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Abstract

Growing evidence points to persistent neurological injury in chronic HIV infection. It remains
unclear whether chronically HIV-infected individuals on combined antiretroviral therapy (CART)
develop progressive brain injury and impaired neurocognitive function despite successful viral
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suppression and immunological restoration. In a longitudinal neuroimaging study for the HIV
Neuroimaging Consortium (HIVNC), we mapped the annual rate of change of regional brain
volumes in 155 chronically infected and treated HIV+ participants (mean age 48.0 + 8.9 yrs;
83.9% Male), using tensor-based morphometry between two time points (mean time interval: 1.0
+ 0.5 yrs). We tested for associations between rates of brain tissue loss and clinical measures of
disease severity (nadir or baseline CD4+ cell count and baseline HIV plasma RNA concentration),
HIV duration, cART CNS penetration-effectiveness scores, age, as well as change in AIDS
Dementia Complex stage. We found significant brain tissue loss across HIV+ participants,
including those neuro-asymptomatic with undetectable viral load, largely localized to subcortical
regions. Measures of disease severity, age, and neurocognitive decline were associated with greater
atrophy. Chronically HIV-infected and treated individuals may undergo progressive brain tissue
despite stable and effective CART, which may contribute to neurocognitive decline. Understanding
neurological complications of chronic infection, and identifying factors associated with atrophy
may help inform strategies to maintain brain health in people living with HIV.
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INTRODUCTION

Combined antiretroviral therapy (CART) has dramatically improved life expectancies for
HIV-infected individuals (Nakagawa et al. 2013). Today, acute HIV encephalitis and HIV-
associated dementia are far less prevalent (Ances and Ellis 2007), but many HIV-infected
adults still experience a range of neurocognitive impairments (NCI) known as HIV-
associated neurocognitive disorders (HAND), or the AIDS dementia complex (ADC) (Navia
et al. 1986a, Navia et al. 1986b, Antinori et al. 2007, Robertson et al. 2007, Heaton et al.
2011). It is not well understood whether neurologically asymptomatic, chronically HIV-
infected adults on stable CART are at heightened risk for neurodegeneration and NCI as they
age.

Brain imaging studies provide evidence of persistent brain decline and NCI in chronically
HIV-infected individuals on cART. Reduced cortical gray matter, basal ganglia, and white
matter volumes, as well as larger ventricular volumes, have been associated with duration of
infection, cognitive impairment, brain metabolite disruption, and immunological markers of
disease severity —particularly nadir CD4+ count (Cardenas et al. 2009, Cohen et al. 2010,
Becker et al. 2011, Harezlak et al. 2011, Tate et al. 2011, Ances et al. 2012, Hua et al.
2013a, Harezlak et al. 2014). These trends have even been identified in neuro-asymptomatic
individuals whose viral load is suppressed by cART (Cohen et al. 2010, Tate et al. 2011).

To date, most studies have been cross-sectional with few longitudinal studies assessing rates
of brain atrophy. Whether viral suppression with stable treatment protects against premature
decline is still unresolved (Heaton et al. 2015, Correa et al. 2016, Sacktor et al. 20186,
Sanford et al. 2018). As part of the HIV Neuroimaging Consortium (HIVNC), we assessed
chronically infected individuals on stable cART, including virologically suppressed
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individuals with minimal or no NCI, to determine whether these individuals continue to
show patterns of progressive brain atrophy beyond that expected from aging. We used a
longitudinal brain mapping technique, tensor-based morphometry (TBM), to generate maps
of annual brain tissue loss. We hypothesized that 1) measures of disease severity at baseline
would predict brain atrophy rates, and 2) greater atrophy would be associated with decline in
neurocognitive function. Identifying the pattern of degeneration in treated asymptomatic
individuals, along with factors associated with rates of decline, may provide targeted
neurological bases for treatments and help identify pre-symptomatic individuals at
heightened risk for NCI.

METHODS
HIVNC Participants

Between 2003 and 2009, 1.5 T T1-weighted MRI, clinical, and neuropsychological data
were collected at two time points (mean time interval: 1.0 + 0.5 yrs) from 155 chronically
HIV-infected HIVNC participants (mean baseline age: 48.0 + 8.9 yrs; 83.9% Male) on stable
CART with a history of advanced disease (nadir CD4+ count < 200 cells/mm3) across seven
sites. Baseline demographic and clinical characteristics are reported in Table 1. Inclusion
criteria, clinical assessments, and MRI image acquisition parameters have been previously
described (Harezlak et al. 2011, Gongvatana et al. 2013, Hua et al. 2013a) and are
summarized in Supplementary Appendix 1.1. Procedures were approved by local
institutional review boards. Participants gave written informed consent.

