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Abstract

Objective—To determine whether cognitive impairment and brain injury as measured by proton
magnetic resonance spectroscopy (MRS) persist in the setting of highly active antiretroviral
therapy (HAART).

Design—This study is an observational cohort study.

Methods—MRS was performed in 268 patients: HIV-negative controls (N=28), HIV-positive
neuroasymptomatic (NA) subjects (N=124), and subjects with AIDS Dementia Complex (ADC;
N=50) on stable ART with a mean duration of infection of 12 years and CD4 of 309 cells/mm3.
Four metabolites were measured over creatine (Cr): N-acetyl aspartate (NAA), marker of neuronal
integrity; Choline (Cho), myoinositol (MI), markers of inflammation, and glutamate and
glutamine (GIx) in the basal ganglia (BG), frontal white matter (FWM) and mid-frontal Cortex
(MFC). Analyses included ANOVA, ANCOVA, linear and nonparametric regression models.

Results—Cognitive impairment was found in 48% of HIV infected subjects. Both HIV positive
groups showed significant increases in MI/Cr or Cho/Cr in all brain regions when compared to
controls; a significant decrease in GIx/Cr in the FWM was observed in the NA group; only ADC
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subjects showed a significant reduction in NAA/ Cr although a significant trend for decreasing
NAA/Cr in the BG was found across the groups. Effects related to aging and duration of infection
but not central nervous system penetration effectiveness (CPE) were observed.

Conclusions—Brain inflammatory changes remain ubiquitous among HIV-infected subjects
whereas neuronal injury occurs predominantly in those with cognitive impairment. Together these
findings indicate that despite the widespread use of HAART, HIV-associated cognitive
impairment and brain injury persist in the setting of chronic and stable disease.
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Background

HIV infection is well known to cause neurological damage resulting in cognitive and
behavioral impairments that comprise the AIDS dementia complex (ADC), also referred to
as HIV-associated neurocognitive disorder (HAND) [1-3]. The introduction of highly active
antiretroviral therapy (HAART) or combined antiretroviral therapy (CART) has resulted in
marked improvement in survival with a substantial increase in the number of asymptomatic
infected patients with improved immunological status [3,4]. Despite the reported systemic
and cognitive benefits, the effects of HAART on neurological function have remained
uncertain, and specifically, whether HIV-infected patients who are otherwise asymptomatic
can develop brain pathology and cognitive impairment in the setting of chronic and stable
disease [5-8]. Preliminary data suggest that HIV may continue to affect the brain even in the
presence of HAART [9-14]. Coupled with increased survival and an aging patient
population, the potential persistence of brain pathology associated with HIV infection could
result in an increase in the prevalence of impairment in the chronically infected and treated
population.

Proton magnetic resonance spectroscopy (*H-MRS) provides a sensitive and noninvasive in
vivo method to detect inflammatory and neuronal changes in the brain [15-29]. Such
changes are reflected in levels of specific cerebral metabolites, including N -acetyl aspartate
(NAA), choline (Cho), myoinositol (MI), glutamate and glutamine (GIx). Prior to the routine
use of CART, a number of MRS-derived abnormalities were describing including reduced
levels in the ratio of NAA to total creatine (NAA/Cr), a marker of neuronal metabolism,
particularly among patients with moderate to severe ADC [15-17; 21-25] while elevations
in the Cho compounds (and Cho/Cr), considered markers of cell membrane damage and
MI/Cr, a glial cell marker, were reported at all stages of HIV [14-25, 29]. Earlier work by
these authors identified increases in MI/Cr in the frontal white matter as the primary
abnormality among neurologically asymptomatid (NA) subjects while those with cognitive
impairment showed more diffuse inflammatory changes with evidence of neuronal injury
[22]. In a subsequent study based on a factor analysis, basal ganglia and neuronal factors
were identified as critical determinants of ADC [25, 27], consistent with the ex vivo findings
[30-32].
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To date there have been no studies that have demonstrated the pattern or extent of brain
injury in chronically infected patients on cART, particularly among NA subjects and more
specifically whether the previously described patterns of brain pathology have changed in
response to such treatment. The HIV Neuroimaging Consortium (HIVNC) was formed to
examine this issue in a prospective multicenter study of a large cohort of 300 chronically
HIV-infected subjects on stable cCART. Participants undergo comprehensive neurocognitive,
biomarker and imaging assessments that include both volumetric imaging and magnetic
resonance spectroscopy across seven centers. We hypothesized that HIV-infected patients
with a history of chronic and stable disease on cART would continue to show patterns of
brain injury similar to those observed in the pre-HAART era. Such findings would suggest
that HIV infection ether through direct or indirect mechanisms remains active in the brain in
the setting of chronic and stable disease and would pose a continued challenge in the
management of these patients. In this report we described the findings from the multicenter
MRS study. We have recently described evidence of volumetric loss based on structural
imaging analysis in a subset of these patients [33].

