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Purpose: Previous studies have shown that HIV affects striato-cortical regions, leading to
persisting cognitive impairment in 30-70% of the infected individuals despite combination
antiretroviral therapy. This study aimed to investigate brain functional dynamics whose
deficits might link to early cognitive decline or immunologic deterioration.

Methods: We applied sliding windows and K-means clustering to fMRI data (HIV
patients with asymptomatic neurocognitive impairment and controls) to construct
dynamic resting-state functional connectivity (RSFC) maps and identify states of their
reoccurrences. The average and variability of dynamic RSFC, and the dwelling time and
state transitioning of each state were evaluated.

Results: HIV patients demonstrated greater variability in RSFC between the left
pallidum and regions of right pre-central and post-central gyri, and between the right
supramarginal gyrus and regions of the right putamen and left pallidum. Greater variability
was also found in the frontal RSFC of pars orbitalis of the left inferior frontal gyrus and
right superior frontal gyrus (medial). While deficits in learning and memory recall of HIV
patients related to greater striato-sensorimotor variability, deficits in attention and working
memory were associated with greater frontal variability. Greater striato-parietal variability
presented a strong link with immunologic function (CD4+/CD8+ ratio). Furthermore,
HIV-infected patients exhibited longer time and reduced transitioning in states typified
by weaker connectivity in specific networks. CD4+T-cell counts of the HIV-patients were
related to reduced state transitioning.

Conclusion: Our findings suggest that HIV alters brain functional connectivity dynamics,
which may underlie early cognitive impairment. These findings provide novel insights into
our understanding of HIV pathology, complementing the existing knowledge.

Keywords: fMRI, temporal variability, HIV-associated neurocognitive disorders, brain resting-state functional
connectivity dynamics, functional connectivity
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INTRODUCTION

Despite combination antiretroviral therapy (cART) use, 30-
70% of the HIV-infected individuals develop neurocognitive
disorders (HAND) (1-3). The brain-communicating systems
corresponding to cognitive and behavioral functions are
susceptible to pathological features of HIV infection (4, 5).
Neurocognitive deficits for HIV patients include attention and
working memory, motor control, visuospatial processing, and
executive functioning (6). The neural mechanisms underlying
these impairments remain largely unclear. It has been shown
that magnetic resonance imaging (MRI) can be sensitive to brain
changes linked to impairments (1, 7-9).

Gray matter loss in sensorimotor cortices and basal ganglia
(striatum) has been reported in patients with HIV (10-
12). This volume deficit is overly associated with CD4+
lymphocyte counts and HAND in severely immunosuppressed
patients (13, 14). Alterations of striato-cortical regional activities
(ReHo) and amplitude of low-frequency fluctuations (ALFF)
relating to patients’ CD4+T-cell counts and waning cognitive
learning and memory have also been reported (15, 16). Studies
of asymptomatic HIV patients, however, have reported that
antiretroviral drugs could delay or improve brain activity (17).
For example, switching from efavirenz to rilpivirine appeared
to improve functional connectivity of the dorsal attention
network along with enhancing working memory, speed of
visual processing, and executive function while switching from
raltegravir to dolutegravir appeared to improve the dorsal
attention and associative visual and sensory-motor networks
(17). Studies have also suggested that assessing functional
interactions of multiple regions could reveal more brain changes
underlying brain functionality losses in HIV patients (18).

Now, studies focused on resting-state functional connectivity
(RSFC) analyses have found attenuation in striato-cortical
functional connectivity in HIV patients (19, 20). The most
consistent impaired functional connectivities involved striatal,
lateral prefrontal, and parietal regions, and regions of the
default mode network (DMN) (19, 20). In cortical regions,
altered connectivity was reported within PFC areas and between
PFC and parietal cortex (19-22). The salience and executive
networks also demonstrated intrinsic hypo-connectivity, but
hyper-connectivity was found between regions of DMN and
regions of frontoparietal and sensorimotor networks (23, 24).
These changes were related to deteriorating cognitive functions
(22, 23). Emerging research suggests that brain interactions
are inherently dynamic and thus studying dynamic properties
of these interactions could provide more insight into disease
pathology (25-27).

A full-scale characterization of complex dynamic processes
may be difficult, but low-scale dynamics such as temporal
variability and properties of states of reoccurrence of dynamic
RSFC may describe disease pathology beyond static RSFC (28,
29). Deficits in these properties have already been reported
in patients with major depression (30), Parkinson’s disease
(31), autism (32), and schizophrenia (33, 34). For example,
patients with Parkinson’s disease showed within-network sparse
connectivity in states with shorter dwelling time (the duration

spent by the participant in a certain state) (31). On the other
hand, patients with schizophrenia exhibited a longer time in
hypo-connected states but a shorter time in hyper-connected
states (33, 35). While temporal variability, the standard deviation
of correlation across windowed time, is generally considered
to reflect levels of brain adaptability and flexibility relating to
learning (32), prefrontal variability is also involved in thinking
and planning, a property which is altered in major depression
(28, 36). Together with other studies (37, 38), these findings
suggest that dynamic RSFC could reliably capture cognitively
relevant pathogenic features.