NCI was assessed using AIDS Dementia Complex (ADC) staging, as previously described
(Navia et al. 1986a, Navia et al. 1986b, Price and Brew 1988). Based on both clinical
evaluations and neuropsychological tests, participants were classified at baseline and
prospectively as follows: ADC stage 0-neurologically asymptomatic (NA) with no evidence
of cognitive, functional or neuropsychological impairment; ADC stage 0.5-subclinical
impairment, with evidence of neuropsychological impairment only, as defined above; ADC
stage 1-mild neurocognitive impairment with evidence of definite cognitive and functional
impairment on activities of daily living (ADL) but without loss of independent functioning;
ADC stage 2-moderate impairment, requiring assistance on ADLs; or ADC stage 3-severe
global cognitive and functional impairment (Price and Brew 1988). Of 143 participants with
available baseline ADC stage, none were ADC stage 3, and only one was ADC stage 2.
Follow-up ADC stage was available in 134 participants. Two years after the start of this
study, a revised classification of HIV-associated cognitive impairment, referred to as the
Frascati criteria, was proposed (Antinori et al. 2007), where in general, ADC stage 0.5
approximately corresponds to asymptomatic neurocognitive impairment (ANI), ADC stage 1
to mild neurocognitive disorder (MND), and ADC stage 2 or greater to HIV-associated
dementia or HAD.

Image Processing and Tensor-Based Morphometry (TBM)

Tensor based morphometry (TBM), as described in (Hua et al. 2013a, Hua et al. 2013b, Hua
et al. 2016), is a robust and sensitive technique to create three-dimensional maps that reflect
the rates of change at each point (voxel) in the brain. Briefly, each subject’s pre-processed
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follow-up T1-weighted scan was registered to its baseline scan using a non-linear inverse-
consistent elastic mutual information based registration algorithm (Leow et al. 2007). The
resulting Jacobian determinant map, or change map, characterizes the local volume
differences (expansion/contraction) between the two scans. For each subject, change maps
were normalized by the respective time interval (in years) between scans to reflect the
annualized rate of change in each voxel. To align maps across participants for statistical
analysis, baseline T1-weighted scans were warped to a study specific template, and the
resulting warp was applied to each subjects’ change map. The cerebellum was often partly
outside of the field of view (FOV; i.e., cropped during image acquisition) and was therefore
excluded from all analyses. For further details, see Supplementary Appendix 1.3.

Group Average Maps of Annual Rates of Brain Atrophy

We computed the mean annual rate of brain tissue loss (percent) in HIV+ participants, at
each voxel. Mean maps were computed in HIV+ subgroups classified as either
neurologically asymptomatic (NA; ADC=0; N=92) or NA with undetectable viral load (NA-
uVL; plasma HIV RNA < 400 copies/mL; N=76). A two-tailed, one-sample 7-test was used
to find regions with significant change (change not equal to zero). We corrected for multiple
comparisons across voxels using the searchlight false discovery rate (SFDR) method at
=0.05 (Langers et al. 2007).

For each group, voxel-wise annual change was averaged within 26 regions of interest (ROIs)
spanning cortical and subcortical gray matter (GM), white matter (WM), and cerebrospinal
fluid (CSF) compartments (Supplementary Table S3). To generate the ROIs, the template to
which all Jacobian maps were spatially normalized was segmented with FreeSurfer (Fischl
et al. 2004). A two-tailed, one-sample 7-test was used to find ROIs with significant mean
change across participants, at the multiple comparisons FDR corrected P-value (Benjamini
and Hochberg 1995).

Statistical Associations with Annual Rates of Brain Atrophy

Random-effects multiple linear regressions were used to test associations between brain
atrophy rates and variables of interest. We covaried for baseline age, sex, race/ethnicity, and
inter-scan time-interval. To ensure baseline brain volumes did not confound our analyses of
brain tissue change, we also covaried for baseline TBM maps representing volumetric
differences from the template (i.e. the degree of volume differences already present at
baseline). To account for possible scanner effects, scanning parameters and acquisition site
were used as the grouping variable. All voxel-wise analyses were corrected for multiple
comparisons using sSFDR at ¢=0.05 (Langers et al. 2007).

We tested for group differences in annual brain volume changes between HIV+ neuro-
asymptomatic (NA) and symptomatic (NS) participants, and between the subset of NA-uVL
participants and the remaining population. Across HIV+ participants, we evaluated the
effects of age as well as HIV-related clinical variables at baseline on annual volumetric
change: nadir CD4+, immunologically reconstituted current CD4+ status —defined as a
CDA4+ > 350 cells/pl, the threshold below which cART is generally recommended (World
Health Organization 2015), detectable HIV RNA viral load (dVL) in plasma (= 400 copies/
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mL). Secondary analyses evaluated duration of HIV infection, and baseline CART CNS
penetration-effectiveness (CPE) score (Letendre et al. 2009).

