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Abstract

Central nervous system (CNS) sequelae continue to be common in HIV-infected individuals despite combination antiretroviral
therapy (cART). These sequelae include HIV-associated neurocognitive disorder (HAND) and virologic persistence in the
CNS. Resting state functional magnetic resonance imaging (rsfMRI) is a widely used tool to examine the integrity of brain
function and pathology. In this study, we examined 16 HIV-positive (HIV+) subjects and 12 age, sex, and race matched HIV
seronegative controls (HIV—) whole-brain high-resolution rsfMRI along with a battery of neurocognitive tests. A compre-
hensive data-driven analysis of rsfMRI revealed impaired functional connectivity, with very large effect sizes in executive
function, language, and multisensory processing networks in HIV+ subjects. These results indicate the potential of high-
resolution rsfMRI in combination with advanced data analysis techniques to yield biomarkers of neural impairment in HIV.

Keywords HIV - resting state fMRI - high-resolution - functional connectivity - multi-voxel pattern analysis - MVPA -
brain function networks - cognition - executive function - executive function - language - multi-sensory perception

Introduction

While HIV infection has become a treatable condition in the
combination antiretroviral therapy (cART) era, it is clear
that the infection has persistent, detrimental effects on the
central nervous system (CNS). Among individuals on cART,
cerebrospinal fluid (CSF) studies have shown elevated
markers of inflammation, while neuroimaging studies have
demonstrated increases in CNS membrane turnover and
glial proliferation (Anderson et al. 2017; Harezlak et al.
2011). HIV-associated neurocognitive disorder (HAND)
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remains highly prevalent (around 50%) in the era of cART
(Abidin et al. 2020; Heaton et al. 2010) and is associated
with diminished quality of life as well as an increase in
mortality risk (Tozzi et al. 2003; Vivithanaporn et al. 2010).
Additionally, building evidence demonstrates that the CNS is
areservoir of HIV persistence and thus a barrier to HIV cure
(Lamers et al. 2016). A more comprehensive understanding
of the effects of HIV on the CNS is therefore needed to most
effectively address residual CNS impairment during cART.

About 70% of individuals suffering from HAND (Grant
et al. 2014; Heaton et al. 2010) only exhibit asymptomatic
neurocognitive impairment (ANI). HIV-infected individuals
with ANI are at greater risk to deteriorate to severe
neurocognitive impairment with time (Grant et al. 2014).
Hence, it is critical to diagnose ANI at early stages so that
targeted treatment could be administered when necessary.
Unfortunately, standard neuropsychological (NP) tests are
often not sufficiently sensitive to diagnose milder forms
of HAND (Abidin et al. 2020; Brouillette et al. 2015; Torti
et al. 2011). Hence, neuroimaging techniques are also being
explored to better understand and aid in early diagnosis of brain
abnormalities that occur during HIV (Abidin et al. 2020; Ances
and Hammoud 2014; Masters and Ances 2014). The biomarkers
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of cognitive impairment found through neuroimaging could be
in turn assist in developing more sensitive NP tests.

Over the last two decades resting state functional magnetic
resonance imaging (rsfMRI) (Biswal et al. 1995) has become
the preeminent neuroimaging technique to examine brain
function and its pathology. A seminal study found that regions
in brain networks that show co-activation during fMRI task
performance are also functionally connected at rest (Laird et al.
2011; Smith et al. 2009). Thus, rsfMRI, which typically involves
acquiring just one approximately 10 min blood oxygenation
level-dependent (BOLD) fMRI scan while the subjects are at
rest, can be used to quantitatively map the integrity of all brain
function networks, as well as interactions between them, in terms
of resting state functional connectivity (FC) between areas in
these brain networks (Arnold Anteraper et al. 2019; Buckner
et al. 2013; Gopinath et al. 2019). RsfMRI is increasingly
being employed to investigate brain function impairment in
HIV-positive (HIV+) subjects on cART. RsfMRI studies have
revealed impairments in default mode (Abidin et al. 2020;
Thomas et al. 2020), executive function and control (Abidin
et al. 2020; Chaganti et al. 2017; Thomas et al. 2013), salience
(Chaganti et al. 2017; Thomas et al. 2013), visuomotor (Egbert
et al. 2018; Wang et al. 2011), cortico-striatal (Ipser et al.
2015; Ortega et al. 2015) and resting state networks. Further,
some studies have revealed meaningful correlations between
performance in neurocognitive tasks and corresponding brain
function networks (Chaganti et al. 2017; Egbert et al. 2018;
Wang et al. 2018). However, some other studies have revealed
little or no functional connectivity impairments in HAND (Cole
et al. 2018; Guha et al. 2016; Janssen et al. 2017).

