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Objective: To examine resting-state functional MRI (rs-fMRI) networks related to sleep in
the context of HIV infection.

Methods: rs-fMRI data were collected in 40 HIV-infected (HIV+) individuals at baseline
(treatment-naive), 12 week (post-treatment) and one year timepoints. A group of 50 age-
matched HIV-negative (HIV-) individuals were also imaged at baseline and one year time-
points. The Pittsburgh Sleep Quality Index (PSQI) questionnaire was administered at all
timepoints. Using group independent component analysis (ICA), maps of functional net-
works were generated from fMRI data; from these, sleep-related networks were selected.
A generalized linear model (GLM) was used to analyze if these networks were significantly
associated with the PSQI score, and if this relationship was influenced by HIV status/
treatment or timepoint.

Results: HIV+ individuals had significantly lower PSQI score after treatment (p=0.022).
Networks extracted from group ICA analysis included the anterior and posterior default
mode network (DMN), central executive network (CEN), bilateral frontoparietal networks
(FPNs), and the anterior cingulate cortex salience network (ACC SN). We found the poster-
ior DMN, right FPN, and ACC SN GLMs showed significantly higher goodness-of-fit after
incorporating PSQI data (p = 0.0204, 0.044, 0.044, respectively). Furthermore, the correla-
tion between ACC SN and posterior DMN connectivity was significantly decreased in the
HIV+ cohort.

Conclusion: Functional networks such as the DMN, FPN, CEN, and ACC SN are altered in
poor sleep, as measured by the PSQI score. Furthermore, the relationship between these
networks and PSQI is different in the HIV+ and HIV- populations.
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Introduction

Sleep abnormalities are one of the most frequent complaints reported by human
immunodeficiency virus (HIV)-infected individuals.'” Rubenstein and Selwyn’
found that 73% of their HIV-infected cohort had some form of sleep disturbance
and 100% of those subjects with cognitive impairment suffered from insomnia.
These findings might suggest that there is some interaction between cognitive
changes and sleep disturbance in HIV-infected subjects, which has been seen in
normal populations after sleep deprivation.**> Low et al® suggested that duration of
HIV infection was associated with sleep disturbance severity and prevalence, based
on findings from a meta-analysis. This implies a cumulative effect of HIV-
associated chronic CNS inflammation arising from the Central Nervous System
(CNS) viral reservoir which persists despite combined antiretroviral therapy
(cART) well-controlled systemic viremia. In addition, sleep has been found to be
disrupted in HIV even after controlling for mood, which suggests the sleep
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disturbances are not only secondary to neuropsychiatric
conditions.” Therefore, the understanding of the interac-
tion between HIV and sleep disturbances remains to be
better defined.

HIV-infected individuals are subject to sleep disor-
ders as well as related changes to sleep architecture. The
most common sleep disorders in HIV-infected individuals
are insomnia and obstructive sleep apnea.®® The latter is
thought to be caused by cART-related lipodystrophy and
HIV-related inflammation. In terms of sleep architecture,
HIV-positive individuals show more slow-wave sleep
later in the night compared to healthy controls.' It has
further been found that sleep quality, as measured by the
Pittsburgh Sleep Quality Index (PSQI) and Epworth
Sleepiness Scale (ESS), is not related to viral load,
CD4+ cell count, or medication,“ although there have
been relationships between individual medications such
as efavirenz and insomnia in HIV.'>'* Based on this
data, the pathogenesis of sleep disruption in HIV is
probably multifactorial, and prior studies have not
addressed the interplay between treatment effect and
disease progression.

