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Peripheral blood HIV DNA is associated
with atrophy of cerebellar and subcortical
gray matter

ABSTRACT

Objective: We evaluated regional brain volumes and cerebral metabolite levels as correlates of
HIV DNA in peripheral blood mononuclear cells (PBMCs).

Methods: In this cross-sectional study, 35 HIV1 subjects aged $40 years (25 with detectable
PBMC HIV DNA; 10 with HIV DNA ,10 copies/106 cells, the threshold of detection) and 12
seronegative controls underwent structural brain MRI and magnetic resonance spectroscopy at
3 T. HIV1 subjects were on combination antiretroviral therapy $1 year; all but 1 had plasma HIV
RNA ,50 copies/mL. We used logistic regression to evaluate relationships of likely predictor
variables to the outcome of PBMC HIV DNA detectability in the HIV1 subjects. Effects of seros-
tatus and HIV DNA on regional brain volumes (normalized to intracranial volume) and on metab-
olite ratios over creatine were evaluated by analyses of covariance, controlling for age.

Results: Relative to the HIV1 group with undetectable HIV DNA, subjects with detectable HIV
DNA demonstrated decreased volumes of cerebellar (214%, p 5 0.020) and total subcortical
(210%, p 5 0.024) gray matter. Compared to healthy controls, only the detectable HIV DNA
group showed significant (p , 0.05) enlargement of lateral ventricles and volumetric reductions
of caudate, putamen, thalamus, hippocampus, nucleus accumbens, brainstem, total cortical gray
matter, and cerebral white matter. Detectable HIV DNA was not associated with significantly
altered cerebral metabolite levels.

Conclusion: Inability to clear peripheral blood of HIV DNA is associatedwith regional brain atrophy in
well-controlled HIV infection, supporting the involvement of peripheral viral reservoirs in the neuro-
pathogenesis of persistent HIV-related neurocognitive disorders. Neurology� 2013;80:1792–1799

GLOSSARY
ANCOVA 5 analysis of covariance; BBB 5 blood–brain barrier; cART 5 combination antiretroviral therapy; Cho 5 choline;
CPE 5 CNS penetration effectiveness; Cr5 creatine; D-HIV5 HIV1 subjects with detectable peripheral blood mononuclear
cells HIV DNA; DSM-IV 5 Diagnostic and Statistical Manual of Mental Disorders, 4th edition; FWM 5 frontal white matter;
Glu 5 glutamate; HAND 5 HIV-associated neurocognitive disorders; ICV 5 intracranial volume; MI 5 myo-inositol; MRS 5
magnetic resonance spectroscopy;NAA5N-acetylaspartate; PBMC5 peripheral blood mononuclear cell; PLSD5 protected
least significant difference; SN 5 seronegative; U-HIV 5 HIV1 infected subjects with undetectable peripheral blood mon-
onuclear cells HIV DNA; VRS 5 Virchow-Robin spaces.

Although the incidence of dementia in HIV infection has dropped with the use of combination
antiretroviral therapy (cART),1 HIV-associated neurocognitive disorders (HAND) remain prev-
alent (;50%).2 The mechanism whereby suppressed HIV viremia can induce neuronal injury
and neuropsychological deficits3 remains unclear.

HIV DNA in peripheral blood mononuclear cells (PBMCs) constitutes a viral reservoir that
may contribute to ongoing neurologic impairment. Detectable PBMC HIV DNA is associated
with cognitive dysfunction in cART-naïve individuals4 and in cART-treated subjects with
undetectable plasma HIV RNA.5,6 HIV DNA within the activated CD141 monocyte subset
of PBMC correlates with neurocognitive decline.5,7 We have linked elevated PBMC HIV DNA
to cortical thinning8 but the relationship of HIV DNA to brain structure has not otherwise been
explored.
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In this study, we hypothesized that detectabil-
ity of PBMC HIV DNA relates to cerebral
metabolite abnormalities and to decreased vol-
umes of subcortical gray matter structures and
other brain regions, including the nucleus
accumbens and brainstem. Brainstem atrophy9

and a relationship between apathy and nucleus
accumbens shrinkage10 have been noted in HIV.
Additionally, we analyzed volumes of total cor-
tical and subcortical gray matter, cerebral white
matter, cerebellar gray and white matter, and
lateral ventricles. To evaluate brain function,
we measured levels of N-acetylaspartate (NAA),
choline (Cho), myo-inositol (MI), and gluta-
mate (Glu) over creatine (Cr) in basal ganglia,
frontal white matter (FWM), and posterior gray
matter. Regional brain volumes and metabolite
ratios were compared among HIV-seronegative
controls and 2 HIV-seropositive subject groups
stratified by PBMC HIV DNA detectability.