In this study, an attempt is made to detect HIV-associated
dynamic changes that may underlie persisting cognitive
impairments. With sliding windows and K-means clustering
applied to the fMRI data of HIV-infected patients adhering
to cART but presenting asymptomatic neurocognitive
impairment (ANI) and healthy controls, we construct the
whole-brain dynamic RSFC maps and further assess the strength
(average) and temporal variability of dynamic RSFC, and state
properties: state network topology; mean dwelling time; and
state transitions—the number of times a switch occurs from
one state to the other. The current study is designed to capture
a wide range of state transitions, including specific-state-to-
specific-state transitioning in an effort to identify cognitively
relevant state transitioning changes (39). We speculate that HIV
impairs functional dynamics and that dynamic RSFC deficit
(temporal variability or state transitioning) may be related to
disease severity (the decline of CD4+/CD8+ ratio and CD4+
T-cell counts) and cognitive performances, suggesting their role
in early HAND.

MATERIALS AND METHODS
Subjects

Sixteen HIV-infected patients (mean age =+ standard deviation =
30.31 £ 7.21 years; 16 male) with asymptomatic neurocognitive
impairment (early HAND) and 16 age- and gender-matched
healthy controls (33.00 & 5.51 years; 16 male) participated in
the current study. Neuroimaging and clinical assessment data
were collected at the Beijing YouAn Hospital, the Capital Medical
University between March 2016 and November 2016. HIV-
1 seropositivity with ANI in sustained stable cART regimen
[tenofovir (TDF) + lamivudine (3TC) + efavirenz (EFV)] for at
least 12 weeks was an inclusion criterion for HIV-participants.
Any record of illicit drugs and alcohol use, cerebral atrophy,
brain lesions, head injury, or neurological disorders was the other
factor for exclusion.

Blood Test Results and Clinical

Neuropsychological Assessments

The clinical assessment characteristics are summarized in
Table 1. Given that CD4+ T-cell counts, CD4+4/CD8+ ratio,
and plasma viral loads were most closely associated with earlier
alterations of the brains of HIV patients and are considered to
be potential predictors of HIV disease severity (9, 16, 22, 40), we
assessed these parameters.
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TABLE 1 | Demographic and clinical assessments of HIV patients and healthy controls.

Category HIV patients (n = 16) Healthy controls (n = 16) P-value
Age (years) 30.31 £ 7.21 33.00 £+ 5.51 0.246
Gender (male %) 16 (100%) 16 (100%)

Duration of HIV infection (months) (IQR) 18.5 (12.0-30.0) €

CD4+ cell count (cells/pl) (1QR) 466.64 + 214.44 (104.0-848.0) ¢

CD4+/CD8* ratio (IQR) 0.57 4+ 0.45 (0.15-1.97) 4

Undetectable viral load 11 (69%) 4

Learning and recall (memory) score 36.83 £ 5.87 (28.5-45.5) ¢

Motor score 43.44 4+ 8.81 (27-57) ¢

Abstract/executive score 53.42 4+ 6.60 (42.5-63) 14

Verbal and language score 38.44 + 6.19 (29-57) 14

Attention/working memory score 37.73 + 6.31 (24-47) 14

Information processing speed score 41,19 4+ 7.08 (29-52) 4

Data are shown in mean + SD; IQR, interquartile range; ¢, not measured; and P-values were computed based on two-sample t-test.

The evaluation of HAND severity was achieved by referring
to the Frascati criteria (2). Each patient received a battery of
neuropsychological tests for HAND 2h before the MRI scan.
The performances for six cognitive domains were evaluated:
(1) learning and recall was assessed using the Hopkins Verbal
Learning Test-Revised (HVLI-R) and the Brief Visuospatial
Memory Test-Revised (BVMT-R); (2) motor function using
the Grooved Pegboard test; (3) abstract and executive function
by the Wisconsin Card Sorting Test-64 (WCST-64); (4)
information processing speed by the trail making test part A;
(5) verbal and language using category fluency and animal
naming test; and (6) attention and working memory using
the Continuous Performance Test Identical Pairs (CPT-IP), the
Wechsler Memory Scale-III (WMS-III), and Paced Auditory
Serial Addition Test (PASAT) (also see Supplementary Table 2).
Test scores were standardized in T-score. For a cognitive domain
tested by multiple testing methods, T-scores were averaged across
tests to obtain a composite T-score for the specific domain. A
patient was thus considered to have ANI if at least two cognitive
domains were impaired (performance of at least 1 SD below the
mean for norms on neuropsychological tests) without decreased
everyday functioning (2).

