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Objective: There is a lack of evidence for the neurobiological underpinning of
asymptomatic neurocognitive impairment (ANI) and mild neurocognitive disorders
(MNDs) in virally suppressed HIV-positive persons. We hypothesized that such mild
impairment would be associated with focal brain atrophy.

Design: A cross-sectional observational study.

Methods: Eighty-five virally suppressed HIV-positive and 44 geographically, demo-
graphically and lifestyle comparable HIV-negative men underwent anatomical MRI,
neuropsychological evaluation and HIV laboratory tests. Volumes of interest (VOI) from
magnetic resonance (MR) images were extracted using FreeSurfer to yield grey and
white matter volumes in regions associated with HIV-related brain injury. HIV-associ-
ated neurocognitive disorder (HAND) [ANI¼38%, MND¼13%, HIV-associated
dementia (HAD)¼3% vs. neuropsychologically-normal] was classified using Global
Deficit Score (GDS �0.5) and functional decline. Effects of HIV status on VOI were
assessed with multivariate analyses controlling for family-wise error. HAND categories
and HIV biomarker effects on VOI were assessed with multiple regression.

Results: Relative to the HIV-negative group, the HIV-positive group demonstrated
subcortical grey (d¼0.50–0.60) and white matter (d¼0.43–0.69) atrophy, with
relative cortical sparing (d¼0.23). ANI showed reduced medial-orbitofrontal white
matter compared with NP-normal cases (P¼0.04). MND showed enlarged lateral
ventricles (P¼0.02) and reduced caudal-middle-frontal white matter (P¼0.04), cau-
dal-anterior-cingulate white matter (P¼0.006) and inferior-parietal white matter
(P¼0.04) compared with neuropsychologically normal. Across the HIV-positive group,
lower CD4þ/CD8 ratio was the strongest predictor of atrophy in subcortical regions.
Across HAND categories, HIV disease duration uniquely predicted greater medial-
orbitofrontal white matter atrophy only in ANI (P¼0.002).

Conclusion: ANI shows specific frontal white matter atrophy to which HIV disease
duration is a unique contributor. MND is characterized by more widespread subcortical
atrophy. Copyright � 2018 Wolters Kluwer Health, Inc. All rights reserved.
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Introduction
The degree of brain atrophy present in HIV-infected
(HIV-positive) cohorts has been investigated with MRI,
but the results are inconsistent due to heterogeneity in
participants’ demographic and clinical characteristics, and
in the MRI processing/analytical platforms used [1].
When focusing on studies conducted in the combined
antiretroviral therapy (cART) era (Supplemental Digital
Content 1 presents a list of 32 studies and review, http://
links.lww.com/QAD/B380), we found three primary
methodological issues affecting the reliability of the
reported atrophic changes in treated HIV-infected adults:
(1) T
hirty percent of studies did not include a HIV-negative

control group and another 20% included controls that

were significantly different in terms of age, education,

race/ethnicity, geographical location or lifestyle.
(2) H
IV-associated neurocognitive disorders (HANDs)

prevalence and clinically relevant categories of asymp-

tomatic neurocognitive impairment (ANI), mild neu-

rocognitive disorder (MND) and HIV-associated

dementia (HAD) have not been systematically reported.

Neuropsychological testing was sometimes not con-

ducted at all (five out of 32 studies). This is a significant

limitation because the severity of HAND is a major

predictor of the degree of subcortical grey matter, white

matter and cortical grey matter atrophy in the majority

of studies examining this effect. Furthermore, no study

has carefully evaluated the difference between ANI and

MND. This is important because there is debate as to

whether ANI has no neurobiological underpinning and

solely represents a statistical neuropsychological entity.
(3) T
here was a large variation in MRI processing/

analytical platforms due to the vast selection of choices

that researchers have at their disposal and a lack of

uniform standards, as well as the continuous develop-

ment of new tools and updated versions of existing ones.