There are a number of data analysis methods available to
probe resting state networks (RSNs). The optimal method for
a given rsfMRI study depends on its aims and goals. The pre-
ponderance of HIV rsfMRI studies have employed seed based
correlation analysis (sbCA) (Chaganti et al. 2017; Guha et al.
2016; Ortega et al. 2015; Thomas et al. 2013; Wang et al. 2018)
or its variants (Janssen et al. 2017). This type of analysis works
best for symptoms based hypotheses, where there is adequate
rationale for choosing a priory seed regions of interest (ROIs).
However, symptoms, and impairment on standard neuropsy-
chological (NP) tests may be lacking in some HIV+individu-
als, and therefore not sufficient to form appropriate seed ROIs.
Hence, hypothesis-independent data-driven rsfMRI analysis
methods may be more suitable than sbCA for studying the
brain during HIV. In terms of data-driven analysis, some HIV
studies have employed independent component analysis (ICA)
and found impairments in higher order visual and visuomotor
networks (Egbert et al. 2018; Wang et al. 2011). However,
since ICA imposes spatial sparsity conditions, it is not very
sensitive to impairment in brain areas (e.g., subcortical) where
neighboring regions (e.g., dorsal and ventral striatum) can
have very disparate functions. A recent study (Abidin et al.
2020) employed graph theory and network analysis with a
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well-established 160-ROI parcellation of the brain (Dosenbach
et al. 2010), finding altered FC in the default mode network,
and altered network measures of integration, segregation, and
connectedness in some other regions. One problem with 160
ROI Dosenbach atlas (Dosenbach et al. 2010 is that it does not
have sufficiently high resolution in sub-cortical areas (e.g., it
combines all basal ganglia regions into one ROI).

Here we report on an rsfMRI study we performed as part
of a prospective biomarker investigation of HIV+individuals
on cART with minimal neurocognitive symptoms as well as
matched HIV-seronegative (HIV—) individuals. Two blood
biomarkers (one reflecting neuronal damage and one reflecting
inflammation) were also measured to evaluate for potential
relationships with rsftMRI. We employed a recently described
data driven high-resolution network analysis approach
(Anteraper et al. 2020, 2019; Guell et al. 2020) to examine
functional connectivity impairments in HIV+individuals.
Briefly, this method examines the rsfMRI functional
connectivity (FC) patterns (to the level of individual voxels)
of all voxels with multivariate pattern analysis (MVPA) and
identifies voxel clusters that best illustrate the differences in
FC patterns between HIV+ and matched HIV— individuals.
These clusters act as seed ROIs for post hoc sbCA, which
would reveal impaired or abnormally high FC in RSNs in
HIV+ group, as per our hypotheses. We also examined the
relationships between rsfMRI FC and NP assessments, as well
as clinical biomarkers.