Imaging Procedure and Image
Pre-processing

All imaging was conducted on a 3T (Siemens) Scanner (Allegra,
Siemens Medical System, Erlangen, Germany). The protocol
includes high-resolution T1-weighted anatomical images. fMRI
data were collected with an echo-planar imaging (EPI) sequence
(see Supplementary Table 1 for imaging parameter settings).
Data were pre-processed using Data Processing and Analysis
for Brain Imaging (DPABI V3.0, http://rfmri.org/) (41) and
MATLAB (MATLAB and Statistics Toolbox Release 2018a, The
Mathworks, Inc., Natick, Massachusetts, United States). Pre-
processing steps were as follows: (a) correcting slice-timing;
(b) motion correction by realigning images; (b) reorienting
structural and functional images manually; (c) co-registering
structural images into functional images and segmenting

to gray matter, white matter, and cerebrospinal fluid; (d)
reducing potential influences of motion-related artifacts from
functional data through (i) regressing out 24 Friston-model
head-motion estimates and nuisance covariates (white matter
and cerebrospinal fluid signals) (42) and (ii) scrubbing outlier
volumes with mean framewise displacement (FD) >0.2 mm
using spline interpolation (19, 43, 44); and (e) normalizing
functional images to Montreal Neurological Institute standard
space by Diffeomorphic Anatomical Registration Through
Exponentiated Lie algebra Method (45) and reslicing to 3.0 x 3.0

x 3.0 mm?>.

Controlling for Other Confounding Signals
(a) Noises associated with machine instability were minimized
by removing the first 10 image volumes prior to pre-processing,
resulting in 230 volumes. (b) Low-frequency drifts and high-
frequency aliasing were band-pass filtered (0.01-0.08 Hz) after
data normalization (d). Only data with maximum translation
<lmm and rotation <1.0 degree were included for further
analysis. With respect to these confounding factors, further
analyses were performed with 16 HIV patients and 16 HCs.

Group-Level Analysis for Confounding
Variables: Age and Mean FD

To test whether confounding variables (age and mean FD)
present significant differences between the groups, two-sample
t-tests were performed using SPSS software [IBM SPSS Statistics
for Windows, version 20.0 (IBM Corp., Armonk, N.Y., USA)].
No significant differences in age (p > 0.05; Table 1) was observed;
however, HIV patients had a relatively lower mean FD (p < 0.05)
compared with controls.

Defining Regions of Interest, Network
Construction, and Static RSFC Analysis

The brain networks were constructed from 90 ROIs defined
in an automated anatomical labeling (AAL-90) atlas (46). The
AAL-90 atlas does not include the cerebellum and is the most
popular atlas widely used to identify brain changes in recent years
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(47). The regions in the networks were partitioned according
to their locations in the brain, yielding six subnetworks,
namely prefrontal, frontal, parietal, occipital, temporal, and
subcortical subnetworks (48). To test whether there is an
intersection between the static and dynamic RSFC or whether
they are supplemental to each other in understanding the neural
mechanisms underlying early cognitive impairment in HIV, we
computed static z-transformed Pearson’s correlations over a full
range of time (230-image volumes).

Dynamic RSFC and Its Temporal Properties

Analysis

For dynamic RSFC analyses, we first constructed dynamic
correlation maps by sliding a window (WL = 30s) to 230-TR
fMRI data (data length, 460s), conforming to the procedures
described by Allen et al. (25). The window was designed to
detect a wide range of transitions as described in the previous
study (39). The proposed window length (WL = 30s) can
separate cognitive process-specific dynamics while keeping better
correlation estimates (37, 49). Having slid the window by the 2-s
step size (1TR) (25), 216 (230 - 15 + 1) windowed correlation
maps were generated for each subject. Two hundred and sixteen
Fisher’s z-transformed correlation maps (90 x 90 matrices) were
produced, regarded as dynamic RSFC maps.

To understand how properties of dynamic RSFC behave
in HIV individuals relative to healthy controls, we evaluated
the temporal variability (RSFC-SD) and strength (RSFC-STR)
of the dynamic RSFC (28, 50, 51). Thus, for each subject,
the temporal variability of dynamic RSFC was obtained by
computing the standard deviation of each ROI-ROI correlation
pair across all dynamic windows (N = 216), reflecting the
dynamic reconfiguration of a brain into distinct functional
modules at a different time and is indicative of brain flexibility
and adaptability (52, 53). The strength of dynamic RSFC was
estimated by averaging ROI-ROI correlation pairs across all
windows (N = 216) (Figure 1 and Supplementary Table 3).