Variables that showed a statistically significant association in the entire HIV+ population
were then subsequently tested in two subsets: 1) all NA participants (the majority of the
study population) and 2) a smaller NA-uVL subset. Finally, we assessed whether brain
volume changes were associated with longitudinal changes in ADC stage. Details on
variable definitions are available in Supplementary Appendix 1.4.

Uninfected Comparison Group - Parkinson’s Progression Markers Initiative (PPMI)
Controls

Because healthy controls were not part of the original study design, healthy control 3T T1-
weighted MRI scans were obtained from the publicly-available, multi-center Parkinson’s
Progression Markers Initiative (PPMI; Supplementary Appendix 1.2) (Marek et al. 2011).
Longitudinal MRIs from 63 controls (mean age: 59.3 + 10.9 yrs; 61.9% male) were
downloaded from the PPMI database (http://www.ppmi-info.org/). A subset of 48 controls
were selected to match on age, sex, race/ethnicity, and education with a subset of 65 HIV+
HIVNC participants. This subset was representative of the full cohort for all HIV-related
measures. Demographic and clinical characteristics for the full and matched PPMI and
HIVNC groups are reported in Supplementary Tables S1-S2. As for HIVNC, baseline and
follow-up T1-weighted images were pre-processed, and change maps generated and
registered to the HIVNC template for an exploratory comparison with HIV+ individuals.

RESULTS

Clinical and Demographic Characteristics

Demographic and clinical factors were compared between groups using one-way ANOVA or
chi-squared analyses. Within the full HIV+ cohort, compared to neuro-symptomatic
participants (NS), the NA group was comprised of a marginally higher number of Caucasian
participants (P=0.021) and fewer participants with detectable viral loads (P=0.011; Table 2).
Compared to NA-uVL participants, those either with dVL or NS were significantly older
(P=0.010) with longer HIV duration (~P=0.004).

Annual Rates of Brain Volume Change

The full HIVNC cohort, NA participants, and only those NA with uVL all showed
significant CSF expansion and widespread tissue atrophy (Figure 1a-c), especially within
subcortical structures and WM (Pgorrected < 0.05). Mean regional changes, summarized in
Supplementary Table S3, reveal the greatest annual changes were consistently detected in
the pallidum and thalamus (0.4-0.5% atrophy annually), and ventricles (up to 0.7%
expansion), followed by the putamen and nucleus accumbens (0.3-0.4% atrophy).

Rates of brain change were similar between HIV+ groups. There were no significant
differences between NA participants and those with an ADC stage greater than 0, or between
NA-uVL and the remainder of the population.
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Age and HIV Infection Severity Predict Brain Tissue Loss Rates

We evaluated the independent effects of age on brain atrophy rates in the entire HIV+
cohort, and found that older age at baseline was associated with greater tissue 10ss (Peorrected
< 0.05). For each year in age, HIV+ participants showed an average of 0.04% greater
ventricular/CSF expansion and 0.04% greater tissue atrophy (Table 2a; Figure 1d). Similar
patterns and rates were detected in the subsets of NA and NA-uVL participants (Figure 1e,f).
The association between brain atrophy and age was relatively localized and did not account
for the pervasive brain atrophy detected across participants over time. Age and duration of
infection were not strongly correlated (Pearson’s /=0.30; £=0.0001) and associations
between age and atrophy rates remained significant when covarying for HIV duration.

When covarying for age, indices of HIV infection also predicted greater brain atrophy and
CSF space expansion in the full HIV+ cohort. Participants with a lower current CD4+ cell
count showed on average a 0.78% increase in ventricular/CSF expansion rates and 0.78%
increase in atrophy rates in the WM, bilateral thalami, caudate, and putamen, and right
globus pallidus and amygdala (Figure 2a; Table 3b; Pyorrected < 0.05). On average, every 10
unit reduction in nadir CD4+ was associated with 0.06% faster sulcal CSF expansion and
0.06% increase in atrophy rates the left thalamus and internal capsule WM (Figure 2b; Table
2¢). Compared to virologically suppressed participants, those with detectable plasma HIV
RNA (dVL) showed 1.0% greater ventricular/CSF expansion, and 0.82% greater atrophy
throughout the WM, thalamus, globus pallidus, and putamen as well as the left hippocampus
and amygdala (Figure 2c; Table 2d). Atrophy rates were not associated with duration of
infection, or CPE score after correcting for multiple comparisons. Ranking the significant
baseline HIV-related predictors based on the spatial extent of their effects across the brain
revealed the following order of relative importance on brain changes: dVL, CD4+ status at
baseline, and nadir CD4+ cell count (Table 3).