Methods
Study participants

This neuroimaging study was performed as part of a larger
soluble biomarkers study. HIV+individuals were required
to be on a stable cART regimen for at least 3 months.
Individuals were excluded from the study for any of the
following: (1) history of any neurologic disease known to
affect memory (including stroke, malignancy involving the
brain, traumatic brain injury, and AIDS-related opportunistic
infection of the central nervous system); (2) current ongoing
substance use (marijuana use in the last 7 days OR cocaine,
heroin, methamphetamine, or other non-marijuana illicit
drug use in the last 30 days); (3) heavy alcohol consumption
in the last 30 days (defined as > 7 drinks per week for women
and > 14 drinks per week for men); (4) serious mental
illness including schizophrenia and bipolar disorder; (5)
chronic hepatitis C virus (HCV) infection, which was tested
for at study entry; or (6) MRI contraindications. Potential
participants were screened for uncontrolled depression with
the Beck Depression Inventory Fast Screen (BDI-FS) and
excluded for a score of ten or higher. Individuals with a
history of treated syphilis and a persistently positive rapid
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plasma regain (RPR) titer of 1:8 or less were eligible for
the study if there was a decrease in RPR of at least fourfold
at 6 months after treatment and there were no neurological
symptoms at initial syphilis presentation. The fourth-
generation Abbott antigen/antibody assay was performed at
study entry to confirm seronegativity in the HIV— group. All
HIV - participants were confirmed to be HCV seronegative
at study entry as well. After screening 16 HIV+and 12
HIV - subjects participated in the study (see Table 1). The
study was approved by the Emory University Institutional
Review Board, and written consent was obtained from all
participants.

Neuropsychological (NP) battery, laboratory studies,
and related statistical analyses: A comprehensive NP
testing panel used commonly in studies of cognition and
HIV infection (Robertson and Yosief 2014) was included:
(1) Trail Making Part A, (2) Trail Making Part B, (3)
Hopkins Verbal Learning Test total learning, (4) Hopkins
Verbal Learning Test delayed recall, (5) Grooved Pegboard

Table 1 Comparisons between HIV positive and negative groups

(dominant), (6) Grooved Pegboard (non-dominant), (7)
Stroop Color Naming, (8) Stroop Color-Word, (9) Digit
Vigilance Test (total time), (10) Digit Vigilance Test
(errors), (11) Brief Visual Memory Test total time, (12) Brief
Visual Memory Test delayed recall, (13) Finger Tapping
test (dominant hand), and (14) Letter Fluency (Controlled
Oral Word Association Test). These tests were selected in
order to examine at least five domains as recommended
in the most recent nosology of HAND criteria (Antinori
et al. 2007). Raw scores were adjusted for demographic
characteristics using published norms to compute 7 scores
(Heaton et al. 2004). Domain T scores (average of T scores
in tests pertaining to individual domain (e.g., memory)
or in the event of language just the letter fluency T score)
as well as Global T score (average of domain T scores)
were calculated. Global deficit score (GDS), a validated
measure of overall neurocognitive impairment that is
resulted based on T scores (Carey et al. 2004), was also
calculated. Neurofilament light chain (NFL) from plasma

Variable HIV positive (n=16) HIV negative (n=12) P value for Effect size
Median (IQR) or difference

Mean [SD]

Number (%)

A in years 38 (33-48) 34 (31-45) 0.28

Male sex 14 (88%) 10 (83%) 1.0
African-American 15 (94%) 10 (83%) 0.56

Years of education 13.5 (12-16) 13 (12-14) 0.33

Co-morbidities 11 (69%) 9 (75%) 1.0

Cigarette smoker 1(6.3%) 0 (0%) 1.0

Hypertension 0(0%) 0 (0%) 1.0

Diabetes mellitus 2 (12.5%) 1(8.3%) 1.0

Depression

Laboratory results 258 (82—-433) - 0.29% 0.57
CD4+ <2(<2-35) - 0.42% 0.4
HIV RNA (log10) 6.49 (4.75-9.56) 4.33 (3.63-9.13)

NF-L 1.89 (1.23-2.75) 0.88 (0.70-5.64)