METHODS Participants. We studied 35 HIV-seropositive

(HIV1) individuals and 12 healthy HIV-seronegative (SN) control

subjects, aged 40 years and older, in a cross-sectional pilot study of

MRI and proton magnetic resonance spectroscopy (MRS). HIV1

individuals with confirmed serologic status were drawn fromHawaii

Center for AIDS research cohorts whose recent HIV DNA levels

were known and who had agreed to be contacted for future trials.

Patients within our HIV clinic who had high HIV DNA were

identified through a separate screening protocol. We recruited SN

controls from the local community through flyers and word of

mouth. HIV1 participants comprised 10 subjects with undetectable

PBMC HIV DNA (,10 copies/106 cells) and 25 with detectable

HIV DNA (median 269.0 copies/106 cells; range 21.0–31,159.0),

respectively termed the U-HIV and D-HIV groups. HIV1 partic-

ipants had been on stable cART$1 year and evidenced suppressed

plasma HIV RNA. HIV seronegativity in controls was verified by

ELISA blood test. HIV1 and SN individuals were eligible for the

study if they were $18 years old, could understand and sign a

written informed consent document, and met none of the following

exclusion criteria: 1) a major psychiatric or neurologic disorder; 2)

head injury with unconsciousness lasting .30 minutes; 3) learning

disability; 4) current substance abuse or dependence as defined by

the DSM-IV11; 5) history of opportunistic brain infection; 6) non-

English primary language; or 7) implanted metal or conditions (e.g.,

claustrophobia) precluding MRI. Participants underwent clinical

evaluation, blood draws for PBMC HIV DNA assays, and neuro-

imaging. Specimens were obtained and stored at study entry. Plasma

HIV RNA and CD4 cell counts were performed by a local com-

mercial CLIA-certified laboratory. Nadir CD4 count and years since

HIV diagnosis were determined by subject self-report. Current

cART CNS penetration effectiveness (CPE) scores were computed

by summing the CPE rankings for individual drugs in a regimen.12

Standard protocol approvals, registrations, and patient
consents. Each subject provided written informed consent. TheUni-

versity of Hawaii Committee on Human Studies approved the study.

PBMC HIV DNA assessment. HIV-infected cells in the

bloodstream were quantitated by assessing the proviral HIV

DNA load per 106 PBMCs. We conducted blood draws for

PBMC HIV DNA copy assays within 30 days of MRI. HIV

DNA assay was carried out as detailed elsewhere, with low

intra-assay and interassay variability shown by mean coefficients

of variation of 1.1% and 1.4%, respectively.7 We analyzed copy

numbers of each sample gene (HIV gag and b-globin) against

standard curves, and determined the HIV DNA copy number per

1 3 106 cells. The lower limit of detection of PBMC HIV DNA

was 10 copies/106 cells.

Neuroimaging. Study participants underwent MRI and MRS

on a 3.0-T Philips Medical Systems (Best, Netherlands) Achieva

scanner equipped with an 8-channel head coil (InVision Imaging,

Honolulu, HI). For each subject, a high-resolution anatomical

volume was acquired with a sagittal T1-weighted 3D turbo field

echo sequence (echo time/repetition time 5 3.1 ms/6.7 ms; flip

angle 8°; slice thickness 1.2 mm with no gap; in-plane resolution

1.0 mm2; field of view 256 3 256 mm2). MRS imaging param-

eters are given in appendix e-1 on the Neurology® Web site at

www.neurology.org. Concentrations of Cr, Cho, MI, NAA, and

Glu were measured by single-voxel MRS in left-hemisphere

FWM, right basal ganglia, and posterior cingulate gray matter

(figure e-1). Cho, MI, NAA, and Glu levels were reported as

ratios over Cr (e.g., NAA/Cr).