Dynamic RSFC State Clustering Analysis
Then, we adopted a k-means algorithm with L1 distance function
to estimate the dominant recurrent patterns—regarded as
states—of the dynamic RSFC (25, 31, 32). From 216 windows X
4,005 features of each subject, we identified windowed covariance
matrices (exemplars) with local maxima to use for clustering
initialization (54). This reduces redundancy between windows
and computational load during clustering (25). One thousand
and sixty-four exemplars were identified and adopted for initial
clustering with 500 repetitions to escape local minima (55). The
resulting centroids were used to initialize clustering for all data
(32 participants x 216 windows = 6,912 instances). Similar to
Abrol et al. (54), we estimated the valid optimal number of
clusters (from k = 2-20) using the cluster validity index based
on the elbow criterion (54). The resulting cluster medians were
regarded as the dominant RSFC states. The reproducibility of
these states was in accordance with Abrol et al. (54) and Allen
et al.’s (25) studies (25, 54).

Characterization of Dynamic RSFC States’

Properties

To investigate the effects that HIV may have on the properties
of transient states, we examined three state properties—mean
dwelling time, state transitioning, and state network topology.
The mean dwelling time measured by the metric MDT reflects
the time an individual spends in a particular state (27, 51, 56,
57). State transitioning measured by the metric PT denotes the
probability of transitioning to a particular state i from other states
(i # k) (33, 58, 59). Further, we extended characterizing state
transitioning by quantifying the transition from specific state j
to specific state k (j # k), measured by the metric PSPT (the
likelihood of the state j to transit to state k and not otherwise)
(Figure 1 and Supplementary Table 3). Network configurations
of the states demonstrating alterations in MDT, PT, or PSPT were
further assessed (31, 33, 60).

Statistical Analyses

The general linear model (GLM) examined the differences in
static and dynamic RSFC between HIV patients and healthy
controls. Results were further false discovery rate-corrected (p
< 0.05, FDR) with age and mean FD as covariates using the
Gretna toolbox (61). Permutation tests (p < 0.05) evaluated the
differences between groups in state properties (MDT, PT, and
PSPT) (56). Pearson’s correlations were performed to examine
the relationship between imaging markers and clinical measures
using SPSS software, controlling for age, and mean FD (p < 0.05).
The relationship between altered properties of RSFC and states
was further assessed.

RESULTS

Static and Dynamic RSFC Group

Differences

Our results showed significantly increased static RSFC between
the right caudate nucleus (CAU.R) and left pre-central gyrus
(PreG.L), and between the right caudate nucleus (CAU.R) and
left inferior parietal gyrus (IPL.L) in HIV patients (Figure 2A
and Table 2). The rest of the regions did not report significant
differences in static RSFC between the groups.

A significant increase in the strength (average) of dynamic
RSFC was also reported between the right caudate nucleus and
left pre-central gyrus, and between the right caudate nucleus and
left inferior parietal gyrus in HIV patients, compared to healthy
controls (Figure 2B and Table 2). The average dynamic RSFC of
other regions did not reach significance.

Compared to healthy controls, temporal variability of
dynamic RSFC in HIV patients was greater between the right
supramarginal gyrus (SMG.R) and right putamen; the right
SMG and left pallidum; the left pallidum and right post-
central gyrus; the left pallidum (PAL.L) and right pre-central
gyrus (PreCG.R); and the right superior frontal (medial) gyrus
(SFGmed.R) and pars orbitalis of the left inferior frontal
gyrus (ORBinf.L) (Figures 2C,D and Table 2). No significant
differences were observed in the dynamic RSFC variability of
other functional connections.
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FIGURE 1 | lllustrations of procedures for dynamic RSFC and state analyses. Ninty ROIs’ times series were extracted from fMRI data (230 TR) and sliding windows
(WL = 30s) were used to generate dynamic RSFC maps. Dynamic RSFC properties (average dynamic RSFC, and connectivity variability) were computed across
windows. Optimal clusters (states, k = 1-5) were generated using K-means clustering. State properties [the mean dwelling time of the state (MDT), and state
transitioning (PT, PSPT)] were further estimated from each state. RSFC,,; represents dynamic RSFC map at window w;; MDT and PT denote the mean dwelling and
probability of transitioning to statey respectively, whereas PSPT signifies the probability of specific transitioning from state; to statey.

Group Differences in Dynamic RSFC States
States and their features are shown in Table 3. The clustering
analyses suggested five transient states, State 1 (S1) with 34% (N
= 2,379) of the proportion of dynamic correlation maps, State 2
(S2) with 20% (N = 1,371), State 3 (S3) with 18% (N = 1,274),
State 4 (S4) with 16% (N = 1,072), and State 5 (S5) with 12% (N
= 816). State 1 and state 5 were characterized by globally hypo-
connected and hyper-connected patterns, respectively. State
2 was typified by weaker occipital connectivity. State 3 had
frontal and prefrontal hypo-connectivity. State 4 was associated
with weaker subcortical connectivity (Figure 3). Compared with
controls, HIV patients had lower transitions (PT) to state 4.
Reduced state transitioning (PSPT) from state 4 to state 1
and from state 2 to state 4 was also observed. Furthermore,
we found that patients with HIV had higher dwelling time
(MDT) in state 2 compared with healthy controls (Figure 3
and Table 3).