In patients with insomnia and sleep-deprivation,
changes in sleeping patterns are correlated with functional
MRI (fMRI) changes in brain regions and networks asso-
ciated with attention and working memory (frontoparietal
network, FPN),'® attention (executive control network,
ECN),'® and the Default Mode Network (DMN)."”
Functional connectivity (FC) between the thalamus and
cortical regions tends to decrease following sleep
deprivation.'® In addition, insomnia has been shown to
decrease FC within the DMN'? and decrease activation
of the thalamus.?® To our knowledge, there are no previous
studies linking fMRI networks and sleep quality in the
HIV-infected population. However, it has been noted that
changes in functional connectivity are seen when switch-
ing cART medications,?' especially in the attention net-
with  HIV-associated
cognitive impairment show remodeling of the DMN.*

works. Furthermore, patients
Despite the lack of previous publications studying fMRI
connectivity in sleep in HIV-infected individuals, we see
that similar networks are altered in other dimensions of
HIV (eg, cognition), and thus it can be expected that these
networks may also be implicated in sleep disturbances in
this population.

In this study, we analyze the resting-state functional
connectivity (FC) of various brain networks to understand
changes in networks associated with sleep quality in HIV.

We hypothesize that HIV-infected individuals have unique
changes to functional networks that are not seen in the
HIV-negative population.

Methods

Subjects

A total of 40 HIV-infected (HIV+) individuals and 50 age-
matched HIV-negative (HIV-) controls were enrolled at
baseline and used for analysis. As part of a study to under-
stand neurologic changes with cART treatment, HIV+
subjects were recruited from local infectious disease and
specialized HIV clinics, while HIV-
recruited from the community at large. Inclusion criteria

subjects were

included age over 18, being cART-naive, HIV-1 infection
documented by HIV test or 2 HIV-1 plasma RNA values
>2000 copies/mL at a CLIA certified lab, for the HIV+
population, or negative HIV test within 6 months of enroll-
ment for HIV- and undetectable HIV plasma RNA at
screening. Notably, there were no sleep criteria that had
to be met for enrollment. Exclusion criteria included
dementia, premorbid/comorbid psychiatric disorders,
chronic seizures, head trauma, brain infection (other than
HIV infection), neoplasm, and active drug abuse. Consent
was obtained from all subjects prior to study commence-
ment; all subjects were informed about the purpose of the
study and the study was conducted in accordance with the
Declaration of Helsinki. All consent forms and data sto-
rage plans were approved by the University of Rochester
Institutional Review Board. Data from HIV+ individuals
were acquired at three visits: baseline, 12 weeks, and
1 year; data from HIV- individuals were acquired at each
of these visits except for 12 weeks. After the baseline
assessment, all HIV+ subjects were started on cART.
Two analyses were conducted: short-term and long-term
follow-up. The short-term analysis consisted of HIV+
subjects scanned at baseline and 12-week visits and HIV-
subjects at baseline. The main purpose of this analysis was
to quantify short-term cART treatment effect, if any. The
long-term analysis consisted of HIV+ subjects scanned at
12 weeks (used as baseline of cART treated patients) or
baseline for HIV- subjects and one year timepoints for all
subjects. It should be noted that these groups included
different individuals due to patient dropout. This analysis
was used to quantify the longitudinal characteristics of
sleep and networks in cART treated patients. Tables 1
and 2 describe the demographics for each of the short-
and long-term analyses, respectively.
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Table | Short-Term Analysis Demographics

Baseline Week 12 PesL Pwii2 PTx
HIV+ (n = 40) HIV- (n = 50) HIV+ (n = 31)
Age at Enrollment (years; mean *+ SD) 345+ 132 365+ 11.6 36 + 14.1 0.447 0.863 0.743
Gender (% male) 925 64 90.3 0.001* 0.009* 0.743
CD4 Count (cells/uL) 497.1 £ 2738 N/A 546.4 + 260 N/A N/A 0.444
Viral Load (copies/mL; mean * SD) 79,065.1 £ 136,528.2 N/A 39.5 £ 88.1 N/A N/A 0.002*
PSQI Score 7.25 £ 4.02 5.52 + 3.00 5.90 £ 3.71 0.022%* 0.615 0.151

Notes: Demographics of subjects included in the short-term analysis. pgs. and pwx 2 represent p-value of difference between HIV- at baseline and HIV+ at baseline and
week 12, respectively. pTx represents treatment effect, the difference between HIV+ group at baseline and week 12. p-values for age, PSQI scores, CD4 count, and viral load
were calculated using a two-sample t-test, while gender differences were calculated using a chi-square test. Significance indicated by “*”.

