, L. G., & Edelman, R. R. (2004).
Whole brain diffusion tensor imaging in HIV-associated cognitive impairment.
AJNR Am J Neuroradiol, 25(2), 195-200.

Ragin, A. B., Wu, Y., Storey, P., Cohen, B. A., Edelman, R. R., & Epstein, L. G.
(2005). Diffusion tensor imaging of subcortical brain injury in patients infected
with human immunodeficiency virus. J Neurovirol, 11(3), 292-298.

Ragin, A. B, Wu, Y., Storey, P., Cohen, B. A., Edelman, R. R., & Epstein, L. G.
(2006). Monocyte chemoattractant protein-1 correlates with subcortical brain
injury in HIV infection. Neurology, 66(8), 1255-1257.

Raja, F., Sherriff, F. E., Morris, C. S., Bridges, L. R., & Esiri, M. M. (1997). Cerebral
white matter damage in HIV infection demonstrated using beta-amyloid
precursor protein immunoreactivity. Acta Neuropathol (Berl), 93(2), 184-189.

Robertson, K. R., Robertson, W. T., Ford, S., Watson, D., Fiscus, S., Harp, A. G., et
al. (2004). Highly active antiretroviral therapy improves neurocognitive
functioning. J Acquir Immune Defic Syndr, 36(1), 562-566.

Rueckert, D., Sonoda, L. 1., Hayes, C., Hill, D. L., Leach, M. O., & Hawkes, D. J.
(1999). Nonrigid registration using free-form deformations: application to
breast MR images. IEEE Trans Med Imaging, 18(8), 712-721.

Sacktor, N., Lyles, R. H., Skolasky, R., Kleeberger, C., Selnes, O. A., Miller, E. N., et
al. (2001). HIV-associated neurologic disease incidence changes:: Multicenter
AIDS Cohort Study, 1990-1998. Neurology, 56(2), 257-260.

Sacktor, N., McDermott, M. P., Marder, K., Schifitto, G., Selnes, O. A., McArthur, J.
C., etal. (2002). HIV-associated cognitive impairment before and after the
advent of combination therapy. J Neurovirol, 8(2), 136-142.

Sacktor, N. C., Bacellar, H., Hoover, D. R., Nance-Sproson, T. E., Selnes, O. A.,
Miller, E. N., et al. (1996). Psychomotor slowing in HIV infection: a predictor
of dementia, AIDS and death. J Neurovirol, 2(6), 404-410.

Sacktor, N. C., Lyles, R. H., Skolasky, R. L., Anderson, D. E., McArthur, J. C.,
McFarlane, G., et al. (1999). Combination antiretroviral therapy improves
psychomotor speed performance in HI'V-seropositive homosexual men.
Multicenter AIDS Cohort Study (MACS). Neurology, 52(8), 1640-1647.

Sacktor, N. C., Skolasky, R. L., Lyles, R. H., Esposito, D., Selnes, O. A., & McArthur,
J. C. (2000). Improvement in HIV-associated motor slowing after antiretroviral
therapy including protease inhibitors. J Neurovirol, 6(1), 84-88.

Salvan, A. M., Vion-Dury, J., Confort-Gouny, S., Nicoli, F., Lamoureux, S., &



92

Cozzone, P. J. (1997). Brain proton magnetic resonance spectroscopy in HIV-
related encephalopathy: identification of evolving metabolic patterns in
relation to dementia and therapy. AIDS Res Hum Retroviruses, 13(12), 1055-
1066.

Sauerwein, H., & Lassonde, M. C. (1983). Intra- and interhemispheric processing of
visual information in callosal agenesis. Neuropsychologia, 21(2), 167-171.

Schmitt, F. A., Bigley, J. W., McKinnis, R., Logue, P. E., Evans, R. W., & Drucker, J.
L. (1988). Neuropsychological outcome of zidovudine (AZT) treatment of
patients with AIDS and AIDS-related complex. N Engl J Med, 319(24), 1573-
1578.

Sharer, L. R., Cho, E. S., & Epstein, L. G. (1985). Multinucleated giant cells and
HTLV-III in AIDS encephalopathy. Hum Pathol, 16(8), 760.

Shieh, J. T., Albright, A. V., Sharron, M., Gartner, S., Strizki, J., Doms, R. W., et al.
(1998). Chemokine receptor utilization by human immunodeficiency virus type
1 isolates that replicate in microglia. J Virol, 72(5), 4243-4249.

Sidtis, J. J., Gatsonis, C., Price, R. W, Singer, E. J., Collier, A. C., Richman, D. D., et
al. (1993). Zidovudine treatment of the AIDS dementia complex: results of a
placebo-controlled trial. AIDS Clinical Trials Group. Ann Neurol, 33(4), 343-
349.

Simon, T. J., Ding, L., Bish, J. P., McDonald-McGinn, D. M., Zackai, E. H., & Gee, J.
(2005). Volumetric, connective, and morphologic changes in the brains of

children with chromosome 22q11.2 deletion syndrome: an integrative study.
Neuroimage, 25(1), 169-180.

Smith, S. M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T. E., Mackay,
C. E., et al. (2006). Tract-based spatial statistics: voxelwise analysis of multi-
subject diffusion data. Neuroimage, 31(4), 1487-1505.

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E.,
Johansen-Berg, H., et al. (2004). Advances in functional and structural MR

image analysis and implementation as FSL. Neuroimage, 23 Supp! 1, S208-
219.

Stankoff, B., Tourbah, A., Suarez, S., Turell, E., Stievenart, J. L., Payan, C., et al.
(2001). Clinical and spectroscopic improvement in HIV-associated cognitive
impairment. Neurology, 56(1), 112-115.