Image processing. MRS data processing is described in appendix e-

1. We used FreeSurfer (version 4.5.0, http://www.nmr.mgh.harvard.

edu/freesurfer) to process structural (T1-weighted)MRI scans.13–15 The

procedure includes skull-stripping, intensity normalization, Talairach

transformation, segmentation of subcortical whitematter and deep gray

matter, and cortical gray/white matter boundary and pial surface

reconstruction. Quality assurance of FreeSurfer data processing was

done by visual inspection, and cortical surfaces and subcortical

segmentations were checked prior to group analysis. FreeSurfer’s

estimate of intracranial volume (ICV) is deemed a reliable measure

for regional brain volume normalization.16 FreeSurfer is effective for

subcortical volumetry in HIV-infected patients.17 Figure 1 displays

FreeSurfer’s labeling of subcortical gray matter structures in a U-HIV

and a D-HIV study participant.

Statistical methods. Our statistical analyses utilized Statview 5.0

(SAS Institute Inc., Cary, NC). Demographic and clinical charac-

teristics were compared between HIV1 and SN subjects, and

between the D-HIV and U-HIV groups, with Mann-Whitney or

x2 tests. For HIV1 individuals, we used logistic regression to eval-

uate effects of likely predictor variables on the binary outcome of

HIV DNA detectability. Regional brain volumes were summed

over hemispheres and normalized (scaled) by ICV to control for

head size. We assessed group differences in normalized volumes

using one-way analysis of covariance (ANCOVA) with age as a

covariate. Only main effects of group and age were included unless

group3 age interaction was significant. When combined ANCO-

VA indicated significant or trend-level differences among U-HIV,

D-HIV, and SN subjects, post hoc Fisher protected least significant

difference (PLSD) tests were performed to correct for multiple

pairwise group comparisons and to identify group differences that

accounted for the overall p value. We examined possible effects of

nadir CD4 count in post hoc U-HIV vs D-HIV comparisons. p,
0.05 was considered statistically significant and 0.05 # p , 0.1

suggestive of trends.

ANCOVA, controlling for age, compared cerebral metabolite

ratios among groups (all HIV1 vs SN; SN vs U-HIV; SN vs

D-HIV; D-HIV vs U-HIV). A Bonferroni correction for 12

comparisons (4 metabolite ratios across 3 brain regions) was done

at the 0.0042 (0.05/12) level of significance. Spearman correla-

tion assessed relationships of brain volumes and metabolite ratios
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to HIV DNA level (for D-HIV subjects), current and nadir CD4

count, years since HIV diagnosis, and age.

RESULTS Subject characteristics. The HIV1 and SN
groups did not differ significantly in age, education,
or sex. U-HIV and D-HIV subjects had no significant
differences in age, education, sex, race/ethnicity, cur-
rent CD4 cell count, nadir CD4, CPE score, or years
since HIV diagnosis (table 1). Plasma HIV RNA was
undetectable (,50 copies/mL) in all but one HIV1
study participant, a subject in the D-HIV group with
low-level plasma viremia (158 copies/mL). The study
sample was predominantly non-Hispanic Caucasian
but included 1 Filipino subject (SN), 2 Hispanic
subjects (U-HIV), 4 Laotian subjects (1 U-HIV, 3
D-HIV), and 4 Asian Indians (1 SN, 3 D-HIV).

Age, education, sex, race/ethnicity, current and
nadir CD4 cell counts, CPE score, and years since

HIV diagnosis were entered into univariate logistic
regression models as potential predictors of PBMC
HIV DNA detectability in the HIV1 subjects. None
of these variables was associated with detectable HIV
DNA (p . 0.1).