Relationship Between Imaging Markers

and Clinical Characteristics

Correlation results are reported in Figure4. Neither
neuropsychological results nor blood results were correlated
with static RSFC. However, in dynamic RSFC analyses, altered
dynamic RSFC variability and cognitive performances revealed
significant relationships. Specifically, greater dynamic RSFC
variability of PAL.L-PreCG.R showed a positive relationship
with cognitive Leaning and Recalling (memory) (Figure 4A;
P = 0.005, r = 0.659). We also observed a strong association
between the dynamic variability of SFGmed.R-ORBinf.L and
cognitive attention/working memory (Figure 4B; P = 0.022, r
= 0.566). While the variability of PAL.L-SMG.R was related to
CD4+-/CD8+ ratio (Figure 4C; P = 0.015, r = 0.655), reduced
state transitioning and CD44 T-cell counts were negatively
correlated (Figure 4D; PT, state 4, P = 0.013, r = —0.622; PSPT,
state 2-to-state 4, P = 0.046, r = —0.521).
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PAL.L-PreCG.R SFGmed.IR-ORBinf.L

Relationship of State Properties and Static
and Dynamic RSFC

In HIV patients, fewer transitions (PT) to state 4 demonstrated
strong correlations with altered static RSFC of CAU.R-to-
PreCG.L (P = 0.003, r = —0.686) and CAU.R-IPL.L (P = 0.031,
r = —0.518; Supplementary Figure 3A). A similar relationship
existed between PT of state 4 and average dynamic RSFC (STR)
of CAU.R-to-PreCG.L (Supplementary Figure 3B; P = 0.026,
r = —0.553). Results also showed that higher mean dwelling

time (MDT) of state 2 was related to average dynamic RSFC of
CAU.R-IPL.L (Supplementary Figure 3C; P = 0.031, r = 0.540).

Robustness of the Results

To test the reproducibility of these results at 30-60s window
sizes, we examined properties of dynamic RSFC across
different window sizes [30s (15TR), 44s (22TR), and 60s
(30TR)]. We found that results of both average dynamic
RSFC (Supplementary Figure 1) and temporal variability
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TABLE 2 | Group analysis results of static and dynamic functional connectivity.

Functional pairs T-value P-value
Static RSFC

CAU.R-PreCG.L 3.83 0.000609
CAU.R-IPL.L 4.35 0.000146
Average dynamic (RSCF-STR)

CAU.R-PreCG.L 3.97 0.000414
CAU.R-IPL.L 4.65 0.000063
Temporal variability (RSCF-SD)

SMG.R-PUT.R 4.06 0.000324
SMG.R-PAL.L 5.30 0.000009
PAL.L-PreCG.R 4.67 0.000591
PAL.L-PoCG.R 3.88 0.000531
SFGmed.R-ORBInf.L 412 0.000274

P-values were computed based on two-sample t-test. R, right; L, left; CAU, the
caudate nucleus; PreCG, precentral gyrus; IPL, inferior parietal lobe; SMG, supramarginal
gyrus; PAL, pallidum; PUT, putamen; PoCG.R, postcentral gyrus; SFGmed, superior
frontal(medial) gyrus; ORBInf, the pars of orbitalis of the inferior frontal gyrus.

(Supplementary Figure 2) reproducible within the
specified range of sliding window size, consistent with previous
empirical studies (29, 32, 37, 49). We also assessed the consistency
of our results using network-based statistics (FDR, corrected)
(62) and found that our findings were also consistent.

were

DISCUSSION

The present study investigated the dynamic aspects of RSFC,
providing insight into understanding HIV pathology. We
presented methodological improvements designed to capture
low-level state-to-state transitions. To the best of our knowledge,
this study is the first to explore the dynamic functional
connectivity in HIV patients using fMRI data.

Spatial Overlap Between Static RSFC and
Average Dynamic RSFC

Increased caudate functional connectivity to pre-central and
inferior parietal regions observed in both static and dynamic
(average) RSFC suggests that average dynamic RSFC estimated
across windows complement to static RSFC estimated over the
whole BOLD signals over time. Moreover, these results may
signify that static RSFC can be deduced from dynamic RSFC
and that dynamic RSFC provides a broader characterization of
functional changes. Several previous cross-sectional studies have
suggested that the caudate nucleus and the primary sensorimotor,
pre-motor, and inferior parietal cortices are selectively vulnerable
in HIV disease (12, 63, 64). It is worth noting that the caudate
nucleus and primary sensorimotor cortex integrate during motor
control and learning functioning; thus, the observed alterations
in caudate-to-pre-central connectivity suggest a possible HIV-
associated brain injury that might impair spatial-motor memory
and learning (12, 64). Previous studies have also detected neural
infiltration of the inferior parietal lobe in the caudate nucleus
(65), implying the existence of communication between these

TABLE 3 | Group difference in state properties between HIV and HC groups and
categorization of state network connectivity.