Clinical Assessments

Patients were enrolled a longitudinal study of brain injury and neurocognitive functioning at
the following sites: UCSD, UCLA, Harbor-UCLA, Stanford, Colorado, Pittsburgh, and
Rochester. Inclusion criteria included: Nadir CD4 count < 200 cells/mm?3; stable
antiretroviral (ARV) regimen with any FDA-approved therapy (for at least 12 consecutive
weeks prior to study screening); hemoglobin > 9.0 gm/dL; serum creatinine < 3 x upper
limit of normal (ULN); AST (SGOT), ALT (SGPT), and alkaline phosphatase < 3 x ULN.
Exclusion criteria included severe premorbid or comorbid psychiatric disorders,
confounding neurologic disorders such as chronic seizures, stroke, head trauma resulting in
loss of consciousness> 30 minutes, multiple sclerosis, brain infection (except for HIV), or
brain neoplasms, including CNS lymphoma; active alcohol and drug abuse or related
medical complications within 6 months of study; diabetes mellitus with a fasting glucose >
140. Assessments include magnetic resonance imaging and spectroscopy, a neurological and
neuropsychological assessments, plasma and CSF assays for HIV RNA. Cognitive status
was assessed using the ADC Staging as previously described [2] and patients were assessed
on both clinical and neuropsychological tests and rated as no impairment, stage 0;
subclinical impairment, 0.5; mild, stage 1; moderate, stage 2; or severe impairment, stage 3.
Neuropsychological impairment was defined as performance of at least 1.0 standard
deviation below normative values on two or more neuropsychological tests or at least 2.0
standard deviations below normative values on one or more tests [20]. Subsequent to the
inception of this study, Antinori and colleagues published a new classification in which
ADC stage 0.5 and 1 would correspond to mild cognitive disorder or mild neurocognitive
disorder (MND) and ADC stage 2 or greater would correspond to HIV associated Dementia
or HAD. As there were no differences in MRS metabolites between ADC stage 0 and 0.5,
these groups were combined for analysis [3]. Institutional review boards at each site
approved the protocol. All participants gave written informed consent for the protocol. All
the authors vouch for the accuracy and completeness of the data reported.

AIDS Author manuscript; available in PMC 2015 February 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Harezlak et al.

Page 4

MRS methods

Single-voxel 1H spectra were acquired using a customized version of the GE PRESS
sequence. VVoxels 6 cc in volume were prescribed in 3 regions: midline frontal gray matter,
right (or left) mid-frontal centrum semiovale (white matter), and right (or left) basal ganglia
(deep gray matter). The basal ganglia and white matter are typically involved in HIV
infection of the brain [30-32], while the frontal gray matter was chosen as an indicator of
the extent of cortical involvement. Field homogeneity and water suppression were adjusted
using automated algorithms from GE. Water suppressed spectra were collected with TE/TR
= 35/3000 ms, bandwidth = 2500 Hz, 128 averages, NEX=8To control for a possible
instrument phantoms containing fixed concentrations of the metabolites, were obtained at
the time of the subject evaluation. The time domain spectral data were transferred via file
transfer protocol (FTP) to an FTP server at the central MRS processing site, John A. Burns
School of Medicine, University of Hawaii. The metabolite ratios NAA/Cr, Cho/Cr, MI/Cr,
and GIx (=Glu+GIn)/Cr were determined using the LC Model spectral analysis software and
an unsuppressed water FID at TE=35 ms for eddy-current correction. This automated
processing method yields standard deviations of metabolite ratios < 15% [24].

