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E.E. O’Connor, “Timothy A. Zeffiro, and ““Thomas A. Zeffiro

=T

ABSTRACT

BACKGROUND: Numerous studies have used structural neuroimaging to measure HIV effects on brain macroarchitecture. While many
have reported changes in total brain volume, gray matter volume, white matter volume, CSF volume, and basal ganglia volume following
HIV infection, quantitative inconsistencies observed across studies are large.

PURPOSE: Our aim was to evaluate the consistency and temporal stability of serostatus effects on a range of structural neuroimaging
measures.

DATA SOURCES: PubMed, reference lists, and corresponding authors.

STUDY SELECTION: The meta-analysis included 19 cross-sectional studies reporting HIV effects on cortical and subcortical volume from
1993 to 2016.

DATA ANALYSIS: Random-effects meta-analysis was used to estimate individual study standardized mean differences and study heter-
ogeneity. Meta-regression was used to examine the effects of the study publication year.

DATA SYNTHESIS: Meta-analysis revealed standardized mean differences related to the serostatus of —0.65 (P = .002) for total brain
volume, —0.28 for gray matter volume (P = .008), —0.24 (P = .076) for white matter volume, and 0.56 (P = .001) for CSF volume. Basal
ganglia volume differences related to serostatus were not significant. Nevertheless, estimates of between-study heterogeneity suggested
that much of the observed variance was between studies. Publication year was associated with recent reductions in many neurostructural
effects.

LIMITATIONS: Many studies pooled participants with varying durations of treatment, disease, and comorbidities. Image-acquisition
methods changed with time.

CONCLUSIONS: While published studies of HIV effects on brain structure had substantial variations that are likely to result from changes
in HIV treatment practice during the study period, quantitative neurostructural measures can reliably detect the effects of HIV infection
during treatment, serving as reliable biomarkers.

ABBREVIATIONS: ART = antiretroviral therapy; CSFv = CSF volume; GMv = gray matter volume; SMD = standardized mean difference; TBv = total brain volume;
WMv = white matter volume

ince the onset of the AIDS epidemic, it has been known that  function. In early studies using structural neuroimaging to mea-

HIV can have deleterious effects on both brain structure and  sure brain macroarchitecture and microarchitecture, effects in
HIV groups were due largely to opportunistic infections and HIV

encephalitis." The advent of combination antiretroviral therapy

(ART), promoting immune system reconstitution, markedly de-
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creased the incidence of CNS opportunistic infection and acute
HIV encephalitis.2 In the ensuing decades, HIV serostatus effects
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on brain structure have been consistently reported, with clear
effects on WM microstructure.” Nevertheless, peripheral viral
suppression has not always prevented progressive cognitive and
motor impairment, and the origin of these behavioral effects dur-
ing treatment is still debated, with several ART-era studies dem-
onstrating structural associations with cognitive deficits during
treatment.*®

Early brain structural studies in HIV-infected participants
found decreases in brain parenchyma,7 white matter,® and basal
ganglia”’ volume. During the ART era, observations of cortical,'’
subcortical, gray matter,” and white matter'® atrophy have con-
tinued, with decreases in cortical gray matter and brain parenchy-
mal volume observed even in the first year of HIV infection."'
While many studies have reported reduced total brain volume
(TBv), total gray matter volume (GMv), white matter volume
(WMy), basal ganglia volume, or increased CSF volume (CSFv)
following HIV infection, quantitative inconsistencies observed
across studies are large. The source of these inconsistencies is un-
clear, with possible mechanisms including image-acquisition
methods, infection duration, ART treatment effects, sample de-
mographics, and comorbidities commonly seen in seropositive
patients.

To determine whether structural neuroimaging reveals con-
sistent serostatus effects, we examined structural MR imaging
studies in HIV-infected subjects, using meta-analytic techniques
to explore the consistency of quantitative differences detected in
structural neuroimaging studies from 1993 to 2016. Measures ex-
amined included TBv, GMv, WMy, CSFv, and subcortical GMv.
We also investigated whether the observed HIV effects on brain
structure are stable with time or have changed. Given that ART
effectively suppresses peripheral viral load and allows immune
system reconstitution, concurrent cessation of brain injury seems
likely. We, therefore, expected that the structural effects of HIV
infection would diminish in more recent HIV neurostructural
studies that included large percentages of HIV-infected partici-
pants receiving ART.