Abbreviations: PSQI, Pittsburgh Sleep Quality Index; SD, Standard Deviation.

Table 2 Long-Term Analysis Demographics

HIV+ (n = 23) HIV- (n = 38)
Week 12 Year | Baseline Year | PBsL Pyri
Age at Enrollment (years; mean * SD) 36.0 £ 14.0 371 £ 11.9 0.745
Gender (% male) 91.3 60.5 0.009*
CD4 Count (cells/uL) 611.2 £ 335.6 729.4 + 389.8 N/A N/A N/A
Viral Load (copies/mL; mean * SD) 482 + 101.7 16.0 + 27.8 N/A N/A N/A
PSQI Score 6.09 £ 4.03 6.26 + 3.33 487 +2.72 5.90 + 3.71 0.163 0.122

Notes: Demographics of subjects included in long-term analysis. pgs, represents p-value of difference between HIV+ at week 12 and HIV— at baseline, py,| represents
p-value of difference between HIV+ and HIV—at year |. p-values for age and PSQI scores were calculated using a two-sample t-test, while gender differences were calculated

using a chi-square test. Significance indicated by “*”.
Abbreviations: PSQI, Pittsburgh Sleep Quality Index; SD, standard deviation.

Sleep Quality Assessment

All subjects underwent a sleep quality assessment using
a self-report questionnaire, the Pittsburgh Sleep Quality
Index (PSQI).”* PSQI scores range from 0 to 21 and
a lower PSQI score represents better sleep quality; gener-
ally, a cut-off PSQI global score >5 is used to define a poor
sleeper group, while those with a PSQI score <5 are
defined as good sleepers. The cut-off score of 5 was

chosen based on Buysse et al,”

who found a sensitivity
of 89.6% and specificity of 86.5% for identifying cases
with sleep disorder using such cut-off. The PSQI ques-

tionnaire was completed at every time point.

MRI Image Acquisition

MRI data were acquired on a 3T Siemens MAGNETOM
Trio MRI scanner equipped with a 32-channel head coil.
T1-weighted images were acquired with a 3D magnetiza-
tion-prepared rapid acquisition gradient echo sequence
(MPRAGE, TR/TI/TE = 2530/1100/3.44 ms, voxel size =
1x1x1 mm?, flip angle = 78°, bandwidth = 190 Hz/pixel).
Resting-state functional MRI (rs-fMRI) was acquired

using a GE-EPI sequence (TR/TE = 2000/30 ms, flip

3. matrix size =

angle = 90°, voxel size = 4x4x4 mm
64x64, 30 axial slices, volumes = 150). During the entire
5 minutes resting-state fMRI scan, participants were

instructed to keep their eyes open and avoid falling asleep.

Image Processing

For resting-state fMRI processing, the first six volumes
acquired to allow for stabilization of the magnetization
were discarded. Standard pre-processing steps were per-
formed using FSL (FMRIB’s Software Library) FEAT
tool,%* including slice timing correction, head motion cor-
rection, co-registration to subject’s T1-weighted image,
non-linear normalization to an MNI space template, spatial
(full-width  half-
maximum; FWHM= 4mm), detrending, and band-pass

smoothing with Gaussian kernel

filtering (0.01Hz to 0.08Hz). Nuisance covariates were
regressed out including 6 head motion parameters, signals
from white matter and CSF. Motion parameters calculated
in FEAT were analyzed to determine any group differences
in absolute- the amount of subject motion compared to the
first brain volume, and relative- the amount of subject
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motion compared to the previous volume, motion. After
pre-processing, the Group independent component analy-
sis (ICA) of fMRI Toolbox (GIFT, http://mialab.mrn.org/
software/gift/index.html) was used to produce t-score