This affects the magnitude of the differences seen

between controls and clinical groups [1]. Although it

may be less of an issue in dementia populations [2,3], it

represents a major problem for detecting clinically

relevant differences between controls and clinical groups

at the early stage of disease, which is typically

characterized by mild neurocognitive deficits such as

mild HAND. More concerning is that these methodo-

logical differences have led to wide variations between

measures of cognition and disease and their association

with MRI-derived volumes [2,3]. In our review of the

literature presented in Supplemental Digital Content 1,

http://links.lww.com/QAD/B380, we found that the

degree of cortical atrophy in HIV-positive cohorts

compared with controls is larger when using voxel-

based morphometry (VBM) than non-VBM methods.

As such, MRI analysis working in the native space (e.g.

FreeSurfer) or gold-standard manual tracing of regions

of interest (ROI) appear more conservative than VBM.

Our review also shows that grey matter volume
 Copyright © 2018 Wolters Kluwer Hea
differences by HIV status are more consistently observed

than cortical differences, although there are some

exceptions. Moreover, although subcortical and cortical

GM specific anatomical regions have been commonly

measured, white matter has been typically considered as

a unified volume without factoring the striatofrontal

vulnerability to HIV-related brain injury. In this regards,

cART era MRI studies included in our review

(Supplemental Digital Content 1, http://links.lww.-

com/QAD/B380) continue to show a predominance of

subcortico-frontal injury with more or less involvement

of parietal and temporal regions depending on the

degree of past immune compromise, and degree of

cognitive impairment, with sparing of the most

posterior and occipital regions.
This study aimed to address these shortcomings and
provide an estimate of brain atrophy in virally suppressed

HIV-positive persons with no impairment on neurop-
sychologically testing vs. mild forms of neurocognitive
deficit (ANI and MND):
(1) B
y focusing on a suppressed HIV-positive cohort who

were clinically stable;
(2) B
y including demographically, geographically and

lifestyle comparable HIV-negative controls;
(3) B
y concentrating on volumes of interest (VOI) in

specific brain regions known to be affected by HIV

including specific white matter regions; and
(4) U
sing automated segmentation in the native space for

delineating individual anatomical ROI.
Finally, we examined the effects of a range of HIV disease
biomarkers on the degree of atrophic changes in the entire

HIV-positive sample and in the HAND clinical categories.

Informed by our review presented in Supplemental
Digital Content 1, we hypothesized that there would be
statistically significant overall subcortical and white
matter, but not cortical atrophy in the HIV-positive
group compared with HIV-negative controls. We
hypothesized that grey matter and white matter atrophy
could be observed in ANI, but would be more extensive
in MND. We predicted that lower nadir CD4þ cell
count, longer HIV duration and lower CD4þ/CD8þ

ratio would be associated with a greater degree of
subcortical and frontal white matter atrophy particularly
in MND.
Materials and methods

Participants
Ninety-two HIV-positive and 45 HIV-negative individ-
uals aged more than 45 years completed the MRI and
neuropsychological examinations of the HIV and Brain
Aging Research Program between 2009 and 2012. The
sample inclusion/exclusion criteria have been described
in detail previously [4,5]. In the case of this study, we also
lth, Inc. All rights reserved.
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Table 1. Disease characteristics of HIV-positive group.

Biomarkers Median Range

Median HIV duration (years) 20 4.5–30.6
Median current cART duration (months) 26 6–156
Median nadir CD4þ cell count (cells/ml) 185 0–350
Median current CD4þ cell count (cells/ml) 528 77–1476
Asymptomatic neurocognitive impairment (ANI) 38% –
Mild neurocognitive disorder (MND) 13% –
HIV-associated dementia (HAD) 3% –
Historical AIDSa 71% –
Plasma HIV RNA undetectable (<50 copies/ml) (%) 98% –
CSF HIV RNA undetectable CSF (<50 copies/ml)

(%)b
97% –

Continuous data presented as Mean (SD) and range unless otherwise
specified. Percentage values provided for categorical data.1. Virtu-
ally, all participants were virally suppressed in plasma at baseline; the
two detectable cases were ‘viral blips’ who were undetectable both
prior to and poststudy.
aAIDS classification based on Centre for Disease Control and Preven-
tion (CDC) 1993 HIV Disease Staging System.
bn¼37 participants consented to lumbar puncture for cerebrospinal
fluid (CSF) analysis.
excluded cases with a pacemaker, unsafe MRI implants
and claustrophobia (n¼ 5), cases with movement artefacts
not resolved by movement correction (n¼ 2) and
extreme subcortical atrophy that the FreeSurfer 5.3
algorithm could not resolve (n¼ 1). The final samples
included 85 HIV-positive and 44 HIV-negative
individuals.