MATERIALS AND METHODS

Meta-Analysis of HIV Effects on Brain Structure

To summarize the literature on HIV effects on brain structure,
we followed Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA)'? standards. Six PubMed com-
puterized searches were performed on September 25, 2016,
with the following terms: “HIV” and “structural and MR im-
aging brain” yielded 77 records; “HIV” and “MR imaging” and
“basal ganglia atrophy” yielded 42 records; “HIV” and “MR
imaging” and “caudate atrophy” yielded 24 records; “HIV”
and “MR imaging” and “gray matter atrophy” yielded 38 re-
cords; “HIV” and “MR imaging” and “gray matter” yielded 102
records; and “HIV” and “MR imaging” and “brain volume”
yielded 112 records. Of these 395 records, 151 were duplicates,
leaving a total of 244 records to be examined. An additional 13
records were added from the reference lists of articles, resulting
in 257 articles to be screened. Of the 257 articles screened on
the first pass by reading the abstract, 182 were excluded if they
were the following: 1) animal studies, 2) review articles, 3) not
written in English, 4) case reports, or 5) without seronegative

controls, leaving 75 full-text articles to be assessed for eligibil-
ity. Thirty-eight of 75 full-text articles assessed for eligibility were
excluded for the following reasons: 1) They were review articles, 2)
they did not have seronegative controls, 3) they did not study
quantitative HIV effects on brain volume, or 4) they studied
the association of serostatus and brain volume with neuropsy-
chological performance, and 5) they did not provide a means of
contacting the authors. Of the 38 eligible full-text articles, 19
studies completed between 1993 and 2016 were included in the
meta-analysis, with 9 studies reporting TBv,”'">'*"*? 10 reporting
GMV’&I(), 11,13,16-18,20-22 10 reporting WMV)& 10,11,13,16-18,20-22 12

7,8,10,13,14,17,18,20-24

reporting CSFv, 8 reporting caudate vol-

ume, 7118202326 7 reporting putaminal volume,*”!"1%19-2%:26

7,10,11,18,19,25

and 6 reporting globus pallidus volume. If the requisite
numbers could not be located in the text or accompanying tables, =1
attempt was made to contact the corresponding authors of 20 studies
for more information. Five authors responded and provided the req-
uisite additional information. The remaining 19 studies, listed in the
On-line Appendix, were excluded because the data were no longer
available, the data could not be shared, or the authors did not re-

spond to inquiries (Fig 1).

Statistical Analysis

Mean structural values and their SDs for TBv, GMv, WMy,
CSFv, caudate volume, putaminal volume, and pallidum vol-
ume were taken from the article tables and converted into con-
sistent units.

We used R statistical and computing software, Version 3.4.1
(http://www.r-project.org) and the meta-analysis package meta®”
to estimate the standardized mean difference (SMD) in TBv,
GMv, WMy, and CSFv and caudate, putaminal, and pallidum vol-
umes for each study; then, we calculated a weighted average of these
estimates across studies. The metacont function from meta uses the
same estimator as RevMan5 (http://community.cochrane.org/tools/
review-production-tools/revman-5/reviman-5-download). This is a
version of the standardized mean difference called Hedges g, based
on the pooled sample variance. Random-effects models were used to
test for serostatus group effects. The I” statistic, representing the pro-
portion of between-study variation due to heterogeneity, was used to
estimate study inconsistency.”® 7 was computed as an estimate of
between-study variance, with values of >1 suggesting substantial
heterogeneity. Forest plots were used to visualize variations in stan-
dardized mean differences across studies. Radial plots were used to
visualize study heterogeneity, with less precise effect estimates lying
near the origin and more precise estimates occurring farther away.
Study bias was explored by examining funnel plots of sample size
versus effect size. Meta-regression was used to examine imaging pro-
tocol and publication year effects.