The subset of NA participants showed similar atrophy rates to the full HIVV+ cohort (Table
3); greater ventricular/CSF expansion and tissue atrophy were associated with dVL and
lower current or nadir CD4+ counts. However, findings were less widespread, perhaps due to
a smaller sample size (Figure 2d-f). While atrophy in NA-uVL participants was not
associated with nadir CD4+, significant associations were detected with current CD4+
(Figure 29).

Changes in ADC Stage and Tissue Loss

134 HIVNC participants had ADC staging at both time points; 78.4% remained stable, 7.5%
improved (ADC decrease), and 14.2% declined (10.4% went from ADC=0 to ADC = 0.5;
Figure 3a). Change in ADC status was not significantly associated with either change in
viral load or CD4+ status (CD4+: Spearman’s r=-0.15, £=0.096; VL: Spearman’s r=
0.10, P=0.614; Supplementary Appendix 2.4). Compared to those who remained stable or
improved (N=115), an increase in ADC stage (N=19), reflecting neurocognitive decline, was
associated with on average 2.1% greater ventricular expansion and 0.91% greater atrophy
sparsely distributed in temporal WM (Table 3e; Figure 3b). Greater differences were
detected when an increase in ADC stage (N=19) was compared only to participants who
improved (N=10): 3.1% greater ventricular expansion and 1.4% greater atrophy in the left
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frontal, temporal, occipital, and internal capsule WM, as well as the left putamen, pallidum,
and thalamus (Figure 3c). No significant difference was detected between those who
remained stable and those who improved.

Annual Rates of Brain Volume Change in HIV+ Participants Compared to Controls

HIVNC HIV+ participants were significantly younger (P=1.16x10713), less educated
(P=0.0001), and were comprised of fewer females (P=0.0004) and Caucasians (£=0.0004)
than the full PPMI control cohort (Supplementary Table S1). The subset of HIV+
participants selected to match the demographic characteristics of PPMI were not
significantly different clinically to the full HIV+ group, however they were significantly
older (P=2.47x107%) and had fewer males (P=0.048) than the full group to match
demographic characteristics of the PPMI cohort (Supplementary Table S2).

Voxel-wise analyses (Figure 4) revealed that compared to healthy controls (N=48; mean age:
mean age: 55.6 = 9.5 yrs), matched HIV+ participants (N=65; mean age: 54.2 + 7.9 yrs) had
significantly greater tissue atrophy rates in small regions bilaterally in the temporal lobes
and in the left precuneus (Pgorrected<0.05, Mean: 0.67%; IQR: 0.58-0.77%; Significant
Voxels: 0.12%).

DISCUSSION

This study represents one of few published longitudinal studies to map patterns of ongoing
regional brain volume loss in a large cohort of chronically HIV-infected middle-aged
participants on cART, including neurologically asymptomatic and virologically suppressed
individuals. While recent cross-sectional studies have identified disrupted brain processes in
HIV-infected individuals with chronic, stable disease (Cohen et al. 2010, Tate et al. 2011,
Harezlak et al. 2014), relatively few longitudinal studies have been conducted, and there is
little consensus regarding the pattern and degree of ongoing brain change. Our study has two
main findings: 1) Atrophy (CSF expansion and tissue loss) persists in HI\-infected
individuals despite CART and 2) rates of atrophy in HIV are associated with measures of
disease severity and neurocognitive decline.

As life expectancy of HIV-infected individuals has increased significantly in the setting of
CART, it has been postulated that HI\V-associated brain injury and NCI may accelerate with
aging (Brew et al. 2009, Holt et al. 2012, Brew and Cysique 2017, Ding et al. 2017). Several
cross-sectional studies have reported either independent or additive effects of age and HIV
(Ances et al. 2012, Becker et al. 2012, Nir et al. 2014, Cohen et al. 2015) or HIV-by-age
interactions (Harezlak et al. 2011, Cysique et al. 2013, Kuhn et al. 2017). The HIVNC study
did not include seronegative individuals as part of the original study, necessary to directly
compare HIV effects with healthy aging. However, the association between brain atrophy
and age was relatively localized and did not account for a majority of the annual tissue loss
detected throughout the brain of HIV+ participants. We found that markers of HIV severity
and age were both independent, and sometimes overlapping, predictors of progressive brain
atrophy in HIV+ participants, suggesting atrophy beyond that expected from healthy aging
alone. To further confirm atrophy rates beyond that expected with healthy aging, a group of
seronegative participants from the multi-site longitudinal PPMI study were used in an
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exploratory analysis. We found suggestive evidence that longitudinal atrophy rates in HIV+
individuals on stable CART were significantly higher than those in a group of age-matched
healthy controls, in line with other longitudinal studies (Cardenas et al. 2009, Clifford et al.
2017). Compared to HIVNC T1-weighted brain scans, which were acquired with 1.5 T MR,
PPMI scans were acquired with 3 T MRI, which can result in improved tissue contrast, and
affect volume estimates (Jovicich et al. 2009, Heinen et al. 2016, Lysandropoulos et al.
2016). The magnitude and extent of the differences between HIV+ and HIV-individuals
presented in this paper should be interpreted with caution due to differences in participant
inclusion criteria and MRI acquisition between studies. These preliminary findings motivate
the need for additional longitudinal MRI studies with matched seronegative controls.