Study procedure and measures
MRI acquisition
MRI scans were acquired at St. Vincent’s Hospital,
Sydney Medical Imaging Department on a Phillips 3T
Achieva TX scanner (Philips Medical Systems, Best, The
Netherlands) using an eight-channel head coil. Two 3D
T1-weighted anatomical images were obtained in the
coronal plane (TFE: TR/TE: 6.39/2.9 ms, flip angle: 88;
FOV 256 mm; 190 slices, 1 mm isotropic). For one
participant, only one T1 image was collected to minimize
potential movement artefact from discomfort. A single
T2-weighted image was also acquired in the axial plane
(FLAIR: TR/TE: 11000/110 ms, TI: 2800 ms, flip angle:
908; FOV 250 mm, 38 slices, 3.5 mm). FLAIR images
were used to correct the segmentation of white matter
hyperintensities, particularly on the posterior horn of the
lateral ventricles.

MRI processing
FreeSurfer v5.3 software (https://surfer.nmr.mgh.harvar-
d.edu/) [6] was used to process T1-weighted images by
segmenting brain structures and regions into relevant
neuroanatomical parts [6–8] (see Supplemental Digital
Content 2, http://links.lww.com/QAD/B380 for more
details and illustrations of brain segmentation). FreeSurfer
was selected, as it is the only automated segmentation
protocol that has been systematically assessed against gold-
standard manual tracing in a large, multisite HIV-positive
sample, which found it to be a robust method particularly
for subcortical volumes [9]. FreeSurfer has been shown to
overestimate the smaller subcortical structures in non-HIV
samples [10,11], although this effect is most often seen in
elderly participants (>75 years old) [12] who were not
recruited for this study. Nevertheless, HIV-related brain
injury may accelerate brain changes such that a HIV-
positive 50 year-old may appear equivalent to a HIV-
negative person aged 75 years. To minimize these potential
issues [9], all FreeSurfer outputs were carefully reviewed
blind to HIV status by MN following the FreeSurfer
recommended corrections protocol (Supplemental Digital
Content 2, http://links.lww.com/QAD/B380).

Volumes of interest
Global brain volumes and brain regions shown to be
primarily affected by HIV in the cARTera [13–15] were
determined a priori, including total cortical volume, total
white matter volume, frontal and parietal grey matter, all
basal ganglia nuclei, lateral ventricles, fronto-striatal,
fronto-parietal white matter and grey matter (Supple-
mental Digital Content 2, http://links.lww.com/QAD/
 Copyright © 2018 Wolters Kluwe
B380). Each VOI was expressed as a percentage of
estimated total intracranial volume (eTIV). We selected a
ROI analysis to optimize the accuracy of brain atrophy
estimates in our HIV-positive sample, as this procedure is
more standardized than whole-brain methods such as
VBM [2].

Neuropsychological assessment and determination of
HIV-associated neurocognitive disorder clinical
categories and laboratory visit
The standard neuropsychologically battery used in this
cohort has been detailed previously [4,5]. It evaluated
seven cognitive domains, functional independence in
activities of daily living, mood status, and medication
adherence. The HAND clinical categories of ANI, MND
and HAD were classified using Global Deficit Score
(GDS) and functional data as outlined in Cysique et al. [4].
Details of the laboratory visit were also reported in that
article and included all biomarkers listed in Table 1.