RESULTS

Serostatus Effects

Random-effects meta-analysis of TBv revealed a reduction
(SMD = —0.58) related to serostatus (test of SMD = 0: z = —3.1,
P =.0018), with study heterogeneity Q = 26.1 (df = 8), P = .001;
and 7 (variation in SMD attributable to heterogeneity) = 69%.
The 7 of between-study variance was 0.23. Five of the 9 studies
had confidence intervals that included zero (Fig 2A).
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statistically significant for TBv (P =
.001), GMy (P = .008), WMv (P =
.025), and CSFv (P = .014). These re-
sults could reflect reporting bias because
it is unlikely that small neurostructural
studies that have failed to detect serosta-
tus effects would find a place in most
neuroimaging journals. Thus, the ob-
served average effect sizes for each tissue
compartment may reflect overestimates
of their true values. Future studies may
mitigate these effects owing to the in-
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FIG 1. Meta-analysis flow diagram for study selection.

Next, we examined the serostatus effects on individual tissue
compartments. Analysis of GMv revealed a reduction (SMD =
—0.28) related to serostatus (test of SMD = 0: z = —2.65, P =
.0081), with study heterogeneity Q = 14.8 (df = 9), P = .096,
I? = 39%, and 7 = 0.04. Seven of the 10 studies had confidence
intervals that included zero (Fig 3A). Analysis of WMv revealed a
nonsignificant reduction (SMD = —0.24) related to serostatus
(testof SMD = 0:z = —1.78, P = .076), with study heterogeneity
Q=243 (df=9), P =.004,1*> = 63%, and 7 = 0.11. Nine of the
10 studies had confidence intervals that included zero (Fig 4A).
Analysis of CSFv revealed an increase (SMD = 0.56) related to
serostatus (test of SMD = 0: z = 3.29, P = .001), with study
heterogeneity Q = 61 (df = 11), P <.001,I* = 82%, and 7 = 0.26
(Fig 5A).

Although the included studies had a large range of group sam-
ple sizes, ranging from 5 to 85, it is possible that the known ten-
dency for small-sample neuroimaging studies to go unpublished
might have contributed to publication bias effects. Panel C of Figs
2-5 shows funnel plots of the estimated treatment effects against a
measure of their precision, here the standard error. All show
asymmetry consistent with small-study effects. If small-study ef-
fects were absent, the treatment effects of all studies should be
distributed symmetrically around the average treatment effect. In
addition, linear regression tests of funnel plot asymmetry were
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nificant reduction (SMD = -—0.23)
related to serostatus (test of SMD = 0:
z= —1.27,P = .20) (Fig 6A). Analysis of
putaminal volume revealed a nonsignif-
icant reduction (SMD = —0.22) related
to serostatus (test of SMD = 0: z =
—1.00, P =.32) (Fig 6B). Analysis of pal-
lidal volume revealed a nonsignificant
reduction (SMD = —0.024) related to
serostatus (test of SMD = 0: z = —0.09,
P = .92) (Fig 6C).

Covariate Effects

Temporal changes in serostatus effects
were investigated using random-effects meta-regression, examin-
ing changes in SMDs for each measure with time. TBv SMDs
became smaller with publication year, reflecting less volume loss
in the seropositive group (P = .003). WMv SMDs also became
smaller, with less seropositive volume loss (P = .028), and CSFv
SMDs became smaller with time, reflecting less CSFv increase
related to seropositivity (P < .001). GMv SMDs also became
smaller with time, but this effect was not statistically significant
(P = .086) (Fig 7). Possible small-sample effects are shown in the
On-line Figure.

Summaries of image acquisition protocols revealed that earlier
studies tended to use 1.5T MR imaging systems and large voxels,
while more recent studies used 3T MR imaging systems and
smaller voxel volumes (On-line Table 1). Field strength and voxel
volume are expected to have opposing effects on image SNR; thus,
their effects may cancel each other out. Meta-regression revealed
that there were no effects of field strength and voxel size on SMD.
Because these 2 variables were confounded with publication year,
it was not possible to examine their individual contributions
statistically.

Summaries of participant clinical characteristics revealed that
the more recent studies had a higher proportion of participants
receiving ART, the treatment with the highest known efficacy
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FIG 2. Total brain volume standardized mean differences across
studies comparing seropositive with seronegative participants. A, For-
est plot. B, Funnel plot. C, Radial plot.