Stout, J. C., Ellis, R. J., Jernigan, T. L., Archibald, S. L., Abramson, 1., Wolfson, T., et
al. (1998). Progressive cerebral volume loss in human immunodeficiency virus



93

infection: a longitudinal volumetric magnetic resonance imaging study. HIV
Neurobehavioral Research Center Group. Arch Neurol, 55(2), 161-168.

Strain, M. C., Letendre, S., Pillai, S. K., Russell, T., Ignacio, C. C., Gunthard, H. F., et
al. (2005). Genetic composition of human immunodeficiency virus type 1 in

cerebrospinal fluid and blood without treatment and during failing
antiretroviral therapy. J Virol, 79(3), 1772-1788.

Strizki, J. M., Albright, A. V., Sheng, H., O'Connor, M., Perrin, L., & Gonzalez-
Scarano, F. (1996). Infection of primary human microglia and monocyte-

derived macrophages with human immunodeficiency virus type 1 isolates:
evidence of differential tropism. J Virol, 70(11), 7654-7662.

Sugishita, M., Otomo, K., Yamazaki, K., Shimizu, H., Yoshioka, M., & Shinohara, A.
(1995). Dichotic listening in patients with partial section of the corpus
callosum. Brain, 118 ( Pt 2), 417-427.

Sullivan, E. V., Adalsteinsson, E., Hedehus, M., Ju, C., Moseley, M., Lim, K. O., et al.
(2001). Equivalent disruption of regional white matter microstructure in ageing
healthy men and women. Neuroreport, 12(1), 99-104.

Sullivan, E. V., & Pfefferbaum, A. (2003). Diffusion tensor imaging in normal aging
and neuropsychiatric disorders. Eur J Radiol, 45(3), 244-255.

Suwanwelaa, N., Phanuphak, P., Phanthumchinda, K., Suwanwela, N. C., Tantivatana,
J., Ruxrungtham, K., et al. (2000). Magnetic resonance spectroscopy of the
brain in neurologically asymptomatic HIV-infected patients. Magn Reson
Imaging, 18(7), 859-865.

Tagliati, M., Simpson, D., Morgello, S., Clifford, D., Schwartz, R. L., & Berger, J. R.
(1998). Cerebellar degeneration associated with human immunodeficiency
virus infection. Neurology, 50(1), 244-251.

Takahashi, K., Wesselingh, S. L., Griffin, D. E., McArthur, J. C., Johnson, R. T., &
Glass, J. D. (1996). Localization of HIV-1 in human brain using polymerase

chain reaction/in situ hybridization and immunocytochemistry. Ann Neurol,
39(6), 705-711.

Tenneti, L., & Lipton, S. A. (2000). Involvement of activated caspase-3-like proteases
in N-methyl-D-aspartate-induced apoptosis in cerebrocortical neurons. J
Neurochem, 74(1), 134-142.

Thompson, P. M., Dutton, R. A., Hayashi, K. M., Lu, A., Lee, S. E., Lee, J. Y., et al.
(2006). 3D mapping of ventricular and corpus callosum abnormalities in
HIV/AIDS. Neuroimage, 31(1), 12-23.



94

Thurnher, M. M., Castillo, M., Stadler, A., Rieger, A., Schmid, B., & Sundgren, P. C.
(2005). Diffusion-tensor MR imaging of the brain in human immunodeficiency
virus-positive patients. AJNR Am J Neuroradiol, 26(9), 2275-2281.

Tornatore, C., Chandra, R., Berger, J. R., & Major, E. O. (1994). HIV-1 infection of
subcortical astrocytes in the pediatric central nervous system. Neurology, 44(3
Pt 1), 481-487.

Tozzi, V., Balestra, P., Galgani, S., Narciso, P., Ferri, F., Sebastiani, G., et al. (1999).
Positive and sustained effects of highly active antiretroviral therapy on HIV-1-
associated neurocognitive impairment. Aids, 13(14), 1889-1897.

Tozzi, V., Balestra, P., Serraino, D., Bellagamba, R., Corpolongo, A., Piselli, P., et al.
(2005). Neurocognitive impairment and survival in a cohort of HIV-infected
patients treated with HAART. AIDS Res Hum Retroviruses, 21(8), 706-713.

Tredici, G., Pizzini, G., Bogliun, G., & Tagliabue, M. (1982). The site of motor
corticospinal fibres in the internal capsule of man. A computerised
tomographic study of restricted lesions. J Anat, 134(Pt 2), 199-208.

Watkins, B. A., Dorn, H. H., Kelly, W. B., Armstrong, R. C., Potts, B. J., Michaels, F.,
et al. (1990). Specific tropism of HIV-1 for microglial cells in primary human
brain cultures. Science, 249(4968), 549-553.

Wilkinson, 1. D., Lunn, S., Miszkiel, K. A., Miller, R. F., Paley, M. N., Williams, I., et
al. (1997). Proton MRS and quantitative MRI assessment of the short term

neurological response to antiretroviral therapy in AIDS. J Neurol Neurosurg
Psychiatry, 63(4), 477-482.

Williams, K. C., Corey, S., Westmoreland, S. V., Pauley, D., Knight, H., deBakker,
C., etal. (2001). Perivascular macrophages are the primary cell type
productively infected by simian immunodeficiency virus in the brains of
macaques: implications for the neuropathogenesis of AIDS. J Exp Med,
193(8), 905-915.

Wu, Y., Storey, P., Cohen, B. A., Epstein, L. G., Edelman, R. R., & Ragin, A. B.
(2006). Diffusion alterations in corpus callosum of patients with HIV. A/NR
Am J Neuroradiol, 27(3), 656-660.