CRP

Neuropsychological testing

GDS 0.07 (0.0-0.27) 0.1 (0.0-0.29) 0.88 Effect Size
Global T 51.1[4.9] 53.0 [4.9] 0.33 0.39
Executive T 50.4 [8.3] 56.0 [10.3] 0.12 0.61
Processing speed T 51.2[7.1] 55.7 [10.3] 0.18 0.52
Learning T 51.9[10.0] 52.7[7.9] 0.83 0.09
Memory T 52.0[9.2] 51.2[8.3] 0.81 0.09
Attention T 52.6 [6.7] 47.8 [9.0] 0.12 0.62
Fine Motor T 49.7 [8.3] 53.6 [6.5] 0.2 0.51
Language T 53.3[7.3] 539 [11.1] 0.85 0.07

IOR interquartile range, SD standard deviation, HIV human immunodeficiency virus infection, NF-L neurofilament light chain, CRP C-reactive

protein, GDS global deficit score

#Assumes interquartile range is from a normal distribution
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was measured using an ultrasensitive assay (Simoa by
Quanterix corporation) recently shown by our group to be
quantifiable in both HIV+and HIV— individuals (Anderson
et al. 2018). C-reactive protein (performed at Laboratory
Corporation of America) was measured as a marker of
systemic inflammation. Plasma HIV RNA was measured at
the Emory Center for AIDS Research Virology Core using
the Abbott Laboratories m2000 Real Time HIV-1 assay
system (reverse transcriptase polymerase chain reaction,
lowest limit of detection of 40 copies/ml). All of these
baseline characteristics data were first assessed for normality
with the Shapiro-Wilk test. The Wilcoxon rank sum test was
used for comparing continuous variables, unless normality
conditions were met, in which case the paired 7 test was used.
Fisher’s exact test was used to compare categorical results
between groups.

Image acquisition: MR images were acquired on a 3 T
Siemens Magnetom Prisma-Fit scanner with a 32-channel
receiver array head coil. The participants were instructed
to keep their eyes open and look at a fixation cross during
the resting-state scans. Blood oxygenation level-dependent
(BOLD) contrast rsfMRI scans were acquired using a
simultaneous multi-slice (SMS) gradient echo (GE) EPI
sequence (Feinberg et al. 2010; Moeller et al. 2010) with
imaging parameters: field-of-view (FOV)=220 mm,;
repetition time (TR)/echo time (TE)= 1000 ms/26 ms; flip
angle (FA)=60°; 74 X 74 matrix size; 72 axial slices of
2 mm width covering the whole brain; multiband slice-
acceleration factor = 6; in-plane generalized autocalibrating
partial parallel acquisition (GRAPPA) acceleration
factor=2; 280 scan volumes. Two five-volume spin-echo
conventional EPI sequences with the same image resolution,
coverage, and TE as the GE EPI sequence described above
were also acquired to assist with distortion correction, one
with the same direction of phase-encoding (PE) anterior-
posterior (AP), and one with reversed PE direction (PA). A
whole-brain 3D T1-weighted magnetization prepared rapid
gradient echo (MPRAGE) sequence (FOV =230 mm; TR/TT/
TE/FA =2250 ms/900 ms/3 ms/9°; 0.9 mm X 0.9 mm X 1 mm
resolution; TI=inversion time) provided anatomic detail.
Foam padding was provided to minimize subject-motion
during the scans.