maps reflecting functional maps of 30 components,
selected as the lowest number that allowed identification
of components representing both the anterior and posterior
DMNs. Networks were identified by visual inspection and
further Dice coefficient quantification of each component
map with a standard template.””> The Dice coefficient
describes the proportion of overlapping voxels between
the component map and a standard template, with scores
ranging from 0 (no overlap) to 1 (identical maps, perfect
overlap).

Statistics

Each of the components from group ICA analysis was
assigned into a generalized linear model (GLM) using
the FSL GLM tool.?® Using FSL randomise,”’*® the
GLM model quantified the slope between the ICA map
value and PSQI score over all voxels and reported the
p-value of this correlation after 500 permutations and
multiple comparison correction. Multiple comparison cor-
rection was done by controlling the family-wise error rate
described in previous work.?’ Voxels of significance were
intrinsically  clustered using threshold-free cluster
enhancement (TFCE) in FSL randomise tool. ROIs were
derived from the p-value maps by thresholding at p < 0.05.
These regions signified areas where the ICA-derived
t-score and PSQI scores were significantly related; these
regions were used for the remaining analysis.

After fitting the initial GLM, we sought to assess
treatment effects and cohort difference using a linear
model for the short- and long-term data that included
correction for age and sex, as well as assessment of visit
and cohort effect (only in the long-term model). For the
short-term analysis, since the HIV- group does not have
a 12-week timepoint, we assessed the linear model
fMRI~PSQI+Age+Sex at each time point for each cohort.
For the long-term analysis, we used a mixed-effects
model; the 12-week visit was used as the new baseline
for the HIV+ cohort. To assess whether the mixed-effects
model was significant we used a log-ratio test (LRT) to
quantify goodness of model fit. Our base model consisted
of fitting the fMRI t-score as a function of age and gender
with a random effect of the HIV-status on the intercept
(Equation 1). We also fit two more comprehensive models:
the first, mainly exploring sleep effects, had the same

structure as the base model, but also had factors to account
for the interaction between the PSQI score and HIV-status
as well as the random effect of HIV-status on PSQI score
(Equation 2), the second model mainly assessed the added
influence of timepoint, which has the features of the sleep
effect model with added covariates of visit, interaction of
visit with HIV-status, and random effects of HIV-status on
visit (Equation 3).
Base Model

JMRI ~ 1 + Age + (1|Cohort) + Sex (1)
PSQI Model

fMRI~ 1+ Age + (1|Cohort) + PSQI x Cohort
+ (PSQI|Cohort) + Sex

Timepoint Model

JMRI~ 1+ Age + (1|Cohort) + PSQI * Cohort
+ (PSQI|Cohort) + Visit + Visit « Cohort  (3)
+ (Visit|Cohort) + Sex

ek

Here, indicates an interaction and (x|y) represents the
random effects of y on x; (1]x) represents the random effects
of the y-intercept on x. P-values were calculated from the
LRT using a chi-square statistic with degrees of freedom
equal to the number of fixed parameters added from the base
model. All reported p-values are corrected for multiple

comparisons using the false discovery rate (FDR) correction.

Results
PSQI Scores in HIV

In the short-term data (Table 1), PSQI scores in the HIV+
group were significantly higher than in the HIV- group at the
baseline timepoint; however, after treatment, this group dif-
ference was not significant. At baseline, 25 out of 40
(62.5%) in HIV+ and 22 out of 50 (44%) in HIV- scored
>5 at the PSQI, indicating poor sleep quality. At 12 weeks,
11 out of 31 subjects (35.4%) of HIV+ group had poor sleep,
which is significantly different from the HIV+ at baseline (y*
= 5.1, p=0.024). For the long-term analysis, where the HIV
+ week 12 timepoint was treated as a new baseline, no
significant difference was seen in PSQI score at the new
baseline or 1 year between HIV+ and HIV- groups.