Statistical Methods

A linear regression model was fitted to the phantom measurements to obtain site-specific
estimates, which were then used as adjustments to the MRS metabolite ratios. Baseline
demographic and clinical covariates were assessed for group differences by the Kruskal-
Wallis test for continuous data, and the Mantel-Haenszel test for categorical data. Analysis
of Covariance (ANCOVA) was performed adjusting for the effects of age and sex. To assess
for the possible confounding effects of race (control 96% white compared to 74% white in
the HIV infected group), a sensitivity analyses including only subjects with a self-reported
white race was done. Differences were qualitatively the same as for the whole sample and
the effect sizes were consistent with the overall comparisons. Within each brain region and
metabolite ratio, the Tukey procedure was used to adjust for multiple comparisons. For the
12 comparisons performed across the 3 brain regions and 4 metabolite ratios, the Bonferroni
adjustment was done at the 0.0042 (=0.05/12) level of significance. A trend analysis was
performed to assess incremental increases or decreases in the metabolite ratios across the
three HIVV-positive groups by applying a linear regression model to the ordinal subject group
data ranked according to progressive ADC stage. Analyses of the effects of age on the
metabolite ratios were done using nonparametric additive regression models. All analyses
were carried out in R-2.9.2 (R Core Development System: http://www.r-project.org).

The central nervous system penetration effectiveness score (CPE), a measure of the relative
effectiveness of ARV regimens to cross the blood brain barrier, was derived as previously
described from an algorithm that considers the effectiveness of each agent in the
antiretroviral regimen to cross the blood brain barrier as follows : 0=lowest penetration,
0.5=intermediate penetration, 1=highest penetration) [34]. Regimens of ARV drugs were
also categorized into groups based on the number and mechanism of action of the
component ARV drugs: (1) nonnucleoside reverse transcriptase inhibitor (NNRTI)-based
regimens included at least 1 NNRTI with at least 2 other ARVs and no protease inhibitors;
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(2) protease inhibitor—based regimens included at least 1 protease inhibitor with at least 2
other ARVs and no NNRTIs; (3) other regimens containing any number of drugs.

Subject characteristics

Summary statistics are provided for subjects having at least one out of nine metabolite ratios
available and at least one neurological evaluation. As gender and age were significantly
different between HIV-negative controls and HIV-infected subjects (Table 1) all subsequent
analyses were adjusted for these two factors in the linear regression models. As a group,
HIV infected subjects showed a median age of 47 years with a median duration of HIV
infection of 12 years, including 59% infected for more than 10 years and 9% for over 20
years (Table 2). The median nadir CD4 count was 34 cells/mm3, but the baseline count was
309 cells/mms3, and the median CPE score was 1.5, comparable to scores previously reported
[27]. Nearly 52% of subjects were cognitively normal and 48% were cognitive impaired,
including 28% with sub-clinical impairment and 20% with definite cognitive impairment as
defined by ADC stages 1-3 [2].

Comparison of MRS metabolite ratios between HIV-infected subjects and HIV-negative

controls

Phantom evaluation was done to remove possible variability related to site differences in
imaging acquisition. As the differences between the HIV-negative and HIV-infected
subjects remained qualitatively the same, results from the unadjusted analyses are presented
here. In the majority of cases, metabolite ratios from each of the three HIV-infected groups,
including NA subjects, were significantly different from the HIVV-negative controls (Figure
1, Tables 3 and 4). Notably, MI/Cr in all three regions of the brain was significantly higher
in all HIVV-infected groups compared to the HIVV-negative group whereas Cho/Cr was
significantly higher in the basal ganglia and mid-frontal cortex. Subjects with sub-clinical
impairment (ADC stage 0.5) generally showed the same pattern as the NA group. In
contrast, NAA/Cr in the basal ganglia and frontal white matter was significantly reduced
only in subjects with cognitive impairment (ADC stage =1) when compared to HIV-negative
controls. GIx/Cr ratio in the frontal white matter was lower in all HIV groups but reached
statistical significance only in the NA group.