Statistical analysis
To minimize the total number of statistical comparisons,
we used the following strategy. First, between-group
(HIV status) analyses of variance (ANOVAs) were
conducted for the global volumes: cortex, total white
matter and subcortical grey matter. We found that total
white matter (P< 0.004) and subcortical GM (P< 0.007)
were smaller in the HIV-positive group than the HIV-
negative group, but not the cortex (P¼ 0.22). The
subsequent analyses therefore focused on white matter
and subcortical grey matter. Briefly, the HIV-positive
group had smaller inferior-temporal cortex than the
HIV-negative group (P¼ 0.005) and there were no other
differences. We note that none of these cortical regions
statistically differed between HIV-positive neuropsycho-
logically normal, ANI and MND except for a trend for
lower VOI in MND compared with ANI and
r Health, Inc. All rights reserved.

https://surfer.nmr.mgh.harvard.edu/
https://surfer.nmr.mgh.harvard.edu/
http://links.lww.com/QAD/B380
http://links.lww.com/QAD/B380
http://links.lww.com/QAD/B380
http://links.lww.com/QAD/B380


58 AIDS 2019, Vol 33 No 1
neuropsychologically normal in the inferior-parietal
cortex (P¼ 0.10). Cortical parcellated volumes analyses
are provided in Supplemental Digital Content 3, http://
links.lww.com/QAD/B380.

Second, white matter and subcortical grey matter VOIs for
the HIV-positive and HIV-negative groups were compared
using multivariate analysis of variance (MANOVA) allowing
corrections for family-wise error rate. MANOVA is a robust
statistical technique when the magnitude of correlations
between dependent variables (i.e. VOI) remains between
�0.6 [16] as is the case with our dataset. Following this
rationale, the nucleus accumbens was excluded after finding
no between-group difference (i.e. d¼ 0). The MANOVA
included 18 VOI in the final models: lateral ventricle,
caudate, putamen, pallidum, thalamus, hippocampus,
amygdala, caudal-anterior-cingulate white matter, caudal-
middle-frontal white matter, cuneus, inferior-parietal white
matter, inferior-temporal white matter, superior-frontal
white matter, superior-parietal white matter, superior-
temporal white matter, isthmus-cingulate white matter,
medial-orbitofrontal white matter and insula volume. An
age and HIV interaction effect was added to this model. Age
was defined as age 60 vs. 60þ years.

Next, we assessed the effects of HAND clinical categories
and HIV biomarkers on white matter and subcortical grey
matter VOI. ANI (n¼ 32) and MND (n¼ 10) were
compared with neuropsychologically normal cases
(n¼ 40), and HIV duration, nadir CD4þ cell count,
current CD4þ and CD8þ effects on VOI were assessed
with multiple regression.

Analyses were conducted in JMP v13.0 (SAS Inc., Cary,
North Carolina, USA) with statistical significance set at P
value less than 0.05; Cohen’s d effect sizes were
also computed.

Results

Participant demographic and clinical characteristics are
presented in Table 2, while the HIV disease and
laboratory data are presented in Table 1.

HIV serostatus differences in volumes of interest
The overall HIV status MANOVA model test was
significant [Pillai’s Trace, Wilks’ lambda, Hotelling’s Trace
 Copyright © 2018 Wolters Kluwer H

Table 2. Demographic characteristics of the study samples.

HIV-negative HIV-positive P

N 44 85
Age (years) 53.9 (6.5) 54.9 (6.5) 0.42
Range 45–67 45–69
Male (%) 100 100 �
Education (years) 15.1 (2.7) 14.0 (2.9) 0.05
Range 10–20 8–20
Urban dwelling MSM (%) 84.1 89.3 .39

Continuous data presented as Mean (SD) and range unless otherwise
specified. Percentage values provided for categorical data.
and Roy’s Largest Root F (19,109)¼ 2.108; P< 0.01]. All
volumeswere smaller in the HIV-positive group than HIV-
negative controls (Fig. 1). Medium to large effect sizes
(ds¼ 0.50–0.69) were detected principally in the subcor-
tical grey matter and white matter (Fig. 2). There was a
small HIV � age interaction effect for the inferior-parietal
WM(P< 0.02,h2¼ 0.044) indicating that thosewhowere
HIV-positive and aged 60þ had the smallest volumes.

Asymptomatic neurocognitive impairment, mild
neurocognitive disorders vs. neuropsychologically
normal volumes of interest comparisons
ANI showed reduced medial-orbitofrontal white matter
compared with NP-normal cases (P¼ 0.04, Std b¼ -
0.31). MND showed enlarged lateral ventricles (Std
b¼ 0.34, P¼ 0.02), reduced caudal-middle-frontal white
matter (Std b¼ -0.32, P¼ 0.04), caudal-anterior-cingu-
late white matter (Std b¼ -0.42, P¼ 0.006), and inferior-
parietal white matter (Std b¼ -0.33, P¼ 0.04) compared
with neuropsychologically normal cases (Fig. 3).