HIV serostatus and regional brain volumes. Two-sided
ANCOVA of normalized regional volumes, with age
as a covariate, showed that the pooled HIV1 subjects
had smaller deep gray matter structures relative to the
healthy control group. Volumetric reductions of 14%
for amygdala (p5 0.007) and 10%–12% for the cau-
date nucleus (p 5 0.006), thalamus (p 5 0.01), hip-
pocampus (p5 0.01), nucleus accumbens (p5 0.02),
and putamen (p 5 0.04) were associated with HIV
seropositive status. Globus pallidus volume did not
differ between HIV1 and SN subjects (27%, p 5

0.22). HIV1 individuals had larger lateral ventricles
(144%; p 5 0.03) and decreased volumes of total

Figure 1 FreeSurfer’s labeling of subcortical brain regions

FreeSurfer’s segmentation and labeling of subcortical brain regions for an HIV-infected subject with undetectable HIV DNA
(A) and an HIV-infected subject with detectable HIV DNA (B) whose subcortical gray matter volumes, expressed as a per-
centage of intracranial volume, are at the median values for their respective groups. Enlarged ventricles and sulcal widening
are visible in the brain of the individual with detectable peripheral blood mononuclear cell HIV DNA.
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subcortical gray matter (29%; p 5 0.04), brainstem
(210%, p 5 0.03), and total cortical gray matter
(28%; p 5 0.02).

HIV DNA and regional brain volumes. Combined
ANCOVA revealed significant or trend-level group
differences among the SN, U-HIV, and D-HIV

groups for normalized volumes of all brain regions
examined except the globus pallidus and cerebellar

white matter (table 2). Group-by-age interaction

was significant (and included in the ANCOVA) only

for lateral ventricular volume. Fisher PLSD tests were

performed in post hoc pairwise comparisons to

Table 1 Demographic and clinical characteristics of HIV-seronegative (SN) control subjects, HIV-infected subjects with undetectable HIV
DNA (U-HIV), and HIV-infected subjects with detectable HIV DNA (D-HIV)a

Variable SN (n 5 12) U-HIV (n 5 10) D-HIV (n 5 25) SN vs U-HIV SN vs D-HIV D-HIV vs U-HIV

Age, y 53.5 6 10.7 54.1 6 10.7 53.8 6 9.6 0.97 0.69 0.90

Male 12 (100) 9 (90) 23 (92) 0.26 0.31 0.85

Education, y 15.0 6 1.8 14.8 6 3.0 13.9 6 2.4 0.49 0.18 0.60

Race/ethnicity (Caucasian) 10 (83) 7 (70) 19 (76) 0.46 0.61 0.71

Duration of HIV infection, y — 14.50 6 5.93 15.80 6 7.88 — — 0.45

CD4, cells/mm3 — 549.7 6 220.8 521.5 6 281.3 — — 0.55

Nadir CD4 count, cells/mm3 (min–max) — 183.5 6 192.4 (4.0–600.0) 155.4 6 124.6 (0–450.0) — — 0.96

Plasma HIV RNA (no. undetectable) — 10 (100) 24 (96) — — 0.52

PBMC HIV DNA,
log10 copies/106 cells (min–max)

— — 2.59 6 0.97 (1.32–4.49) — — —

CPE score — 6.80 6 1.55 7.76 6 2.52 — — 0.17

Abbreviations: CPE 5 CNS penetration effectiveness; PBMC 5 peripheral blood mononuclear cell.
ap Values were computed by Mann-Whitney test (continuous variables) or x2 test (categorical variables). Values given are means 6 SD except for those
expressed as n (%).

Table 2 Regional brain volumes expressed as percentage of total intracranial volume for HIV-seronegative (SN) controls, HIV-infected
subjects with undetectable PBMC HIV DNA (U-HIV), and HIV-infected subjects with detectable PBMC HIV DNA (D-HIV)a

Brain region SN (n 5 12) U-HIV (n 5 10) D-HIV (n 5 25) ANCOVA p value

Cohen d effect size

U-HIV vs SN D-HIV vs SN D-HIV vs U-HIV

Caudate 0.535 6 0.081 0.497 6 0.050 0.472 6 0.047 0.013 0.58 1.40b 0.54

Amygdala 0.310 6 0.046 0.269 6 0.044 0.266 6 0.046 0.028 0.95c 1.03b 0.07

Hippocampus 0.622 6 0.094 0.577 6 0.070 0.539 6 0.074 0.016 0.56 1.21b 0.54

Thalamus 1.023 6 0.190 0.969 6 0.163 0.865 6 0.114 0.0065 0.32 1.30b 0.83d

Nucleus accumbens 0.098 6 0.014 0.088 6 0.019 0.086 6 0.015 0.067 0.64 0.79c 0.13