Comparison among HIV-infected groups

We then compared the metabolite ratios among the HIV-infected subjects with varying
levels of cognitive impairment in the three regions of interest. Levels for Cho/Cr and MI/Cr
did not differ among the three groups. In contrast, NAA/Cr levels in the BG were
significantly lower in the advanced ADC group compared to the NA group.

To further assess how metabolite levels change with respect to cognitive impairment, a trend
analysis was performed in the HIV positive group (Table 3). A prominent negative trend in
the NAA/Cr was found in the BG (p=0.001) with the neuroasymptomatic group showing the
highest NAA/Cr levels, while levels progressively decreased with ADC stage. Weaker
negative trends were observed in the frontal white matter and mid-frontal cortex, but did not
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reach statistical significance after correction for multiple comparisons. Consistent with the
pairwise comparisons, no trends were observed with Cho/Cr or MI/Cr.

Risk Factors Associated with MRS Abnormalities

Given the characteristics of the cohort and recent reports suggesting that age and treatment
may play a role in certain cognitive and systemic complications [14], we postulated that age,
duration of HIV infection and the lack of CNS penetrating ARV agents would correlate with
greater inflammation (higher Cho/Cr and MI/Cr) and neuronal injury (lower NAA/Cr).
Significant age-related effects were noted for GIx/Cr, MI/Cr and NAA/ Cr, but these results
varied depending on the metabolite (Figure 2). All groups, including HIV-negative controls,
showed similar declines in NAA/Cr in the MFC with increasing age (p-value < 0.0001). In
contrast, a significant HI\VV-by-age interaction (p-value = 0.0004) was observed with respect
to MI/Cr in the FWM which increased with age in the NA and ADC stage 0.5 groups but
unexpectedly decreased with age among subjects with ADC >1 while these levels remained
relatively unchanged in controls. A significant HIV-by-age interaction effect (p-value =
0.0026) was also observed for GIx/Cr in the FWM across all HIV-positive groups,
independent of cognitive status. Further analysis showed that an HIV-positive subject at age
30 years would have the same value as HIVV-negative subject at age 56 years. A significant
interaction with duration of HIV infection was found for MI/Cr levels in the basal ganglia
such that subjects with subclinical neurological disease (ADC 0.5) displayed decreased
MI/Cr levels with duration; those with ADC stage 1 or greater displayed an inverted “U”
relationship, i.e. increased levels which then decreased with duration while NA subjects
showed an increased in MI/Cr (p-value=0.002). Duration was also associated with
decreasing NAA/Cr levels in the MFC regardless of cognitive status (p-value=0.0065). In
contrast, there was no relationship between the CPE rank and any of the metabolite ratios.