HIV biomarkers
When considering the combined effect of HIV
biomarkers across the HIV-positive sample, the overall
model showed significant differences in the putamen
(h2¼ 0.139, P< 0.008), amygdala (h2¼ 0.098, P< 0.04),
lateral ventricles (h2¼ 0.119, P< 0.02) and superior-
parietal white matter (h2¼ 0.115, P< 0.02). The effect
size of the model’s explanatory power was medium to
large. There were no significant effects of nadir CD4þ cell
count on specific brain volumes. A medium effect size was
found for longer HIV duration leading to smaller medial-
orbitofrontal white matter (h2¼ 0.071, P< 0.02). Lower
CD4þ/CD8þ ratio was associated with medium-to-large
reductions in putamen (h2¼ 0.107, P< 0.004) and
superior-parietal white matter volumes (h2¼ 0.084,
P< 0.009) as well as a small reduction in caudate volume
(h2¼ 0.054, P¼ 0.04) and a small increase in lateral
ventricle volume (h2¼ 0.051, P< 0.04) (Fig. 4).

When considering the effects of HIV biomarkers across
the HAND clinical categories, we found that HIV disease
duration uniquely predicted greater medial-orbitofrontal
white matter atrophy only in ANI (Std b¼ -0.51,
P¼ 0.002) (Figure S1 Supplemental Digital Content 4,
http://links.lww.com/QAD/B380). Finally, no differ-
ences emerged between the ANI, MND and neurop-
sychologically normal cases on any biomarkers including
a set of cardiovascular biomarkers collected as part of the
study, aside from for a small-to-medium difference in
CD4þ/CD8þ ratio between MND and neuropsycholo-
gically normal (P¼ 0.04) (Table S1 Supplemental Digital
Content 4, http://links.lww.com/QAD/B380).

In summary, we found:
(1) R
ea
elative to the HIV-negative group, the HIV-positive

group showed moderate atrophy of subcortical white
lth, Inc. All rights reserved.
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Fig. 1. (a–c) Brain volume comparisons between the HIV-negative and HIV-positive samples. VOI (% eTIV) mean and standard
deviations are presented. �P<0.05; ��P<0.01; ���P<0.001 controlled for multiple comparisons with MANOVA. The relative
contributions of each hemisphere to VOIs differences were checked using t-tests, and no lateralization effects found. VOIs
distributions were inspected visually and quantitatively via histograms, skewness and kurtosis, and Shapiro–Wilks tests (P>0.05).
The following VOIs were transformed to better approximate the normal distribution: lateral ventricle (Log10); thalamus, insula,
isthmus-cingulate WM and medial-orbitofrontal WM (inverse transformation), as well as caudal-middle-frontal, isthmus-cingulate
and medial-orbitofrontal GM (Log10).
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Fig. 1. (Continued ).
matter tracts (inferior-temporal, inferior-parietal and

caudal-anterior cingulate white matter) as well as

subcortical grey matter atrophy (particularly for the

thalamus and hippocampus). Furthermore, the HIV-

positive group showed moderate cortical atrophy that

was restricted to the inferior-temporal cortex.
 Copyright © 2018 Wolters Kluwer H
(2) C
ea
ompared with HIV-positive neuropsychologically

normal cases, ANI cases showed moderate atrophy that

was restricted to the medial-orbitofrontal white matter.

By comparison, moderate white matter atrophy was

more widespread in MND cases, including the caudal-

middle-frontal white matter, caudal-anterior-cingulate
lth, Inc. All rights reserved.
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Fig. 1. (Continued ).
white matter and inferior-parietal white matter. They

also showed moderate lateral ventricular enlargement

compared with the neuropsychologically normal cases.
(3) L
ongerHIVduration andHIV immune activation (defined

as lower CD4þ/CD8þ ratio) were associated with greater

subcortical grey matter and white matter atrophy.