Putamen 0.855 6 0.114 0.796 6 0.152 0.749 6 0.139 0.078 0.47 0.79c 0.34

Globus pallidus 0.237 6 0.032 0.236 6 0.053 0.215 6 0.033 0.16 0.03 0.59 0.55

Total Subcortical GM 12.623 6 1.550 12.426 6 1.850 11.135 6 1.360 0.0091 0.12 1.04b 0.88c

Cortex (GM) 32.167 6 3.549 31.018 6 3.894 29.055 6 2.495 0.014 0.33 1.12b 0.69d

Cerebral WM 37.376 6 4.050 34.750 6 5.743 33.590 6 3.574 0.043 0.56 0.94c 0.28

Cerebellar GM 6.779 6 0.971 6.958 6 1.154 6.015 6 1.051 0.028 20.18 0.75c 0.90c

Cerebellar WM 2.353 6 0.443 2.225 6 0.405 2.061 6 0.433 0.16 0.32 0.73 0.40

Brainstem 1.599 6 0.212 1.520 6 0.265 1.416 6 0.157 0.034 0.35 1.01c 0.56

Lateral ventricles 1.136 6 0.495 1.496 6 0.708 1.690 6 0.806 0.025e 20.63 20.75c 20.26

Abbreviations: ANCOVA 5 analysis of covariance; GM 5 gray matter; PBMC 5 peripheral blood mononuclear cell; WM 5 white matter.
a Data obtained by structural MRI. Values are given as mean6 SD. The p values for pairwise group comparisons were computed by ANCOVA, controlling for
age, followed by corrections for multiple comparisons using Fisher PLSD method. Effect size was measured by Cohen d; e.g., a positive value of d for D-HIV
vs SN reflects a decreased regional volume for D-HIV subjects relative to SN.
bp , 0.01 after correction for multiple comparisons.
cp , 0.05 after correction for multiple comparisons.
dp , 0.1 after correction for multiple comparisons (trend-level effect).
eModel included a significant (p 5 0.034) group-by-age interaction.
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identify group differences that accounted for these
p values. Total subcortical gray matter volume was
greatest in SN controls, intermediate in the U-HIV
group, and lowest in subjects with detectable HIV
DNA (Cohen d;0.9 relative to SN). Similar stepwise
decreases were observed for total cortical gray matter,
total cerebral white matter, brainstem, and individual
subcortical gray matter structures (figure 2). Compared
to controls, D-HIV subjects exhibited significant atro-
phy with strong Cohen d effect sizes (;0.8) in the
nucleus accumbens and putamen, and with very large
effect sizes (.1) in the caudate, hippocampus, thala-
mus, brainstem, and amygdala. The U-HIV group
showed only trend-level, low to moderate volumetric
decreases relative to SN for all of these structures except
the amygdala (Cohen d ;1, p 5 0.04). Lateral ven-
tricles were larger in D-HIV than in SN subjects
(Cohen d ;0.8).

Compared to the U-HIV group, D-HIV subjects
demonstrated significantly reduced cerebellar gray
matter volume and total subcortical gray matter vol-
ume (Cohen d ;0.9). Volume differences between
the D-HIV and U-HIV groups did not reach statistical

significance for individual subcortical gray matter
structures. However, D-HIV subjects showed trends
toward decreased volumes of thalamus (p 5 0.053)
and total cortical gray matter (p 5 0.086) relative to
U-HIV, with moderately large effect sizes (;0.7–0.8).

When tested as a covariate in the ANCOVA (both
with and without age) for U-HIV vs D-HIV group
comparisons, nadir CD4 had no significant or trend
effect on any volume. Spearman correlation did not
show associations between regional brain volumes
and PBMC HIV DNA level in D-HIV subjects
(p . 0.1). We found no significant correlation of
volumes with current or nadir CD4 cell counts or
with years since diagnosis in either the U-HIV or
D-HIV group. Age correlated with lateral ventricular
volume in the SN (p5 0.006; r5 0.83) and U-HIV
(p5 0.005; r5 0.94) groups, but not in the D-HIV
group (p 5 0.16; r 5 0.29).