Discussion

This study aimed to determine whether patterns of brain injury as measured by MRS have
changed in response to CART in a chronically infected and aging cohort of 268 subjects. The
cohort was unique and different from those previously described due to its size (N= 240),
age (40% older than 50 years), and duration of infection (60% were infected more than 10
years and nearly 10% more than 20 years), reflecting the established benefits of ART on
survival. Several studies have reported that despite these benefits, subjects are facing a
number of complications related to the effects of aging, chronic immune activation or
treatment, including lipodystrophies, metabolic disorder and cardiovascular disease [35, 36].
More recently, there is some evidence suggesting that chronically infected yet stable
subjects may be developing cognitive impairment [37, 38]. Therefore it is noteworthy that
nearly 50% of our subjects showed some degree of cognitive impairment ranging from
subclinical impairment in 30% to frank impairment in the remaining subjects. Further
prominent increases in Cho/Cr and MI/Cr, markers of inflammation, were found in all HIV-
positive groups, including neurologically asymptomatic subjects, when compared to HIV
negative controls while a significant decrease in NAA/Cr, indicative of neuronal injury, was
detected only among ADC patients. Combined, the current results indicate that despite
effective and lasting ARV treatments, cognitive and metabolite impairments, indicative of
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inflammation and neuronal injury, persist in the setting of chronic and stable HIV infection.
Furthermore, the pattern of MRS findings has remained remarkably consistent with those
observed prior to the widespread use of CART [23-25]. The results therefore provide
compelling evidence that the early treatment benefits following the introduction of cCART
either do not persist or do not affect brain injury to the extent anticipated and should renew
concern about the possibility of resurgence in HIV-associated brain pathology and cognitive
impairment in subjects who are otherwise stable on ARV treatment.

Brain Inflammation in HIV

Neuropathological studies have consistently demonstrated that HIV is associated with
gliosis and mononuclear cell infiltration with a particular predilection for the basal ganglia
and white matter pathways [30-32]. Significant elevations in Cho and M1 reflective of these
inflammatory responses have been previously observed in the same regions but less often in
the cortical gray matter [16—20]. The ubiquitous presence of an inflammatory response as
shown in this study continues to support prevailing models of HIV neuropathogenesis,
suggesting that chronic inflammation, possibly as a result of chronic immune activation,
plays a critical role in HIV-associated brain injury [31, 32, 43, 44]. The lack of further
increases in inflammation with worsening cognitive impairnent suggests that a threshold
level of inflammation is reached during early stages of infection. Alternatively, this finding
could in part reflect the effects of decreases in inflammation with either duration of infecton
or aging among ADC subjects (see below). Prominent involvement of the mid-frontal cortex
suggests that the pattern of brain injury may be evolving from a predominantly subcortical
disorder as previously described to one which, in the setting of chronic disease and cART,
now prominently includes the cortex, consistent with our own recent findings of volumetric
loss and ventricular enlargement in these patients [33]. Future studies will need to address
the effects of this evolving pattern of cortical injury on cognitive performance.

Neuronal Injury in HIV

Significant neuronal loss, as well as damage to the synaptic dendritic tree, is a well
described feature in brains of HIV-infected patients [40-42]. It is of interest then that in the
current study, reduced levels in NAA/Cr, reflecting these events, were found among patients
with cognitive impairment (ADC stage >1). Further, the trend analysis showed decreasing
levels, predominantly in the basal ganglia, suggesting that neuronal injury may also be
present at subclinical stages, possibly in subjects who may be at risk for cognitive
impairment. When combined with the results from the Cho/Cr and MI/Cr analysis, these
findings support a two-stage model of brain injury, which suggests that inflammation during
the subclinical stages of HIV infection is followed by decreases in neuronal function, which
eventually lead to cognitive impairment in susceptible individuals. These studies also
support the notion that a decrease in NAA/Cr may represent a critical event in HIV
neuropathogenesis and provide a sensitive and useful in vivo biomarker for cognitive
impairment in the setting of chronic and stable disease (29).
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Neurotoxicity in HIV

Glutamate and glutamine levels were assessed via the GIx peak on MRS. Glial cells and
neurons are believed to be the primary sources of this metabolite, thus disturbances could
reflect dysfunction in one or both elements [28]. Past studies have suggested that increases
in glutamate resulting from glial cell dysfunction may lead to neuronal injury [43, 44]. The
neurotoxic hypothesis of HIV-associated brain injury would predict that increases in the GIx
peak would parallel decreases in NAA and a decline in cognitive function. However, in
contrast to other metabolites, no significant differences in this index were found other than a
decrease in the frontal white matter in the neuroasymptomatic group. The basis for this
finding is unclear but could reflect damage to neuro-glial elements at earlier stages of
infection that antedate decreases in NAA as previously described in the SIV- infected
macaque [28].