Data analysis: Preprocessing: Data analysis was
performed with AFNI (Cox 1996), FSL (Smith et al. 2004),
and CONN (Whitfield-Gabrieli and Nieto-Castanon 2012)
toolboxes, employing standard well-established pipelines
(Arnold Anteraper et al. 2019; Glasser et al. 2013). The
rsfMRI voxel time-series were corrected for geometric
distortions, temporally shifted to account for differences
in slice acquisition times, 3D volume registered to a base
volume to account for global rigid motion. The resultant
rsfMRI time-series were co-registered to the T1-weighted
high-resolution anatomic scan using the well-established
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affine boundary based registration algorithm (Greve and
Fischl 2009), and spatially normalized to the MNI152
template with the warp computed from alignment of the
high-resolution 3D anatomic to the MNI152 template
with a nonlinear registration algorithm. The spatially
normalized rsfMRI data were spatially smoothed by with
an isotropic Gaussian filter (full-width at half maximum
(FWHM) =6 mm) and band pass filtered (0.008-0.09 Hz).
Physiological sources of noise including signals from white
matter and CSF were regressed out using the anatomical
CompCor method (Behzadi et al. 2007). Spurious
correlations in time-series due to head motion were
addressed using the Artifact Detection Tool (ART, http://
www.nitrc.org/projects/artifact_detect) with outliers defined
as rsfMRI volumes showing greater than 0.5 mm frame-to-
frame displacement or global mean intensity greater than
three standard deviations from the mean intensity of the
entire scan. ART outliers along with the six realignment
parameters were added as regressors of no interest, so that
their effects could be removed from the fMRI time-series.
There was no significant difference in head motion, number
of outliers, and BOLD variance (after denoising) between
groups.

Multivariate pattern analysis: CONN toolbox
implementation of whole-brain multi-voxel pattern
analysis (MVPA) (Whitfield-Gabrieli and Nieto-Castanon.
2012) was used to detect brain areas with abnormal
functional connectivity patterns in HIV+ compared with
HIV-— subjects. This method is performed in two steps.
First, the connectivity matrix (matrix of cross correlations
(CC) between all voxel time-series) of each subject was
decomposed with principal components analysis (PCA). The
first 64 PCs were retained to characterize the salient features
of the connectivity matrix. In the second step, jointly across
all subjects but separately for each voxel, the 3 strongest
components (Thompson et al. 2016) were retained from a
PCA decomposition of the between-subjects variability in
seed-to-voxel connectivity maps between this voxel and the
rest of the brain. Then, an omnibus F test was performed
on all 3 MVPA components (which explain the maximum
inter-subject variability) simultaneously in a single second-
level analysis to identify the voxels that show significant
differences in connectivity patterns between the two groups.
Clusters surviving a cluster detection threshold (CDT) of
p <0.05 and familywise error-corrected threshold of @ <0.05
were taken for post hoc analysis.

Post hoc characterization of MVPA-derived clusters: For
within and between-group FC post hoc characterization,
the three MVPA-derived clusters of interest were used
as seed regions of interests (ROIs) for seed-based cross-
correlation analysis (sbCCA). Pearson’s cross-correlation
coefficients between each MVPA cluster-ROI averaged
time course, and the time courses of all other voxels in
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the brain were computed and then converted to normally
distributed z-scores using Fisher transformation in order
to carry out second-level general linear model analyses. A
CDT p<0.001 and false discovery rate (FDR)-corrected
threshold of a <0.05 were used. Additionally, a non-
parametric permutation analysis (1000 iterations) was used
for between-group comparison. This method has been shown
to be effective in curbing false positives, thereby adding
validity to the cluster size inferences (Eklund et al. 2016),
but see also (Gopinath et al. 2018).

Results
Clinical and neuropsychological tests

Sixteen HIV+ adults with chronic infection as well as 12
age/sex/race matched HIV— individuals (see Table 1)
were enrolled at the Emory Center for AIDS Research
(CFAR) clinical core site in Atlanta, Georgia. There were
no significant differences between HIV+ and HIV— groups
in terms of demographics or current medical conditions
(Table 1). Participants were mostly male and African-
American. Among HIV+ participants, the estimated
duration of infection was 44 months (interquartile
range [IQR]=25-163 months). While the majority of
HIV+ participants had suppressed HIV RNA levels (< 100
copies/ml), 25% had plasma HIV RNA > 1000 copies/ml.
With respect to NP test performance, there were no group
differences in overall GDS (Table 1) or in the proportion
(p=0.56 by Fisher’s exact test) of individuals with
impairment by GDS (one out of sixteen in the HIV+ group
[with GDS =0.79] and two out of twelve in the HIV-negative
group [with GDS =0.54 and 0.57, respectively]). Also, there
were no statistically significant differences between the
groups in the domain 7 scores. The effect sizes of the NP test
score differences between the two groups as well as those
of clinical biomarker differences calculated post hoc ranged
from small to moderate (Cohen 2013; Faul et al. 2009).