Head Motion Analysis
There was no significant difference in either absolute or

relative head motion between cohorts at any timepoint.
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Figure | ICA networks (left column) and corresponding ROlIs (right column) of networks found to be significantly correlated with PSQI score. ROIs are regions
demonstrating significant relationship between ICA t-score and PSQI score.

Abbreviations: DMN, default mode network; CEN, central executive network; FPN, frontoparietal network; ACC SN, anterior cingulate cortex salience network; ICA, independent
component analysis; RO, region of interest; ASN, anterior salience network; RECN, right executive control network; BG, basal ganglia; L, language network; PC, precuneus network; HV,
high visual network; A, auditory network; dDMN, dorsal DMN; VS, visuospatial network; vDMN, vental DMN; PSN, posterior salience network; SM, sensorimotor network; V1,
primary visual network; LECN, left executive control network.
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Table 3 GLM-Derived ROI Volumes and Positions

Network Volume (mm?®) Cog x (mm) Cog y (mm) Cog z (mm) Location
DMN | 256 -5.01 —58 62 Left Precuneus Cortex
DMN 2 256 —-1.01 =79 39 Left Precuneus Cortex
64 =10 =70 32 Left Precuneus Cortex
CEN 832 42 -57.7 44.9 Right Superior Parietal Lobule
192 42 -59.4 29.3 Right Angular Gyrus
FPN L 1024 4.75 —64 32 Right Precuneus Cortex
FPN R 704 —-39.1 -53.3 29.8 Left Angular Gyrus
320 -4 -51.6 32.8 Left Frontal Pole
64 -22 =50 20 Left Precuneus Cortex
ACC SN 576 6.01 327 —-3.55 Anterior Cingulate Gyrus

Note: ROI volume and locations from GLM analysis, all coordinates are reported in MNI space and location names are taken from Harvard-Oxford cortical atlas.
Abbreviations: COG, center of gravity; DMN, default mode network; FPN, frontoparietal network; CEN, central executive network; ACC SN, anterior cingulate cortex

salience network.

Functional Networks Related to PSQI

Scores

Figure 1 shows maps of networks that demonstrated
a significant correlation between the ICA map and the
PSQI score based on data from the entire cohort. Since
the ICA separates components without a priori informa-
tion, a single network may be split into multiple compo-
nents, as is seen with the default mode network (DMN)
and frontoparietal network (FPN). DMN 1 reflects the
posterior regions of the DMN (precuneus network),
which we can see with the high Dice coefficients in the
dorsal DMN and precuneus, while DMN 2 reflects the
anterior portion (medial prefrontal cortex; mPFC) and
connection to the FPN, which are reflected in the high
dorsal DMN Dice coefficient with a lower precuneus Dice
coefficient. In DMN1 the ROI found to be significantly
related to PSQI score was located in the precuneus.
Therefore, the FC between the precuneus and DMNI is
significantly related to PSQI score. Other networks that
were found to be related to the PSQI score include the
central executive network (CEN), which showed a high
Dice coefficient with the anterior salience network and
left/right executive control networks. The FPNs showed
high Dice coefficient with the ipsilateral executive control
network, which makes sense, as the FPN and executive
control network both involve regions of frontal and par-
ietal activation. The anterior cingulate cortex salience net-
work (ACC SN) showed high overlap with the DMN, as
there is medial frontal cortex activation in both networks;
we further see that our ACC SN matches ACC SN as

shown in previous literature.>® Locations and coordinates
of significant ROIs from GLM analysis are given in
Table 3.