HIV serostatus, HIV DNA, and cerebral metabolite

ratios. FWM Glu/Cr was elevated in pooled HIV1
study participants (114% compared to SN, p 5

0.032). Table e-1 presents results (uncorrected for

Figure 2 Regional brain volumes and group differences

Regional brain volumes (as % total intracranial volume [ICV]) for HIV-seronegative controls (SN), HIV1 subjects with undetectable peripheral blood mon-
onuclear cell (PBMC) HIV DNA (U-HIV), and HIV1 subjects with detectable PBMC HIV DNA (D-HIV). Significant group differences are given for normalized
volumes of (A) nucleus accumbens, caudate, hippocampus, putamen, thalamus, brainstem, and lateral ventricles; and (B) total subcortical gray matter (GM),
cerebellar GM, cortex, and cerebral white matter (WM). p Values were computed by analysis of covariance, controlling for age, and were corrected for
multiple comparisons.
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multiple comparisons) from ANCOVA of metabolite
ratios. Metabolite group differences did not meet
Bonferroni-adjusted criteria for significance (p ,

0.0042) or trends (p , 0.0083 5 0.1/12).

DISCUSSION We observed that detectability of
PBMCHIVDNA in HIV1 subjects with suppressed
plasma viremia was associated with marked volumet-
ric reductions of cerebellar and subcortical gray mat-
ter. These results were supported by lateral ventricular
dilatation reflecting central atrophy. In comparison to
healthy controls, subjects with detectable HIV DNA
had significantly smaller volumes of caudate, puta-
men, thalamus, nucleus accumbens, hippocampus,
brainstem, total cerebral white matter, and cortex.
The HIV1 group with undetectable HIV DNA did
not exhibit such decreases, showing that regional
brain volume differences between pooled HIV1 sub-
jects and SN controls were driven by the D-HIV
group.

In cART-treated patients, imaging studies associate
HIV infection with shrinkage of the basal ganglia,18

thalamus,19 hippocampus,20 cerebellum,21 cortex,22

and white matter19; i.e., brain regions in which we have
identified volumetric reductions related to HIV DNA.
Our findings of smaller brainstem and nucleus accum-
bens in the pooled HIV1 and D-HIV subjects are
novel. We found only one published reference (from
the pre-cART era) to HIV-related brainstem atrophy.9

Also, although increased apathy may correlate with
nucleus accumbens volumetric reduction in HIV-
infected individuals,10 decreased nucleus accumbens
volume in HIV relative to SN controls has not been
reported. Structural changes in these 2 regions are likely
to have autonomic and behavioral consequences.
HIV1 patients on cART demonstrate autonomic dys-
function,23 which may relate to altered brainstem vol-
ume. The nucleus accumbens, through the dopamine
system, appears to modulate both normal and patho-
logic cognitive function.24

Disturbances in brain metabolite levels begin soon
after infection by HIV.25MRS-derived changes reflect-
ing impaired neuronal function and neuronal damage
persist in chronic stable disease.3 The pattern of bio-
chemical change points to the occurrence of HIV-
induced neuroinflammation prior to substantial loss
of neurons. Both neuroasymptomatic HIV1 individ-
uals and patients with HAND exhibit elevated NAA/
Cr and Cho/Cr, signifying inflammatory responses.3

In contrast, decreases in NAA, a neuronal marker,
are typically associated with HIV-related cognitive
impairment3 and dementia,26 although reduced NAA
has been detected in early HIV infection.27 MRS may
be more sensitive than structural MRI to basal ganglia
alterations in the initial stages of HAND.28 Metabolic
alterations in CNS diseases generally precede structural

change.29We therefore anticipated brain abnormalities
in our study participants to be revealed more readily by
metabolites than by structure. The absence of MRS-
based differences between the D-HIV and U-HIV
groups was surprising. Given the regional volumetric
differences associated with HIV DNA detectability, the
D-HIV subjects might be expected to manifest increased
MI/Cr, a correlate of blood–brain barrier (BBB) com-
promise inHIV,30 or reducedNAA/Cr. It is possible that
we failed to identify true associations between brain
metabolite levels and HIV DNA due to inadequate sta-
tistical power or to the dependence of single-voxel MRS
on voxel position. Future work should employ magnetic
resonance spectroscopic imaging, the multivoxel coun-
terpart of MRS that is perhaps better suited for detecting
regionally specific brain metabolic changes in HIV.26