Table 2 Brain regions overlapping each MVPA-derived cluster of
brain voxels exhibiting significant (CDT p <0.05; FDR a<0.05) dif-
ferences in FC patterns between HIV+and HIV— groups

Brain regions Cluster-peak coordi- Voxels

nates (MNI) per

cluster
€8 Primary visual cortex 18 — 70 06 331
2) Cerebellar Crus I/IT -36-76-50 323
3) Inferior frontal gyrus — 5436 06 274

Resting state fMRI: MVPA results

MVPA analysis revealed three clusters which exhibited
significant (CDT p <0.05; FDR a <0.05) differences in FC
patterns between HIV+and HIV— groups. These clusters
were located (Fig. 1; Table 2) in right primary visual cortex
(V1), left cerebellum Crus I/I1, and left inferior frontal gyrus
(IFG).

Post hoc characterization of MVPA clusters

The right primary visual cortex (V1) MVPA cluster
exhibited (Fig. 1) significant FC with visual processing
brain areas (primary and extrastriate visual cortices, as well
as occipitotemporal cortex) and locations in the dorsal and
ventral visual streams, in both HIV+and HIV— groups.
However, HIV+ subjects exhibited significantly reduced
FC compared with HIV— subjects (Figs. 2 and 3; Table 3)
between V1 cluster and bilateral anterior supramarginal
gyrus (SMG). HIV+ group also exhibited reduced
FC between left cerebellum crus I/II cluster and right
hemisphere areas, frontal/premotor eye fields, and lateral
frontal pole, as well as left lateral occipital complex.
Finally, HIV+ group also exhibited reduced FC between
the left IFG cluster and intraparietal sulcus, its adjacent
inferior parietal lobule, and cerebellum crus II in the left
hemisphere, and right angular gyrus. On the other hand,
HIV+ group exhibited increased FC between left IFG and

Fig.1 MVPA between-group
results (CDT p<0.05, and
FDR-corrected a <0.05) reveal-
ing abnormal connectivity in
the three clusters: one each

in primary visual cortex, cer-
ebellum crus I/11, and inferior
frontal gyrus. See Table 2 for
description of the 3 clusters
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Fig. 2 Post hoc characterization
of MVPA clusters: Results from
post hoc seed-to-voxel group
FC comparison using MVPA
clusters (shown in Fig. 1) as
seed ROIs. Brain FC results for
HIV + group main effect and
HIV-group main effect for the
three MVPA clusters are shown
in cortical maps in panels a,

b, and c respectively. Brain
regions indicated by numbers
in (A), (B), and (C) correspond
to clusters exhibiting signifi-
cant (CDT p<0.001; FDR-
corrected a <0.05) differences
in FC between HIV+HIV—, as
described in Table 3. The clus-
ter in the cerebellum (cluster
#9) is presented on a flat map

right pre-supplementary motor area (pre-SMA). The effect
sizes of the FC differences between groups were very large
(Table 3). There were no significant relationships between
the FCs and any of the neurocognitive test domain 7 scores.
Discussion

HIV+ subjects exhibit fMRI impairments

Chronic HIV infection continues to be associated with
multiple CNS sequelae, including HAND. However, NP