Short-Term Functional Correlates of
PSQI Score

Figure 2 shows the results of the GLM in the short-term
analysis. All significant relationships also meet Cohen’s
criteria for “meaningful” correlations with r > 0.3.>

DMN Connectivity

In the posterior DMN 1, we see that the HIV+ group has
a significant negative relationship between the PSQI score
and fMRI t-score at 12 weeks that is not seen in the HIV-
or HIV+ groups at baseline. This suggests that there is
stronger FC between the posterior DMN and the precuneus
and may reflect worsened sleep quality (eg, higher PSQI)
in HIV+ individuals even after treatment. In DMN 2,
which FPN and mPFC,
a significant negative relationship between the PSQI

incorporates the there is
score and fMRI t-score in the HIV+ baseline group.
These results suggest that FC of separate regions in the
DMN are uniquely associated with sleep changes depend-
ing on HIV status and treatment.

FPN Connectivity

In the FPN, the same relationship holds bilaterally: there
are no significant relationships in either group at any of the
timepoints. However, there is an opposite trend of slopes
in the HIV+ data in the left and right FPN, the slope is
positive in the L FPN and negative in the R FPN,
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Figure 2 Results from linear model after age and gender correction, r represents partial correlation coefficient between PSQI and fMRI t-score, p-values represent
significance of PSQI slope coefficient. All p-values have been corrected for multiple comparisons. In all graphs, blue represents HIV+ baseline group, orange represents the

HIV— baseline, and green represents the HIV+ group at 12 weeks (“WkI2”).

Abbreviations: DMN, default mode network; CEN, central executive network; FPN, frontoparietal network; ACC SN, anterior cingulate cortex salience network; PSQI,

Pittsburgh Sleep Quality Index.

suggesting the possibility that there are subtle alterations
specific to each side of the FPN in HIV.

CEN Connectivity

The CEN shows a similar pattern to the DMN 1 compo-
nent, suggesting that decreased FC between the CEN and
parietal lobe in HIV+ individuals is tied to worsened sleep

quality at the 12-week timepoint. In addition, this relation-
ship is seen in the baseline of the HIV+ data, which
suggests that this relationship is not a treatment effect.

ACC SN Connectivity
In the ACC SN, the HIV+ group had a significant positive
relationship, suggesting that increased FC within the ACC

Nature and Science of Sleep 2021:13
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Table 4 Log-Ratio Test Results from GLM Fitting

Network LRTpase psai LRTpsqi, Timepoint
DMNI 0.0204* 0.999
DMN2 0.999 0.999
FPN L 0.999 0.999
FPN R 0.044* 0.999
CEN 0.074 0.999
ACC SN 0.044* 0.999

Notes: p-values from log-ratio test (LRT) between base and PSQI model (middle
column) and PSQI and timepoint model (right column). “*” indicates significant
effects after FDR correction.

Abbreviations: DMN, default mode network; FPN, frontoparietal network; CEN,
central executive network; ACC SN, anterior cingulate cortex salience network.

SN with the anterior cingulate is related to worsened sleep
quality only in HIV+ individuals.

Long-Term Functional Correlates of PSQI

Scores
Table 4 outlines the LRT results from the mixed-effects linear
models used to assess the relationship between PSQI score and

DMN 1

A !

e Hv+ °

FC. Only the PSQI model added additional information to the
model fitting (second column in table). Figure 2 shows plots
for the PSQI model for the networks with significant LRT
results.

DMN Connectivity

The long-term analysis revealed significant changes in the
DMN 1 network, but not DMN 2. In Figure 3, we see that the
relationship between the PSQI score and fMRI t-score is
more negative in the HIV+ group. This is similar to what is
seen in Figure 2, in the HIV+ group at the 12-week timepoint.