Within HIV+, atrophy was associated with baseline measures of infection severity: lower
current CD4+ count, higher HIV RNA levels, and lower nadir CD4+. The subcortical pattern
of atrophy associated with markers of disease severity in this study is consistent with early
neuropathological and immunohistochemical studies of HIV encephalitis that show the
presence of multinucleated giant cells and microglial nodules, as well as viral antigens, with
a predilection for subcortical structures (Navia et al. 1986a, Navia et al. 1986b, Neuen-Jacob
et al. 1993, Brew et al. 1995, Berger and Nath 1997, Morgello 2018), such as the putamen
where decreased neuronal densities have been identified post mortem (Everall et al. 1995).
Similarly, more recent in vivo neuroimaging studies suggest that HIV prominently affects
the basal ganglia and WM (Tucker et al. 2004, Cohen et al. 2010, Jernigan et al. 2011, Ances
etal. 2012, Heaps et al. 2015). HIVNC participants all had a history of advanced disease
(nadir CD4+ count < 200 cells/mm?3); nadir CD4+ count has been associated with brain
volume deficits and cognitive impairment in several cross sectional studies, suggesting that
severe immunosuppression may lead to persistent and potentially irreversible brain injury
despite immune recovery in individuals on cART (Ellis et al. 2011, Jernigan et al. 2011, Tate
etal. 2011, Hua et al. 2013a), and reinforcing the need for early intervention. However, we
found that among baseline measures of disease severity, detectable plasma VL was a better
predictor of progressive atrophy throughout the brain, followed by current CD4+ status, and
then nadir CD4+. Studies of post mortem brain specimens in the antiretroviral era show
correlations between elevated plasma HIV viral load and HIV brain-tissue viral load and
pathology (Everall et al. 2009, Gelman et al. 2013). These results suggest that, against a
background of a severe immunosuppression (nadir CD4+ count < 200 cells/mm?3) and aging,
ongoing HIV-related processes contribute to progressive brain change. Two smaller
longitudinal studies have similarly shown accelerated loss of WM volume and regional
cortical volume in individuals with lower current CD4+ count (Pfefferbaum et al. 2014) and
detectable VL (Cardenas et al. 2009). These results support the importance of achieving
viral suppression and adequate immunological restoration with effective CART.

Importantly, tissue loss throughout the brain was found in NA participants with uVL, and
was not significantly different than that detected in NS participants or those with dVL,
consistent with cross-sectional studies that suggest brain decline persists in these individuals
(Harezlak et al. 2011, Tate et al. 2011). A prospective MRS study of the HIVNC cohort
revealed significant decreases in neuronal and glial cell function in NA participants
(Gongvatana et al. 2013). Together, these findings suggest that HIV-related brain injury may
persist or worsen over time even in treated HIV-infected individuals with a history of
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advanced disease, who have successful viral suppression and stable disease. In contrast to
the full HIV+ cohort, other than age, only current CD4+ count (i.e., not nadir CD4+) was
significantly associated with these changes, and with modest effect sizes. We cannot,
however, discount that ongoing low-grade viral replication, undetected by the older assay
thresholds used in this study, may drive these brain changes. Sequestered HIV RNA has
been found in postmortem brain tissue from cART patients with u\VL (Lamers et al. 2016).
Two smaller longitudinal studies (N < 48) of similarly aged HIVV+ individuals with VL < 50
copies/mL report similar changes in brain volume over time between HIV+ and uninfected
participants (Correa et al. 2016, Sanford et al. 2018). Concordantly, participants in Correa et
al. (2016) and Sanford et al. (2018), showed higher median current CD4+ counts than
HIVNC participants (678 and 630 cells/mm3 respectively), and, in Sanford et al., higher
median nadir CD4+ counts (190 cells/mm3, implying a history of severe
immunosuppression), prompting further investigation to determine viral load, current and
nadir CD4 count thresholds that mitigate atrophy. Although the underlying mechanisms
remain unclear, pro-inflammatory factors including chemokines such as MCP-1 and sCD14,
which were shown to contribute to subcortical and WM injury in the HIVNC cohort, may
also play a role (Anderson et al. 2015). Similar to the mechanisms that underlie some of the
systemic complications of chronic HIV infection, persistent immune activation also likely
contributes to HIV neuropathogenesis (Deeks et al. 2013).