@ Springer

HIV+

@
AC
w

S S €S
290290390

performance has been shown to be insensitive to detecting
some CNS sequelae. For example, HIV CNS virologic
escape is often not associated with NP impairment, even
with comprehensive testing (Perez-Valero et al. 2019). In
this study we did not find significant differences between
HIV+ and HIV— groups in their performance in NP tests
(Table 1). Effect size calculations revealed that executive
function and attention T scores would have been significant
if the sample size was increased to around 70 for each group
(see Supplementary Table 1). Similarly, fine motor would
have been significant if the sample size was increased to
around 100 for each group, which is within the realm of
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Fig.3 HIV+and HIV— group
box plots of resting state
functional connectivity (RsFC) 0.8
strengths (peak z-scores) for
each of the clusters enumerated

in Table 3
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some large sample size HIV studies (Heaton et al. 2010).
However, learning, memory, and language NP test effect
sizes were too small to be detected with reasonable
sample sizes. Both groups also did not reveal significant
differences in assays of neurofilament-light chain (NF-L)
and c-reactive protein (CRP), which are markers of axonal
damage and neuroinflammation respectively (Table 1).
On the other hand, resting state fMRI revealed impaired
FC in a number of brain function networks. HIV+ group
exhibited significantly decreased FC between primary
visual cortex and the somatosensory association areas
in bilateral anterior supramarginal, indicating decreased
capacity for multisensory integration in HIV+ patients.
This is consistent with impairments in visuomotor and
visuospatial functions seen in some HIV studies (Agarwal
et al. 2020; Egbert et al. 2018; Gawron et al. 2019; Wang

B Hiv-
B Hiv+

4 5 6 74 8 9 10

Cluster #

et al. 2011). To our knowledge, this is the first fMRI study
which has revealed impaired FC in multisensory processing
networks in HIV+ subjects, though some other studies
have shown impairment in higher order visual processing
(lateral occipital complex) (Wang et al. 2011) and
visuomotor networks (Egbert et al. 2018). HIV+ subjects
also exhibited reduced FC between left cerebellum crus I/
II and right hemisphere frontal areas that subserve attention
and cognition (Baumann et al. 2015; Stoodley et al. 2012).
This is consistent with attention and executive function
impairments seen in HIV studies (Gawron et al. 2019;
Ortega et al. 2015), including those employing rsfMRI
to examine brain function (Abidin et al. 2020; Chaganti
et al. 2017; Ipser et al. 2015; Thomas et al. 2013). Finally,
HIV+ subjects exhibited reduced FC between left IFG
and parietal language areas, e.g., those seen in semantic

Table 3 Post hoc

N Cluster Region Peak cluster coor- Voxels per T\ ean Effect size
characterization of MPVA numbers dinates (MNI) cluster
clusters: Results from second-
level FC analysis using the three Regions exhibiting HIV+ vs HIV— differences in FC to primary visual cortex cluster
MVPA-derived seed ROIs for . .
HIV+ versus HIV— contrast. 1 L?ft anterloﬁr supramargm.al gyrus —58-3230 113 —-568 22
A CDT p<0.001 (two-sided), 2 Right anterior supramarginal gyrus 60 — 26 32 48 —-5.25 2.0
and FDR-corrected a < 0.05 Regions exhibiting HIV+ vs HIV— differences in FC to left Cerebellum Crus I/II Cluster
(parametric statistics) was used 3 Right frontal/premotor eye fields 42 06 48 99 - 642 24
for post hoc characterization. 4 Left lateral occipital complex —42-56-20 62 —800 3.1
Significant clusters in the 3 .
FC analyses are enumerated 5 Right lateral frontal pole 226222 49 —4.86 1.9
along with mean T across the Regions exhibiting HIV+ vs HIV— differences in FC to left inferior frontal gyrus cluster
cluster, along with its effect 6 Right pre-supplementary motor area 8 28 58 78 +6.31 24
size. The cluster numbers are 7 Left intra-parietal sulcus —42-5050 55 -569 22
marked on cortical maps by o ]
corresponding arrows in Fig. 2. 8 Left inferior parietal lobule —32-7050 54 —4.61 1.7
The distribution of resting state 9 Left cerebellum crus IT -10-84-32 45 -534 20
FCs across the two groups for 10 Right angular gyrus 38 — 60 50 35 -496 19