FPN Connectivity

FPN connectivity results depended on which side of the FPN
was probed. In the left FPN, neither model improved predic-
tions significantly compared to the base model. However, in
the right FPN, there was a significant improvement using the
PSQI model. In Figure 3, we see that the relationship
between the PSQI score and fMRI t-score was inversely
related between the HIV+ and HIV- populations. An increase
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Figure 3 (A) Results of mixed effects model with population estimates of fMRI t-score based on the PSQI score in HIV— (orange) and HIV+ (blue) populations in DMNI
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Abbreviations: DMN, default mode network; FPN, frontoparietal network; ACC SN, anterior cingulate cortex salience network; PSQI, Pittsburgh Sleep Quality Index.
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in PSQI score was related to increased t-score of this network
in HIV-, but decreased t-score in the HIV+ population.

CEN Connectivity
There is no significant long-term effect captured in the
linear model for this network.

ACC SN Connectivity

There was a model improvement in the PSQI model com-
pared to the base model in the ACC SN. In Figure 3, we see
that the slope of the HIV- cohort is very close to zero, while
the HIV+ cohort has a more positive slope. Furthermore, we
found that there is a relationship between increased ACC
SN fMRI t-score and decreased fMRI t-score in DMN1 only
in the HIV+ group (Figure 3B), this was not seen in the
interaction terms involving the CEN.

Discussion

In this study, we evaluated the relationship between the PSQI
score, reflective of sleep quality, and functional MRI networks
in HIV+ and HIV- subjects. Our results suggest that there are
a variety of functional network changes that correlate with the
PSQI score, some of which are uniquely altered in the HIV+
population. These networks include the posterior DMN, right
FPN, and ACC SN. FC of other networks, such as the anterior
DMN, left FPN, and ACC SN were correlated with PSQI score
in both HIV+ and HIV- populations and may reflect shared
processes in sleep disturbances in the two groups.

cART Treatment Effect

We found that cART was associated with better sleep in the
HIV+ population. In the short-term analysis, it is important to
interpret the fMRI results in the context of this result.
Changes in the correlation between PSQI and FC suggest
that sleep quality is correlated to FC of these networks even
after accounting for treatment effect; these changes are poten-
tially due to underlying pathological processes not addressed
by treatment. For the long-term analysis, statistics are not
confounded by treatment effect. This is validated by the
observation that there were no significant group differences
in PSQI scores at the 12 week and one year timepoints.

Anterior vs Posterior DMN

The DMN is defined by the medial prefrontal cortex and
anterior cingulate cortex (ACC) in the anterior section and
the precuneus and posterior cingulate cortex (PCC) in the
posterior section. Previous literature suggests that midline
regions such as the precuneus’> and PCC™ serve as functional

hubs of the DMN, combining information from various areas
of the DMN. Based on the fMRI ICA maps, DMN 1 we
presented here represents the posterior portion of the DMN
(eg, “hub” network), while DMN 2 represents the ante-
rior DMN.

The precuneus is thought to be uniquely affected in HIV,
previous studies have shown severity of depression, which
potentially affects sleep, is related to precuneus volume.**
Our findings are consistent with previous literature that found
that there is increased connectivity between the precuneus
and DMN is correlated with rest.’® This relationship is
strengthened in the HIV+ group, potentially reflecting the
need for increased FC between the precuneus and posterior
DMN to maintain sleep quality after HIV infection.

Unlike posterior DMN connectivity, anterior DMN con-
nectivity to the precuneus did not show a significant cohort
effect in the long term-analysis. In the short-term analysis,
there are changes consistent with a treatment effect, signified
by diminishing correlation and lack of significance at 12
weeks. A limitation of the study is that time of day of imaging
was not controlled, and difference in FC could be affected by
varying times of imaging sessions, especially in regard to the
DMN.* Further study should focus on if HIV treatment affects
precuneus-anterior DMN FC. Overall, we saw that the DMN
“hub” network was uniquely related to PSQI score in HIV,
while the precuneus-anterior DMN connection was related to
PSQI score independent of HIV status; this suggests that the
DMN hub network is uniquely altered in HIV infection.