State properties T-value P-value
MDT (state 2) 3.03 0.0050
PT (state 4) —-2.25 0.0317
PSPT (state 4-state 1) —3.40 0.0019
PSPT (state 2-state 4) —2.18 0.0372

States Network connectivity Percentage (hypo, %)
State 1 Globally hypo-connected 63

State 2 Occipitally hypo-connected 20

State 3 Fronto-parietally hypo-connected 21

State 4 Subcortically hypo-connected 18

State 5 Globally hyperconnected 2

P-values were computed based on permutation test. MDT, mean dwelling time; PT,
probability of transitioning to a state;; PSPT, probability of transitioning from state; to state;;
the criteria for categorizing state network connectivity was based on the proportions of
connectivity type observed (Z < 0.25).

regions. Melrose et al. (66) found that this communication is
susceptible to HIV infection. For example, during semantic event
sequencing, patients with HIV exhibited greater caudate-to-
parietal connectivity (66). Our results demonstrating increased
caudate-parietal connectivity support these studies that disrupted
communication between subsystems of these regions is attributed
to HIV infection. Since neurons of the brain are multimodal
(involved in differential brain functions) (67-70), increases in
caudate connectivity to IPL and pre-central gyrus may reflect
compensatory plasticity necessitated to retain their functions
following HIV injury.

Higher Temporal Striato-Sensorimotor
Dynamic RSFC Variability and Learning

and Recall

Previous studies have demonstrated how brain flexibility and
plasticity are important for learning ability, gene expression,
and fluid intelligence (29, 32, 71). The brain reconfigures its
functional interactions or circuitry over time while learning,
a property which is vulnerable to injuries, neurological
disease, psychiatric disorders, or cognitive aging (72). Our
results illustrating increasing striato-sensorimotor variability
with cognitive learning and recall may suggest (i) the striato-
sensorimotor connectivity and its flexibility are relevant to
human learning and recall. Thus, it can be used for the prediction
of learning capacity. This hypothesis could be supported by
previous studies that demonstrated how these regions play an
important role in early, long-term, and categorical learning or
that linked the dynamics of these regions with learning stage
(early, middle, or late) predictions (72-77). (ii) These findings
also suggest that striato-sensorimotor circuitry may be one
of the primary targets of HIV infection, consistent to other
previous studies (15). (iii) Moreover, altered striato-sensorimotor
dynamics might be a functional basis for cognitive impairments,
with the hypothesis that intensively lowered variability reflecting
severe learning deficits. (iv) Increases in striato-sensorimotor
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temporal variability in patients on cART might be a sign of brain
compensatory mechanisms or cART-necessitated CN immune
improvements triggering plasticity to restore or preserve brain
functions. This can also be supported by earlier studies showing
that cART improves neural functions (20), and those increasing
dynamics are likely to occur after rehabilitation to restore brain
functionality (32), or in response to cognitive demands (78).

Higher Frontal Dynamic RSFC Variability

and Attention and Working Memory

Our findings demonstrating greater dynamic RSFC variability
between the pars orbitalis of the left inferior frontal and right
frontal (medial) gyri related to attention and working memory
in HIV patients may point to the fact that brain flexibility may
not be limited to functions such as injury recovery, adaptive
responses, or a growth mindset (79-82) but rather extends

to a wide range of roles, including attention and working
memory. PFC-system reconfigurations may be required for
capturing temporal storage and active manipulation of the stored
information (78). Frontal regions’ participation in attention and
working memory has already been explained previously (83-85).
Studies have reported that the execution of attention and working
memory highly requires the flexibility of frontal and or frontal-
related frontal systems than non-frontal systems (78). This may
be the case since the lateral prefrontal cortices (ventrolateral
PFC and dorsolateral PFC) are functionally and anatomically
connected through arcuate fibers (86, 87), becoming critical
nodes that work together for a variety of cognitive functions
(87). They are also connected to the executive network and DMN
dorsolaterally to control for the dynamic allocation of attention
(88). Furthermore, increases in frontal variability observed in
HIV patients suggest attenuations HIV might have in temporal

Frontiers in Neurology | www.frontiersin.org

January 2021 | Volume 11 | Article 606592


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Nguchu et al.