Moreover, longer HIV duration independently predicted

medial-orbitofrontal white matter only in the ANI cases.
(4) A
ge and HIV status interacted to produce greater

inferior-parietal white matter atrophy in older HIV-

positive persons.
Discussion

Our first finding of greater atrophy in subcortical brain
regions than in cortical regions is in accordance with our
 Copyright © 2018 Wolters Kluwe
hypothesis and confirms that structural abnormalities in
subcortical grey matter and striato-frontal white matter
regions persist despite viral suppression and stable cART
in a cohort of chronically HIV-positive men [15,17,18].
Of particular interest is that the inferior-temporal white
matter, hippocampus and inferior-temporal cortex are
the most abnormally reduced. The involvement of these
regions, known to be associated with Alzheimer’s disease,
is concerning [19]. It should be noted that no HIV disease
biomarkers or demographic effects predicted atrophy in
these regions. Furthermore, the HIV status � age
interaction effect was restricted to one white matter
region, possibly because our sample is still relatively
young (only 30% over 60 years old).

Our study does not support previous findings of
widespread reductions in cortical volumes in HIV-
positive persons compared with controls [20–26]. One
r Health, Inc. All rights reserved.
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Fig. 2. Cohen’s d effect sizes of volume differences between the HIV-negative and HIV-positive samples. Nucleus accumbens
was not included due to effect size d¼0.
factor contributing to this disparity is the difference in
MRI processing/analytical platform, wherein VBM-based
analyses are more likely to find between-group cortical
volume differences, although themagnitude of these effects
is not always clear, as only significant results are typically
reported. VBM overestimates grey matter differences
compared with manual tracing [27] by potentially lumping
together adjacent gyri around the corresponding sulci,
causing falsely high cortical grey matter values [28].
Conversely, FreeSurfer is surface-based and segments
entire subcortical regions based on a predefined atlas,
independent of contrasts between tissue types [6].

ROI analyses have been criticised for not considering the
entire brain. However, this is less of an issue when the
disease in question has an established disease distribution,
 Copyright © 2018 Wolters Kluwer H
although its exact nature remains to be elucidated [29].
Further studies are needed comparing various platforms in
NeuroHIV as has been done for other neurological
disorders. In particular, more work is needed to determine
the clinical relevance of different methods by assessing their
association with HAND clinical categories.

The other explanation for discrepancies in the magnitude
of overall cortical grey matter volume loss in our study
may be that previous studies included small and/or,
nondemographically comparable control samples. Doing
so yields unreliable demographic effects that render any
statistical adjustments problematic [16] and thereby affect
the validity of VOI differences. In contrast, our HIV-
negative controls were carefully selected to be geograph-
ically, lifestyle (i.e. urban MSM) and demographically
ealth, Inc. All rights reserved.
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Fig. 3. Brain volume comparisons between ANI, MND and NP-Normal cases. VOI (% eTIV) mean and standard deviations are
presented. NP-Normal cases were set a reference in Dunnett’s control comparisons. �P<0.05; ��P<0.01. ANI, asymptomatic
neurocognitive impairment; MND, mild neurocognitive disorder.
(mostly well educated and high functioning) comparable to
our HIV-positive sample. Our results empirically demon-
strate the importance of including controls that closely
resemble the specific demographics of local HIV-positive
populations. The study [30] that used FreeSurfer and well
matched HIV status groups with high levels of viral
suppression also observed a more obvious subcortical-to-
cortical atrophy gradient, congruent with our findings.

HIV-related brain injury targets the white matter [13].
However, past research lacks regional specificity with
analyses often reporting reduced total brain white matter
 Copyright © 2018 Wolters Kluwe
in HIV-positive participants without separately examin-
ing anatomically relevant structures and weakening any
association with mild neurocognitive dysfunction. To the
best of our knowledge, only one other study investigated
HIV-related white matter atrophy in a similarly regionally
specific manner [31], and found reductions in four corpus
callosum regions in HIV-positive persons compared with
controls. Moreover, greater cognitive impairment was
associated with smaller isthmus and genu.