FPN Laterality and the PSQI Score

None of the correlations in the FPN met the criteria for mean-
ingful correlation in the short-term model. In the long-term
model, the PSQI model was significantly improved after
accounting for the PSQI score and the interaction between
the PSQI score and cohort. The HIV+ cohort had a negative
slope between the PSQI score and fMRI t-score, which was
reversed in HIV-. In primary insomnia, the right FPN FC is
seen to decrease without changes to the contralateral FPN.'?
This suggests that sleep changes in HIV share similar charac-
teristics to those seen in primary insomnia. In addition, at low
PSQI scores, the HIV+ subjects have higher FC of this net-
work; therefore, they may require higher right parietal-FPN FC
to maintain adequate sleep quality.

Central Executive and Salience Networks
The SN is thought to facilitate switching between the DMN
and CEN.***7 The CEN itself plays an important role in high-
level functions such as working memory and problem-solving.
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Functional disruption of the CEN is seen in patients with
obstructive sleep apnea and is related to cognitive impairment
in these patients.® Our results, along with a decreased slope in
the DMN in the HIV+ group, suggest that there may be more
switching between the DMN and CEN associated with sleep
disturbances. In the HIV+ cohort, this switching may lead to
functional disturbances in the DMN. Figure 3B further shows
that these two networks are related, consistent with this hypoth-
esis, with a significant interaction term signifying the effect is
different in HIV+ and HIV- populations. Our data also suggest
that the relationship between the DMN and ACC SN is selec-
tively involved in pathology.

Limitations

The PSQI was used to evaluate sleep quality, however, this is
a subjective self-reported questionnaire that has validity with
clinical sleep evaluations, but not necessarily with objective
sleep measures like polysomnography or actigraphy.’ As
a result, the PSQI may not correlate with true sleep time.
Additionally, the PSQI may overestimate difficulty falling
asleep, potentially due to insomnia or restless leg syndrome,
and under-recognized fragmented sleep, potentially due to
obstructive sleep apnea. Although questions within the PSQI
may be more likely in certain sleep disorders, such as snoring
in obstructive sleep apnea, these individual components are
not diagnostic for these various sleep disorders, which may
have different effects on FC. Lastly, the traditional PSQI cut-
off score is >5 to indicate poor sleepers, yet this cut-off score
has not been validated in those with HIV, and higher cut-off
scores may be more appropriate for this population.

The sample size used in our study was limited by consid-
erations such as patient dropout. This is especially evident in
the long-term analysis, where we incorporated data from 23
HIV+ subjects and 38 HIV- subjects. Future studies should
expand these analytical methods and sleep analysis to larger
cohorts. However, despite the relatively small sample size, we
believe our results are robust, as shown by correlation coeffi-
cients of >0.3 for short-term analysis, and significance of our
random-effects model and ANCOVA for long-term analysis.

This study utilized rs-fMRI measurements to study FC
when there is no explicit task to focus on. While this use of
rs-fMRI acquisition allows for collection of various net-
works, it does not tell us how FC changes in response to
specific activities or thought processes, which may also be
related to sleep disturbances. Previous studies have found
changes in frontotemporal/hippocampal connectivity in
patients with primary insomnia.*>*' These types of networks
that are responsive to stimuli were not tested in our study.

Conclusion

Our rs-fMRI study showed that there are functional networks
that are altered in subjects with poor sleep, measured by the
PSQI score, seen only in the HIV+ cohorts. We found that FC
in the posterior DMN, right FPN, and ACC SN was signifi-
cantly different between the cohorts, both in short- and long-
term analyses. This alteration pattern suggests that there is
increased switching away from the DMN, mediated by the
ACC SN. Future studies should control the time of day when
the scan is acquired, use task-based fMRI to see if there are
any activity-dependent changes to functional networks, and
further explore the properties of DMN-CEN network switch-
ing mediated by the ACC SN. In addition, objective mea-
sures of sleep such as polysomnography and actigraphy will
be invaluable to understanding the nature of sleep alterations.
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