FWM Glu/Cr was higher in our pooled HIV1
subjects than in controls, though the increase did not
reach statistical significance after correction for mul-
tiple comparisons. Few MRS studies have measured
brain Glu alone rather than the combined signal from
glutamate and glutamine. One group observed
reduced Glu in FWM of HIV1 patients.31 However,
Glu in plasma and CSF is elevated in HIV dementia,
with CSF Glu correlating to brain atrophy and
dementia severity.32 Glutamate regulation by HIV is
poorly understood. Activated HIV-infected macro-
phages secrete Glu that mediates neurotoxicity and
may lead to impaired cognition.33 Significant brain
Glu increases, measured in vivo by MRS, have
directly implicated glutamate-mediated toxicity in
neuronal loss associated with feline immunodefi-
ciency virus infection.34 If enhanced, MRS-derived
Glu/Cr levels in our HIV1 participants may reflect
elevated extracellular brain glutamate.

Transmigration of the BBB by activated monocytes
is central to the hypothesized pathogenesis of HAND.
HIV-infected/activated monocytes are believed to traf-
fic into brain perivascular or Virchow-Robin spaces
(VRS), where they differentiate into macrophages
and release neurotoxins and inflammatory mediators
that cause neuronal injury.35 Dilated VRS are present
in HIV disease.36 In normal subjects, VRS are visible
on MRI within basal ganglia, thalamus, midbrain, cer-
ebellum, insular cortex and extreme capsule, hippo-
campus, along the optical tract, and in white
matter.37 Enlarged VRS can develop along the cingu-
late gyrus.38 As in the present study, the majority of
structural brain changes reported in HIV infection are
localized to subcortical gray matter structures and
white matter, adjacent to VRS. Previously we found
that detectable PBMC HIV DNA was related to gray
matter loss in the bilateral insula, cingulate cortex, and
ventromedial prefrontal cortex near the optic tract.8 It
is noteworthy that shrinkage associated with high
PBMC HIV DNA occurs in brain regions that are
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located near perivascular spaces. Dilated VRS may
mark BBB breakdown and neuroinflammation39 as
well as loss of surrounding brain tissue.40 The severity
of HAND correlates with BBB disruption.30 Our re-
sults support an etiology for HAND involving a
peripheral blood viral reservoir and the accumulation
of HIV-infected PBMCs in brain perivascular spaces.

The viral reservoir in the brain is probably estab-
lished during acute seroconversion.25 HIV-infected
cells in VRS enter the brain parenchyma to instigate
inflammatory responses leading to neuronal loss. We
hypothesize that when HIV DNA in PBMCs is ele-
vated, these blood cells continually replenish and
expand the brain perivascular reservoir, resulting in
pronounced atrophy of proximate brain regions.
Thus HIV reservoirs in both peripheral blood and
VRS may contribute to regional brain volumetric
decreases, with greater reductions occurring in indi-
viduals with detectable PBMC HIV DNA, as seen in
our cohort. Augmented atrophy associated with HIV
DNA may obscure age-related brain parenchymal
loss, consistent with our finding that lateral ventric-
ular expansion correlated with older age only in the
SN and U-HIV groups.

Longer duration of HIV DNA detectability
should in such a scenario correlate positively with
brain atrophy. We were unable to examine this rela-
tionship as we lacked data on longitudinal progression
of participants’ HIV DNA levels, including (in the
U-HIV group) the time taken for HIV DNA to fall
below the threshold of detectability. Our study was
also limited by its modest sample size. Duration of
untreated HIV infection, duration of plasma HIV
RNA detectability, and mode of HIV transmission
were unknown. We could not control for differences
in disease progression between D-HIV and U-HIV
groups, a potential source of bias. Longitudinal stud-
ies must clarify the impact of HIV-infected PBMCs
and peripheral blood monocyte subsets on brain
structure. Nevertheless, locations of the affected re-
gions indicate involvement of activated, HIV-infected
macrophages that accumulate in Virchow-Robin
spaces upon entry from the periphery. The associa-
tion between elevated PBMCHIV DNA and subcor-
tical and cerebellar gray matter atrophy may elucidate
the mechanism of brain structural and cognitive
changes that persist in the setting of optimal cART,
and may inform therapeutic approaches targeting
depletion of HIV-infected cells in peripheral blood.
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