Our study reports regional volume differences as a
function of HAND clinical categories. The finding that
r Health, Inc. All rights reserved.
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Fig. 4. A lower CD4R/CD8R ratio is associated with volume loss across several subcortical grey and WM regions in the HIV-
positive group. The Log CD4þ/CD8þ ratio represents an independent effect on VOI in a model that also included the nadir CD4þ

cell count and HIV duration. For clarity of the illustration, the univariate relationships are represented.
ANI is associated with unique specific frontal white
matter atrophy in the context of more widespread atrophy
in MND suggests a potential neurobiological underpin-
ning for ANI. Damage to subcortical white matter
regions may account for the persistence of HAND in well
controlled HIV infection and reflect at a neuroanatomical
level a continuum of clinical disease progression in the
brain, given that ANI are at a higher risk of progressing to
symptomatic HAND [32]. In addition, the finding that
HIV disease duration uniquely predicted ANI-related
brain injury suggests that it may serve as a unique
biomarker for ANI. Importantly, ANI, MND and
neuropsychologically normal cases did not differ on
any HIV disease or cardiovascular biomarkers (see
Supplemental Digital Content 4), except for lower
CD4þ/CD8þ ratio in MND.

HIV clinical factors including nadir CD4þ cell count and
duration of infection have been inconsistently linked to
specific volume reductions in the cARTera. Lower nadir
CD4þ cell count has been associated with reduced
posterior mid-body of the corpus callosum [31], total
white matter [33,34] and subcortical grey matter volumes
 Copyright © 2018 Wolters Kluwer H
as well as increased cerebrospinal fluid volume [34], while
we and others found no effect [18,35]. Range and
variance in these biomarkers tend to affect the strength of
such associations. Our study did not demonstrate a nadir
effect, possibly because our range was restricted between
0 and 350 cp/ml by design, as this effect is fairly robust in
studies containing a broader range of values.

Some studies have observed an association between
longer HIV infection and smaller total grey matter [36],
prefrontal grey matter [37] and basal ganglia [18], while
the present study and others detected no effect at the HIV
group level [31,33–35]. However, we uniquely detected
this effect in ANI cases, further showing the importance
of using standard diagnostic nomenclature in research.

CD4þ/CD8þ ratio was the strongest predictor of volume
loss, with lower ratio associated with small and medium-
large reductions in caudate, putamen, inferior-parietal
white matter and superior-parietal white matter volumes
as well as lateral ventricular enlargement. As the CD4þ/
CD8þ ratio is an indicator of HIV-related immune
activation, this finding suggests that ongoing effects of
ealth, Inc. All rights reserved.
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HIV disease despite treatment and viral suppression may
be producing atrophic changes. Indeed, even with
normalization of CD4þ levels with cART, CD4þ/
CD8þ ratios remain low or inverted in many virally
suppressed HIV-positive individuals [38]. The underlying
mechanism by which peripheral HIV immune activation
affects brain atrophy is not fully understood. However,
pro-inflammatory cytokines, released by macrophages in
response to persistent immune activation by HIV
infection, are likely to be playing a role [39].

The present study has several limitations. Firstly, it should
be recognized that participants were exclusively men with
the age range restricted to more than 45 years. Larger
studies are needed to extend the generalizability of our
results to women and other international HIV-positive
cohorts. Moreover, the cross-sectional nature of our
design precluded the potential for monitoring neuroana-
tomical changes with progression of HIV-infection. In
this regard, it is possible that the ANI difference to
neuropsychologically normal that was not detected in the
MND group is a trajectory-dependent effect linked to
HIV duration. Longitudinal follow-up is needed to
explore this effect further. Finally, in order to better
elucidate HIV neuropathogenesis, more measures of
immune activation should be considered, particularly
central nervous system (CNS)-based biomarkers.

This study has shown evidence of atrophic brain changes
of medium-large magnitude in subcortical and associated
white matter regions as well as mild cortical atrophy,
despite successful HIV treatment and viral suppression.
Atrophy of the medial-orbitofrontal white matter was
specific to ANI, suggesting a neurobiological basis to the
disorder and confirming the differential validity of MND.
It will be imperative to explore the evolution of these
atrophic changes over time in relation to clinical
progression and other HIV and CNS biomarkers in
virally suppressed and well treated HIV-positive cohorts.
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