Persistence and Risk Factors for HIV-associated Brain Injury

The reasons for the persistence of brain injury in the context of stable disease and treatment
are unclear. Increases in Ml and decreases in NAA have been described in ARV-naive
subjects during the early stages of primary HIV infection [22]. Whether such patterns of
injury persist in certain individuals or recur following treatment and whether such changes
could result in chronic neurological damage over time will need to be addressed in
prospective future studies such as those underway in the context of the HIVNC.

There have been no prior studies describing factors that may contribute to in vivo patterns of
HIV-associated brain injury. We therefore conducted a preliminary analysis of this issue.
Age had a profound effect on certain metabolites, notably M1/Cr and GIx/Cr. Interestingly,
GLXx/Cr levels approached those observed in older healthy individuals suggesting that HIV
infection may be accelerating age-related processes in the brain similar to its effects on the
cardiovascular system [35, 36]. The observed decreases in MI/Cr in the FWM with age and
in the BG with increasing duration of disease may reflect age related disturbances in glial
cell metabolism or the effects of chronic “burnt out” brain disease. The effects of chronic
ARV treatment, chronic immune activation and comorbidities as well as their interactions
also need to be considered. It is noteworthy no relationship between CPE rank and
metabolite levels was found suggesting that the use of CNS penetrating agents may have
little effect on brain injury associated with HIV infection and may not be as important as
effective control of plasma HIV RNA levels. It remains to be determined whether the long
term administration of certain antiretroviral agents can result in neurological injury [45, 46].

The current findings indicate that despite the systemic benefits of cART, the brains of HIV-
infected individuals continue to show damage in the setting of chronic and stable disease.
Ongoing monitoring of neurologic function, even additional therapeutic intervention, may
thus be warranted in this population.
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Figure 1.

Boxplots of MRS metabolites are shown for the control and the three patient subgroups

(NA, ADC stage 0.5 and ADC stage > 1) and for three regions of interest (BG, FWM,

MFC). Black dots depict the median metabolite level and the box is the 15t quartile (lower

end) and the 3 quartile (upper end) of the metabolite level distribution.
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NAA/Crin MFC

The interaction effects of age and group membership (NA, ADC) were studied using semi-
parametric and linear models and the model which best fit the data was selected (see
Methods). The colors of the curves indicate different groups: HIV— (red), NA (green), sub-

clinical (blue) and ADC (black).

TOP LEFT PANEL: MI/Cr ratio in Frontal White Matter as a function of age, HIV status,
ADC stage and their interactions. MI/Cr ratio in the HIV- group is consistently the lowest at
all ages, the NA and subclinical groups exhibit increasing MI/Cr ratio as a function of age,
while the ADC group shows a decreasing MI/Cr ratio trend as a function of age.

TOP RIGHT PANEL: NAA/Cr ratio in mid-frontal cortex as a function of age, HIV status
and ADC stage. All groups show a decreasing NAA/Cr trends as a function of age.
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BOTTOM LEFT PANEL: GIx/Cr ratio in frontal white matter as a function of age, HIV
status, ADC stage and their interactions. All groups show a decreasing GIx/Cr trend as a
function of age with the HIVV— group consistently higher than the HIV+ groups.
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Table 4

Summary of the metabolite ratio differences amongst 4 groups: HIV-, NA, Subclinical and ADC.
Comparisons with p-values < 0.05 are listed in regular type and the Bonferroni adjusted (i.e., p-value <
0.0042) are in bold type.

NA vs HIV negative

TNAA/Cr | MFC

1 Cho/Cr BG, MFC

1T MI/Cr BG, FWM, MFC
1 GIx/Cr FWM

Subclinical vs. HIV negative

1 Cho/Cr BG, MFC

T MI/Cr BG, FWM, MFC

ADC vs HIV negative

L NAA/Cr | BG, FWM

1 Cho/Cr BG, MFC

T Ml/Cr BG, FWM, MFC

ADC vs NA

L NAA/Cr | BG

Trend analysis within HIVV+ group

L NAA/Cr | BG, FWM, MFC
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