Time-Varying Functional Connectivity in HIV

: Y derT(State 4)
. L p = 0.013,r=-0.622

SFGmed.R-ORBinf-L L- . @PSPT(2-4)
o iy PALL-SMG.R p =0.046,r=-0.521
p=0.022,r=0.566 P =0.015,1r=0.655

PAL.L-PreCG.R

1.0y p=0.005, r=0.659

1.0

e
o

o
o0
e
o

Probability
< e
N =)

o
o
<o
o

RSFC SD(Z-Scores)
RSFC SD(Z-scores)
RSFC SD (Z-scores)

e
o

04 0.4 0.0
20 35 50 0 1.25 2.50 0

Attention/Working Memory CD4/CD8 Ratio

04
25 375 50

Learning and Recall

500
CD4 count

1000

FIGURE 4 | Correlations of properties of dynamic RSFC and RSFC states with clinical characteristics of HIV patients. (A) Correlation of PAL.L-to-PreCG.R temporal
variability with learning and recall score. (B) Association of temporal variability of SFGmed.R-to-ORBInf-L with Attention/working memory performance. (C) The

relationship between PAL.L-SMG.R variability and CD4*/CD8* ratio. (D) Relationships of probabilities of transitioning to state 4, and state-2-to-state-4 transitioning
with CD4™" T-cell counts. The displayed relationships were evaluated in Pearson’s correlations coefficients, r; p < 0.05. P, p-value; L, left; R, right; PAL, the pallidum;

PreCG, precentral gyrus; SFGmed, superior frontal (medial) gyrus; ORBInf, pars orbitalis of the inferior frontal gyrus; and SMG, supramarginal gyrus.

reconfigurations of these PFC circuits, agreeing with previous
HIV studies demonstrating attenuated activation in PFC during
complex attention, and working memory tasks in infected male
patients (7, 89).

Greater Striato-Parietal Dynamic Variability
and HIV-Laboratory Markers

Greater variability found in the dynamic RSFC between
supramarginal and regions of striatum (putamen and pallidum)
also suggests abnormal patterns associated with HIV. This could
be supported by the observed strong correlation (especially,
in PALL-SMG.R) with the CD4+/CD8+ ratio. This result
confirms the evidence derived from static RSFC studies that HIV
pathology includes impaired communication between striato-
parietal regions (20, 22, 90-92), consistent with our static
results of attenuated caudate-IPL connectivity. The positive
relationship between variability and CD4+/CD8+ ratio may
also indicate the ability of temporal variability to predict the
progress of HIV in the brain or the decline of CNs immune
systems. Given that the CD44-/CD8+ ratio is a more accurate
hallmark of the status of the body immune system (93, 94), we
speculate that monitoring of trends of the CN CD4+-/CD8+- ratio
balance on differential antiretroviral therapies can be achieved
through tracking the temporal variability, supporting earlier
studies detecting functional changes with switching antiretroviral
drugs (17). Again, since cART repairs innate CNs by reducing
inflammation and enhances synoptodentritic plasticity that
improves dynamic synaptic communication and neural functions

(4, 95), we hypothesize that the observed variability increases in
HIV patients on stable cART might also be attributed to cART
stabilization; however, further evidence is required to confirm
this supposition.

Dynamic RSFC States’ Properties and
Their Relationship With an HIV Biomarker

In this study, we observed five hypo/hyper-connected states
suggestive of large-scale brain networks being characterized by
hypo/hyper-connected patterns, consistent with other dynamic
RSFC studies (31, 32, 96). In contrast to a study by Mash et al.
(52) who considered clustering the data of patients and healthy
controls separately, this study did not cluster data separately.
This conformed to a large body of earlier studies (33, 56). It is
worth noting that clustering the groups separately could result
in mismatched clusters (52). The maximum whole correlation
approach often used to estimate the paring clusters is also
likely to match two or more clusters to a cluster of another
group (52), which would affect the analyses. Furthermore, we
hypothesize that clustering groups separately influence group
differences fundamentally as clustering foundations such as local
minima’s are data-dependent, which are likely to be different
between groups.

As noted above, state 2 was typified by weaker connectivity
within occipital networks, paralleled by a longer dwelling time
pattern of the state. Several studies of HIV have identified
structural and functional abnormalities in the occipital lobe,
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suggesting the presence of HIV-associated injuries (3, 12, 97-
101). The cortical thickness of the occipital cortex is one of the
major domains, which is progressively affected by HIV (12, 101).
The neurons of the visual cortex of the occipital lobe are also
known to undergo atrophy in HIV patients (98, 99). A study
by R. Li et al. found a deficiency in spontaneous activity of the
occipital lobe in early HIV infection (100). While a dysfunction
of the occipital lobe was not clinically implicated in HAND in
earlier studies, sufficient evidence implicated HIV in gray matter
loss, supported by their associations to CD4+ T-cell counts (102).
Later studies revealed a link between impaired spontaneous
activity in the occipital cortex and deficits in executive function
or CD4+/CDS8 ratio (100). The clinical picture of the relationship
between HAND and deficits in the occipital lobe in patients
without and with cART is increasingly becoming clear. Emerging
evidence suggests that generalized degradation of gray matter,
disruption of spontaneous activity, and attenuation of functional
activation and connectivity, involving the occipital cortex,
could explain deficits seen in visual attention and visuospatial
processing in patients with HIV (3, 89). Our observed changes
in temporal properties of dynamic RSFC which depict altered
dwelling time in states with weaker occipital connectivity may be
related to an initial dysfunction of the occipital cortex and are
in support of the above hypothesis. In other aspect, increased
amount of time spent could be interpreted as a potential
compensatory mechanism of the brain networks resulting in
prolonged stay in occipitally hypoconnected state.