(On-line Table 2). Use of combined therapies makes treatment
more effective and reduces the risk of developing drug resistance.
While illegal drug use was an exclusion criterion in 7/19 studies, in
10/19 studies drug use was not described (On-line Table 3). In the
2 studies reporting hepatitis status, a single participant was
affected.”®

DISCUSSION

Summary of Results

In a quantitative meta-analysis of HIV neurostructural studies
reported from 1993 to 2016, spanning the widespread intro-
duction of antiretroviral treatment, we observed that serosta-
tus was, on average, associated with decreases in TBv and GMv
and concomitant CSFv increases. Serostatus effects in all tissue
compartments, except gray matter, have diminished with time,
suggesting that widespread use of ART has resulted in a decline
in macroscopic neurostructural changes. Nevertheless, small
effects in TBv, GMv, and CSFv do persist in treated seroposi-
tive patients.

HIV Effects on Total Brain and CSF Volume
TBvand CSFvin HIV are believed to reflect global atrophy. While
qualitative and quantitative studies have demonstrated global at-

Source SMD (95% Cl)

Aylward 1995 -0.740 (-1.501 - 0.021) &
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FIG 3. Gray matter standardized mean differences across studies
comparing seropositive with seronegative participants. A, Forest plot.
B, Funnel plot. C, Radial plot.

rophy in HIV, more recent studies have reported no differences in
TBv,'"*? one in subjects infected with HIV for <1 year,"
ing that shorter illness duration before initiating treatment can

suggest—

decrease HIV-associated cerebral atrophy. HIV-associated global
atrophy, however, may also be related to drug and alcohol abuse
effects and other life stressors commonly seen in the HIV-infected

population.”*>*

HIV Effects on Gray Matter Volume

Effects of HIV infection on cortical gray matter are less well-
documented in the neuropathologic literature but include as-
troglial proliferation and glial atrophy.>® Cortical metabolite
changes include NAA/Cr reductions™ and mlns/Cr and
Cho/Cr increases.””

The articles used in the meta-analysis of HIV effects on GMv
incorporated both cortical and subcortical gray matter under gray
matter volume. Nearly 80% of post-antiretroviral therapy era
studies assessed for eligibility in our analyses reported HIV-asso-
ciated decreases in GMyv, with several specifically reporting HIV-
related cortical GMv reductions.'”'" Nevertheless, more recent
literature includes multiple studies that find no HIV GMv effects,
suggesting that ART treatment initiation diminishes gray matter
loss. While GMv loss does persist in the ART era, there are strong
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FIG 4. White matter standardized mean differences across studies
comparing seropositive with seronegative participants. A, Forest plot.
B, Funnel plot. C, Radial plot.

associations between decreasing serostatus effects and more re-
cent publication.

HIV Effects on White Matter Volume

Of the studies meeting eligibility requirements, our analysis found
that ART may have a weak influence on HIV-associated WMv
reductions. Our meta-analysis confirms that the degree of mac-
rostructural WMy loss diminishes rapidly in the ART era. Never-
theless, there is evidence of microstructural changes persisting in
HIV infection in the ART era,” suggesting that DTI may be more
sensitive in detecting HIV white matter serostatus effects.”

HIV Effects on Basal Ganglia Volume

There is ample evidence of the early and enduring influence of
HIV on the basal ganglia. Neuropathologic findings demonstrate
macrophages, microglia, and high concentrations of viral pro-
teins in the basal ganglia.”® Metabolic studies found basal ganglia
hypermetabolism in the early and middle stages of HIV infec-
tion,”” followed by hypometabolism with disease progression.*®
Behavioral manifestations reflecting HIV effects on the basal gan-
glia included voluntary movement impairment and compro-
mised executive function.’”*’

Before the introduction of ART, structural HIV studies re-
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FIG 5. CSF standardized mean differences across studies comparing
seropositive with seronegative participants. A, Forest plot. B, Funnel
plot. C, Radial plot.