Building on evidence suggesting that neuro-asymptomatic HIV-infected individuals can
develop progressive decline in cognitive function (Grant et al. 2014), our results show that
such decline in NCI are significantly associated with atrophy rates in subcortical GM and
WM regions. A recent HIVNC study found that reduced levels of the neuronal marker N-
acetylaspartate in the basal ganglia was the most significant predictor of conversion to
neurocognitive impairment, relative to the same clinical predictors evaluated here (Navia et
al. In Review). Together, these results are consistent with a growing body of evidence
pointing to the pathogenic role of these subcortical structures in HAND (Navia et al. 1986a,
Navia et al. 1986b).

When viewed closely, maps of associations between greater indices of disease severity and
CSF expansion may appear to extend into neighboring cortical GM (indicating s/fower rates
of GM loss with increased disease severity), which could reflect compensatory
hypermetabolic or inflammatory processes that occur at early stages of neurocognitive
impairment (a majority of the cohort) (Rottenberg et al. 1987, Hinkin et al. 1995, von Giesen
et al. 2000, Chang et al. 2004, Castelo et al. 2007), or ceiling effects at the parenchyma/CSF
interface. TBM has been validated as a powerful and unbiased technique to map longitudinal
brain change, especially in large multi-site studies (Hua et al. 2016). However, changes in
cortical GM are difficult to measure with registration based methods, as the cortex is thin
and prone to partial volume effects, with sulcal and morphological variability leading to
subtle misalignments. TBM is arguably better powered to detect subcortical changes (e.g.
WM and subcortical GM structures) (Hua et al. 2009, Hua et al. 2013a, Hua et al. 2013b,
Hua et al. 2013c). Even so, voxel-wise studies allow for more regionally unbiased analyses
compared to predetermined ROIs, which limit our power to map patterns of complex effects.
Further validation of findings using other independent methods and cohorts may help
evaluate these cortical GM effects.
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Another potential limitation to the TBM method used here is that evaluating change between
two time points assumes that changes are linear. Although estimating longitudinal brain
changes in a cohort is commonly achieved with two time points (Cardenas et al., 2009;
Clifford et al., 2017; Correa et al., 2016; Sanford et al., 2018), more informative rates and
trajectories may be calculated with a greater number of time points.

The immediate clinical utility for neuroimaging in the setting chronic HIV infection and
CART is limited given the small number of longitudinal studies published to date, but further
evaluation of regional brain changes along with the contributing factors will be important to
form a better understanding of disease progression in relation to cognitive decline and
treatment intervention. Based on available literature in other fields, notably Alzheimer’s
disease (Reiman and Jagust 2012, Hua et al. 2016, Veitch et al. 2018), imaging biomarkers
have provided an important non-invasive, in vivo approach to identify subgroups at higher
risk for cognitive decline and a marker to monitor the effects novel drug treatments in
clinical trials that aim to slow or halt such decline (McArthur 2012, Chang and Shukla
2018). Identifying regions of disease-specific vulnerability in chronic HIV infection using
noninvasive MRI techniques may be an important step towards determining brain regions
that may be associated with cognitive decline which in turn may suggest targets for
therapeutic intervention. In addition, future studies of associations between volumetric
changes in chronically HIV infected patients as described in this manuscript and pro-
inflammatory factors or cellular changes as detected by proton MRS, would further our
understanding of processes contributing to HIV-related brain injury.

While standards in neuropsychological and viral load evaluation may have shifted from the
time the HIVNC study was conducted, our findings add to a body of evidence that
chronically HIV-infected individuals, even on CART, are at increased risk for future brain
tissue loss and cognitive decline. The findings from this study support a critical unmet need
to identify novel therapies to protect the CNS, even in the era of effective CART treatment.
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Fig. 1.