each cluster is shown in Fig. 3

@ Springer



246

Journal of NeuroVirology (2021) 27:239-248

word generation fMRI studies (Crosson et al. 2003, 1999).
On the other hand, HIV+ subjects exhibited increased
FC between left IFG and right pre-SMA. Since neural
activity in right hemisphere frontal structures interfere with
language production (Crosson et al. 2005), this abnormally
increased FC could induce deficits in language function
in HIV+ subjects (Crosson et al. 2005). These results
are consistent with language impairments (Binder 2017,
Crosson et al. 2005) seen in some HIV studies (Agarwal
et al. 2020; Mapstone et al. 2013). To our knowledge, this
is the first rsfMRI study that has revealed impaired FC in
language function networks in HIV+ subjects.

The effect sizes of all these rsfMRI FC results were
very large (Table 3), in contrast with the small effect sizes
seen in NP tests (Table 1), which rendered them non-
significant. Thus, rsfMRI may be able to detect cognitive
impairment with much greater sensitivity than NPs. In this
regard, our results are consistent with another fMRI study
which revealed impairments in face processing network in
HIV+ subjects in the absence of behavioral deficits (Liu
et al. 2015). These preliminary results indicate the promise
of finding predictive biomarkers for CNS impairments in
HIV, based on rsfMRI FC techniques.

Limitations

One of the limitations of our study was that the sample
size of HIV+and HIV— subjects was small, and therefore,
our power to find statistically significant differences was
likely limited, especially with regard to NP tests. Further,
four HIV+ subjects were not virally suppressed (plasma
RNA > 1000 cp/ml). However, removing these four subjects
from analysis did not qualitatively change the outcomes
(see Supplementary Results). There were no significant
relationships between the FCs (in different networks
exhibiting differences between HIV+and HIV— groups)
and any of the neurocognitive test domain 7 scores. This
could be related to the lack of significance seen in NP testing
differences between the groups. Additionally, only one test
of language function was performed, and typically, two tests
are considered necessary for full evaluation. This hindered
the appropriate evaluation of relationship between impaired
FCs in the language function networks and neurocognitive
assessment of the language domain in HIV+ subjects.
While none of the NP tests performed evoked significance
differences at p <0.05, power analysis revealed that the
tests for executive function and attention, as well as to a
lesser extent fine-motor and processing speed, could have
been significant (at p <0.05) with larger sample sizes (see
Supplementary Table 1) seen in some HIV studies. Further,
only blood biomarkers of neurofilament light and c-reactive
proteins could be obtained. CSF biomarkers are likely to
be more sensitive to CNS abnormalities. Finally, it must be
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noted that more than 80% of our HIV+and HIV — cohorts
were male. While the majority of HIV+individuals in the
USA are male (approximately 80%) (CDC), a significant
minority are women. Given that sex appears to play a role
in fMRI findings, our results may not be generalizable to
women. More research is needed on fMRI in HIV-infected
women. Also, 94% in HIV+and 83% in HIV— group
were African American. While the majority of new HIV
cases in the southeastern USA are in African Americans
(CDC), ideally, our study would have had more racial/ethnic
diversity.

Conclusion

In this study, we examined 16 HIV+ subjects and 12 age,
sex, and race matched seronegative subjects with NP
testing, blood assays, in addition to resting state fMRI.
While NP testing and biomarkers for neuroinflammation
and axonal damage did not reveal significant differences
in HIV+ subjects, advanced network analysis of rsfMRI
data revealed significant impairment in language, attention,
executive function, and multisensory perception domains.
The results indicate that rsfMRI employing advanced data
analysis techniques can be a very sensitive biomarkers for
CNS damage in HIV+individuals.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13365-021-00943-7.
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