ported decreased basal ganglia volumes,” particularly in the cau-
date nuclei, that were associated with dementia.*' Viral load has
been reported to be highest in the caudate nuclei,** possibly due
to the proximity to the virus-enriched CSF. Dopaminergic neu-
rons are particularly susceptible to HIV neurotoxic effects.*” Basal
ganglia volume loss is associated with psychomotor slowing** and
may be an important predictor of cognitive impairment. While
HIV-associated reductions in basal ganglia volume are still re-
ported in the ART era,** more recent studies failed to demonstrate
serostatus effects on the basal ganglia, likely related to earlier and
more effective treatments. Nevertheless, to isolate possible se-
rostatus effects on basal ganglia structure in the setting of the
observed high between-study heterogeneity, further work using
aggregated multisite data with subject-level information allowing
estimation and isolation of comorbid neurostructural moderat-
ing influences is warranted.

Sources of Between-Study Variability

Several potential sources contributed to the variability in the
study effects included in our meta-analysis. First, differences in
MR imaging acquisition parameters included field strengths
ranging from 1.5T to 3T and voxel volumes ranging from 5.5 to
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FIG 6. Forest plots of basal ganglia gray matter showing standardized
mean differences across studies comparing seropositive with serone-
gative participants A, Caudate volume. B, Putamen volume. C, Pallidal
volume.

0.647 mm”. Second, there was wide variation in the demographic
characteristics of the study cohort. For example, Sarma et al'® and
Cohen et al** examined TBv in young perinatally infected adoles-
cents with mean ages of 17 and 13 years, respectively, while the

cohort studied by Hines et al*'

had a mean age of 59 years. Third,
variation in sample comorbidities, including recreational drug
use and antiretroviral therapy treatment type, was high. While
ART effects on brain structure are difficult to isolate in cross-
sectional studies with wide ranges of disease and treatment dura-
tion, our data suggest that ART does have a strong protective

effect on brain macrostructure.

Temporal Variation in HIV-Related Brain Atrophy

The serostatus-associated reductions in TBv, GMv, and WMv and
increases in CSFv effects vary with study age. Older studies dem-
onstrated larger effects, with differences in WMv and subcortical
GMy virtually disappearing in recent years. One possible expla-
nation for this variation is the difference in field strengths. Earlier
studies used 1.5T systems, and later studies predominantly used
3T systems. Another possible explanation is differences in voxel
size, with later studies having smaller voxel sizes. Meta-regression,
however, revealed that there were no independent effects of field
strength and voxel size. It is unlikely that these acquisition
changes contributed to the progressive reduction in serostatus
effects observed because brain structure quantification would be
expected to be more accurate in studies using smaller voxels, with
diminished partial volume effects. The most likely explanation for
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FIG 7. Publication year influence on serostatus effects. These are
plots of structural brain measure standardized mean differences and
their corresponding regression lines, for total brain volume (A) P =
.001, gray matter volume (B) P = .086, white matter volume (C) P <
.001, and CSF volume (D) P < .001. The plot circle area is inversely
proportional to the estimated SMD variance.

the temporal variation in HIV-related brain atrophy is the dura-
tion of untreated or partially treated illness. In the oldest study
included in our meta-analysis,” which also had the greatest HIV-
related brain atrophy, 62.5% of participants were treated with
zidovudine or didanosine single therapy and 37.5% were un-
treated. In more recent studies, almost all subjects were treated
with combination ART, implying that subjects are on a combina-
tion of at least 3 different drugs from 2 of the major antiretroviral
therapy classes. Combined therapies make treatment more effec-
tive and reduce the risk of developing drug resistance. While the
associated reductions in viral load and immune reconstitution do