Atrophy rates in HIV+ individuals. Annual volumetric change (%) maps averaged across (a)
the full HIVNC cohort (mean age: 48.01 + 8.88 yrs; N=155) revealed significant ventricular
expansion (red) and tissue atrophy (b/ue) throughout the brain (regions with no change are
colored gray/white, one-sample 7-test; Pyorrected < 0.05). Maps of the (b) subset of neuro-
asymptomatic individuals (NA; ADC Stage=0; N=92) and (c) those who are NA with
undetectable viral load (NA-uVL; plasma HIVV RNA < 400 copies/mL; N=76) showed a
similar distribution and magnitude of change as the full cohort. (d-f) In the full cohort and
the NA subsets, older age at baseline was significantly associated with greater annual
ventricular and sulcal expansion and tissue atrophy (Peorrected < 0.05). However, the
association between brain atrophy and age was relatively localized and did not account for
the pervasive brain atrophy detected across participants over time
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Fig. 2.
Brain tissue loss rates are associated with measures of HIV infection severity. (a-c) In the

full cohort and (d-f) the subset of neuro-asymptomatic (NA) participants (ADC=0), lower
nadir CD4+ cell count, suppressed immune status at baseline (current CD4+ <350 cells/
mm?3), and detectable viral load (plasma HIV RNA = 400 cp/mL) at baseline were
significantly associated (Pyorrected < 0.05) with a greater annual ventricular and sulcal
expansion (red) and tissue atrophy (6/ue). Only (g) current CD4+ was associated with
volume loss in NA participants with undetectable viral load (NA-uVL)
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b

ADC Change N (%)

Decline Total 19 (14.12%)
Stage 0t0 0.5 12 (8.96%)
Stage 0 to 1 2 (1.49%)
Stage 0.5t0 1 5 (3.73%)

Stable Total 105 (78.36%)
Stage 0 75 (56.00%)
Stage 0.5 19 (14.60%)
Stage 1 11 (8.21%)

Improve Total 10 (7.46%)
Stage 0.5t0 0 6 (4.48%)
Stage 1t0 0 1 (0.75%)
Stage 1t0 0.5 2 (1.49%)
Stage 2to 1 1 (0.75%)

Decline vs Stable or Improve

E.

B-Value

Decline vs Improve

£

% Annual Volume A w/

oniltudlnal Increase in ADC Staie

Fig. 3.
Brain tissue loss rates are associated with change in ADC stage. (a) Total number of

participants (out of 134) for each type of change in ADC stage between baseline and follow-
up assessments. Relative to participants with (b) stable or improved neurocognitive status
(no change or decreased ADC stage; N=115) or (c) just improved neurocognitive status
(decreased ADC stage; N=10) over time, a decline in neurocognitive status (an increase in
ADC stage; N=19) was significantly associated (Peorrecteq < 0.05) with greater rates of tissue
atrophy (b/ue) and ventricular expansion (green-red)
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Fig. 4.

Atrophy rates in HIV+ individuals compared to healthy controls. Compared to a subset of
age matched controls (N=48; mean age: 55.6 + 9.5 yrs), HIV+ individuals (N=65; mean age:
54.2 + 7.9 yrs) showed significantly (Peorrecteg < 0.05) greater rates of GM atrophy
bilaterally in the temporal lobes and the left precuneus.
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Table 1.

Page 20

Clinical characteristics of 155 HIVVNC study participants. Mean and standard deviation (SD) are listed for

continuous variables. Percent and absolute number are noted for categorical variables.

Continuous Variables | Mean (SD)
Age (yrs) | 48.0 (8.9)
HIV Duration (yrs) | 11.6 (6.9)
CART Duration (yrs) | 5.4 (4.5)
CPE Score? | 82(3.1)
Nadir CD4+ (cells/mmd) | 58.6 (58.2)
CD4+ (cells/mm?)? | 369.1(203.0)
Inter-Scan Time Interval (yrs) | 1.0 (0.5)
Categorical Variables | % (N)
Sex (male) | 83.9% (130)
Education (< high school) | 43.9% (68)
Race/Ethnicity

Caucasian 69.7% (108)

African American 27.8% (43)

Asians/Native Americans/American Indian 2.6% (4)
Suppressed CD4+ (< 350 cells/mm3) a 53.6% (82)

Detectable Plasma HIV RNA (2400 copies/mL) ¢ | 24.8% (38)

Apc?

Stage 0:
Stage 0.5:
Stage 1:
Stage 2:

64.3% (92)
24.5% (35)
10.5 % (15)
0.01% (1)

aMeasures only available in subset of participants: CPE score N=152; CD4+ and Suppressed CD4+ N=153; Detectable Plasma HIV RNA N=153;

ADC Stage N=143.
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Table 2.