In HIV patients, state transitioning (PT) of state 4 typified
by weaker connectivity in subcortical networks was reduced,
paralleled by reduced switching (PSPT) from state 4 to state 1
and from state 2 to state 4. Regions of the subcortical networks are
susceptible to HIV (20). Among other effects, gray matter volume
loss, activity modulation loss, subcortical network integration
loss have been reported (10, 19). The reduction of state
transitioning of the state with weaker subcortical connectivity
(state 4) was observed to be negatively correlated with CD4+T-
cell counts, possibly indicating an association between HIV
severity and switching between states. Reduced switching from
state 2 to state 4 also presented a similar pattern of association
to HIV severity, a finding that can only be detected precisely at
low-level of state transitioning analyses. HIV has been postulated
to have varying effects on the brain (103). Therefore, among
the possibilities of this reversed relationship could be evidence
of such variant effects of HIV or a potential compensatory
mechanism resulting in a somewhat increasing state transitioning
as CD4+ T-cell counts deteriorate following HIV and cART. A
similar phenomenon was previously reported (104, 105) between
CD4+T-cell counts and static RSFC.

One would like to relate our observed results across
diseases. Among the findings worth noting is that while HIV
patients appeared to spend a longer time in states typified by
weaker connectivity in occipital networks, parallel to patients
with schizophrenia (33, 35), patients with Parkinson’s disease
spent a shorter time in states with weaker connectivity (31).
Findings showing patients with schizophrenia spending a shorter
time in states with strong connectivity in global networks
are inconsistent with those we found in HIV patients, as

neither MDT nor PT of globally hyperconnected states (state
5) presented differences between groups. This may suggest
that abnormal patterns related to HIV are associated with
region-specific network alterations—such as subcortical and
occipital regions alterations (3, 12, 97-101)—rather than global
network alterations.

Correlations of State Properties With
Dynamic RSFC Properties

We noticed that the mean dwelling time of the state with weaker
connectivity in occipital networks was related to the average
dynamic RSFC of the caudate nucleus and regions of the left
inferior parietal lobe. Moreover, reduced state transitioning of
the state with weaker subcortical connectivity also presented a
strong relationship with both static and average dynamic RSFC.
Together, these findings demonstrate that state properties may
supplement both static and dynamic RSFC in delineate HIV
pathology, expanding knowledge to the existing literature.

Limitation

The present study presents some limitations. Although the
number of samples might be relatively larger compared with
previous studies of HIV (7, 89), large cohorts are required to
validate these findings. This study used data from male patients;
this may be common in some of the HIV studies (7, 89, 106)
as HIV data availability is challenging. The design of our study
was based on the hypothesis that HIV can lead to cognitive
dysfunction. Thus, the assessment of cognitive performances did
not include healthy controls, consistent with earlier studies (100,
101). However, the lack of neuropsychological tests for healthy
controls may also limit the study. It is also important to note that
the current study is significant for the majority of the population
living with HIV nowadays. Nonetheless, other less represented
groups in the HIV+ population worldwide should be assessed in
future studies. Both static RSFC and dynamic RSFC analyses were
performed using ROI pairs of the whole brain regions defined
by AAL-90 atlas, future studies are required to validate these
findings with data-driven approaches. In correlation analyses,
we did not correct for multiple comparisons, in line with other
studies (3, 15). We also suggest that future studies should include
gender-matched cohorts.

CONCLUSION

In the present study, we applied dynamic resting-state functional
connectivity analyses to investigate dynamic alterations that
may underlie early cognitive impairments in HIV patients on
cART. We found that HIV patients exhibit greater temporal
variability related to learning, attention and working memory,
and CD4+/CD8+ ratio. HIV patients also appear to have
reduced state transitioning associated with CD4+T cell counts.
We conclude that HIV affects brain connectivity dynamics
and that these abnormal dynamic patterns may contribute to
persisting cognitive impairments in patients with HIV. These
findings also indicate that dynamic RSFC analyses may provide
an impetus for detecting other pathological dimensions of HIV
on the brain in patients receiving antiretroviral therapy.
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