AJNR Am J Neuroradiol 39:54—62 Jan 2018  www.ajnr.org 59



appear to have a role in preservation of brain structure,” brain
volume losses are still evident in treated seropositive patients.
There are several potential etiologies of the persistent volume
losses in treated HIV-infected participants. Irreversible pretreat-
ment CNS damage is a possibility. Alternatively, chronic subclin-
ical CNS inflammation despite ART has been documented*® and
may contribute to progressive brain atrophy. Neurotoxicity asso-
ciated with ART, relatively underexplored, is another potential

mechanism for progressive brain atrophy,*’

a possibility that
might be explored using longitudinal designs. With other mea-
sures, there is weak evidence of progressive HIV-induced CNS
changes during ART. One study that examined treated seroposi-
tive subjects using DTT demonstrated greater-than-normal age-
related increases in diffusion in the corpus callosum for 1 year
compared with seronegative controls, indicating progressive
white matter microstructural changes in HIV.*® Another DTI
study looking at a small longitudinal HIV-infected cohort ob-
served increased corpus callosum and centum semiovale diffu-
sion after 6 months of ART.*’

The comorbidities commonly associated with HIV may also
contribute to brain atrophy in treated HIV infection. Illicit drug
use such as methamphetamines, cocaine, opiates, and cannabi-
noids, common in HIV-infected participants,” has been associ-
ated with structural brain abnormalities.”>”' In the studies
included in the meta-analyses, many did not address drug use.
Fifty-three percent of studies did not have drug use as an exclu-
sion criterion, and inclusion of participants who used drugs was
only described in 47% of studies. Although concomitant or pre-
vious drug use may have contributed to the observed structural
changes, any quantitative effects could not be determined from
the available data. Although it has been suggested that comorbid
hepatitis C infection may contribute to HIV-associated neuro-
structural abnormalities, hepatitis C status was not reported by
most articles. HIV infection predominates in lower socioeco-
nomic groups who may have brain structure differences arising
from other sources.”” Finally, HIV infection is associated with an
increased incidence of cardiovascular risk factors such as diabetes,

132 and chronic obstructive pulmonary disease,” all

51,54

smoking,
associated with accelerated brain aging.

Relation to Cognitive Effects

HIV-associated structural effects persist in treated cohorts, par-
ticularly in total GMy, albeit to a decreased degree. There is also
evidence that progressive regional changes in GMv and WMv are
associated with cognitive decline in treated HIV participants. In a
study with 94% of participants treated with ART, impaired motor
function was associated with basal ganglia gray matter atrophy.*
A study with 100% ART-treated subjects demonstrated a correla-
tion between cortical thinning and reduced psychomotor speed.”®
Another study of 100% ART-treated subjects revealed correla-
tions between decreased TBv and reduced motor function and
processing speed, and decreased thalamic volumes with reduced
motor function.'® Impaired executive function correlated with
decreased basal ganglia volumes in another study of treated sub-
jects with HIV.” Regional structural effects may therefore poten-
tially serve as markers of fixed or progressive cognitive motor
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impairment, but this possibility may be best explored using lon-
gitudinal designs.

Study Limitations

As with most meta-analyses, not all eligible studies were included
in this study due to inaccessibility of data. Publication bias result-
ing from the tendency not to publish negative results from small
imaging studies may also be a factor. There were many sources of
demographic variability among the included studies, such as par-
ticipants’ infection duration, treatment status, age, educational
level, and the presence of comorbidities that may also affect brain
structure. Finally, there were MR imaging acquisition parameter
differences across the included studies. Nevertheless, meta-re-
gression results did not suggest that these acquisition differences
contributed to serostatus effects on brain macrostructure.

CONCLUSIONS

Published studies indicate that regional brain atrophy results
from HIV infection, with serostatus effects often more pro-
nounced in neurologically impaired subjects. This study provides
a quantitative meta-analysis of neurostructural changes related to
serostatus in HIV-infected participants, with TBv, GMv, and
CSFv all showing reliable serostatus effects. While older studies in
our meta-analysis demonstrated larger effect sizes, smaller HIV-
related volume change was still seen in more recent studies in
which all or most participants received ART. HIV effects on brain
structure showed substantial between-study variation, which
likely resulted from changes in HIV treatment practice during the
study period. It remains unclear whether the persistent neuro-
structural effects of HIV infection are secondary to the following:
1) initial brain injury occurring before ART treatment; 2) subclin-
ical neuroinflammation persisting despite ART; 3) ART neuro-
toxicity; or 4) common HIV comorbidities. Longitudinal studies
of HIV-infected participants and meta-analysis approaches in-
corporating subject-level data are needed to pursue these possi-
bilities in more detail.
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