Page 21

Comparison of demographic and clinical characteristics between neuro-asymptomatic subgroups and
symptomatic participants using ANOVA or chi-squared tests. Key.: NA: Neuro-asymptomatic (ADC=0); NS:

Neuro-symptomatic (ADC>0); dVL: Detectable Viral Load (plasma HIVV RNA =400 cp/mL); uVL:

Undetectable Viral Load (plasma HIV RNA <400 cp/mL); SD: Standard Deviation.

| NN=§1 N'\igz P-Value NSa'c\)lrzzf\s/L Nﬁzl%l‘ | P-Value
Continuous Variables | Mean (SD) | ANOVA | Mean (SD) | ANOVA
Age (yrs) | 50.0 (8.0) | 47.0 (9.6) | 0.066 | 50.2 (8.3) | 46.3 (9.5) | 0.011*
HIV Duration (yrs) | 12.9 (6.5) | 10.6 (7.2) | 0.068 | 13.1(6.4) | 9.8(7.1) | 0.004~
CART Duration (yrs) | 5.1 (4.9) | 4.7 (4.0) | 0.376 | 5.1 (4.52) | 47 (4.2) | 0.508
CPE Score | 8.1 (3.3) “N=a9 | 8.1(2.7) | 0.977 | 7.8 (3.24) In=64 | 8.3 (2.6) | 0.298
Nadir CD4+ (cells/mmd) | 67.8 (62.5) | 57.1 (56.7) | 0.297 | 65.0 (60.3) | 57.6 (58.0) | 0.456
CD4+ Count (cells/mm3) | 387.0 (205.8) | 3702 (197.3) IN=01 | 0.632 | 372.8 (211.5) | 379.3 (190.6) | 0.848
Inter-Scan Time Interval (yrs) | 1.1(0.5) | 1.0 (0.6) | 0.613 | 1.0 (0.5) | 1.1(0.5) | 0.855
Categorical Variables | % (N) | x?-Test | % (N) | x2-Test
Sex (male) | 78.4% (40) | 84.8% (78) | 0.338 | 80.3% (53) | 84.2% (64) | 0.542
Education (highschool) | 47.1%(24) | 413%(38) | osos | 4248 | asrws | o782
Race/Ethnicity (Caucasian) | 54.9% (28) | 75.0% (69) | 0.014% 53.0% (35) | 80.3% (61) | 0.001”
S“pprezﬁfslcm?;‘% (=350 | 49.0% (25) | 53.9% (49) IN=o1 | 0581 53.0% (35) | 51.3% (39) | 0.838
Detecg%e;ég;r;:/l;l&g RNA | 35.3% (18) | 16.5% (15) Oy=01 | 0.011% 50.0% (33) | 0% (0) | 1.98x10712*

P<0.05
N = 18 are both NS with dVL

bTotaI N with available data are noted
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Table 3.
Summary of effects from Figures 1-3 are reported as (1) the spatial extent or percent of voxels (out of
1,625,341 voxels tested) that are significant after multiple comparisons correction (Peorrected < 0.05) and (2)

the interquartile range (IQR) and mean percent change in those voxels with positive or negative associations
with each measure. Key.: NA: Neuro-asymptomatic; uVL: Undetectable Viral Load.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Analysis | Significant Voxels | Positive/Expansion IQR (Mean) | Negative/Atrophy IQR (Mean)
Baseline Clinical Predictors

Full Cohort 3.62% 0.032-0.047% (0.043%) 0.030-0.045% (0.038%)
A. Age (per year older) NA 6.69% 0.036-0.052% (0.046%) 0.033-0.048% (0.042%)

NA-uVL 3.88% 0.037-0.053% (0.045%) 0.036-0.055% (0.046%)

Full Cohort 3.67% 0.578-0.843% (0.778%) 0.573-0.941% (0.777%)
B. Suppressed current CD4+ o B o o ¥ 0 o
(< 350 cells/mm?) NA 1.85% 0.641-0.832% (0.736%) 0.839-0.988% (0.839%)

NA-uVL 0.85% 0.685-0.922% (0.810%) 0.708-1.013% (0.877%)

Full Cohort 1.45% 0.049-0.066% (0.057%) 0.047-0.078% (0.063%)
C. Nadir CD4+(every 10
cells/il lower) (every NA 0.15% 0.057-0.072% (0.069%) 0.045-0.054% (0.049%)

NA-uVL 0 - -
D. Detectable pIRNA (2 400 Full Cohort 8.95% 0.768-1.206% (1.034%) 0.657-0.941% (0.820%)
copies/mL) NA 1.13% 1.619-2.621% (2.144%) 0.930-1.221% (1.082%)

Neurocognitive Impairment

Decline ?vs

Stable/ 0.48% 1.423-2.669% (2.072%) 0.752-1.110% (0.908%)
E. ADC Change Improve

. a
Decline “vs 2.12% 1.963-4.052% (3.045%) 1.030-1.789% (1.429%)
Improve

a._ . - L .
Decline: Neurocognitive decline (increase in ADC stage)
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