Jewell B. Thomas, BA

Matthew R. Brier, BS

Abraham Z. Snyder, MD,
PhD

Florin F. Vaida, PhD

Beau M. Ances, MD,
PhD

Correspondence to
Dr. Ances:
bances@wustl.edu

Editorial, page 1178

Supplemental data at
www.neurology.org

1186

Pathways to neurodegeneration

Effects of HIV and aging on resting-state functional connectivity

ABSTRACT

Objective: Resting-state functional connectivity MRI (rs-fcMRI) may provide insight into the
neurophysiology of HIV and aging.

Methods: In this cross-sectional study, we used rs-fcMRI to investigate intra- and internetwork
connectivity among 5 functional brain networks in 58 HIV-infected (HIV+) participants (44%
receiving highly active antiretroviral therapy) and 53 HIV-uninfected (HIV—) controls. An anal-
ysis of covariance assessed the relationship among age, HIV laboratory markers, or degree of
cognitive impairment and brain networks.

Results: Individuals who were HIV+ had decreased rs-fcMRI intranetwork correlations in the
default mode (DMN, p = 0.01), control (CON, p = 0.02), and salience (SAL, p = 0.02) networks,
but showed no changes in the sensorimotor (SMN) or dorsal attention (DAN) network. Compared
with HIV— controls, participants who were HIV+ had a significant loss of internetwork correla-
tions between the DMN-DAN (p = 0.02), trending loss in DMN-SAL (p = 0.1) and CON-SMN (p =
0.1), and trending increase in CON-SAL (p = 0.1). Neither HIV markers (plasma HIV viral load or
CD4+ cell count) nor degree of cognitive impairment correlated with rs-fcMRI measures. Aging
correlated with a decrease in the magnitude of intranetwork functional connectivity within the
DMN (p = 0.04) and SAL (p = 0.006) and with decreased magnitude of internetwork functional
connectivity between DMN and SAL (p = 0.009) for both HIV+ and HIV— participants. No inter-
action was observed between HIV and aging.

Conclusions: HIV and aging may cause independent decreases in rs-fcMRI. HIV may lead to a
baseline decrease in brain function similar to deterioration that occurs with aging. Neurology®
2013;80:1186-1193

GLOSSARY

ANCOVA = analysis of covariance; BOLD = blood oxygen level dependent; CON = control network; DAN = dorsal attention
network; DMN = default mode network; FSE = fast spin echo; HAART = highly active antiretroviral therapy; HAND = HIV-
associated neurocognitive disorder; MPRAGE = magnetization-prepared rapid gradient echo; NP = neuropsychological
performance; NPZ-4 = composite neuropsychological z score; QA = quality assurance; rLP = right lateral parietal; ROl =
region of interest; rs-fcMRI = resting-state functional connectivity MRI; SAL = salience; SMN = sensorimotor network; TE =
echo time; TR = repetition time; VL = viral load.

HIV directly invades the brain, causing glial and neuronal dysfunction. Approximately half of all
individuals infected with HIV (HIV+) develop HIV-associated neurocognitive disorder
(HAND)." Although the prevalence of severe forms of HAND has decreased because of highly
active antiretroviral therapy (HAART), the incidence of mild forms of HAND continues to
increase. Additionally, individuals who are HIV+ are surviving longer with these mild impair-
ments, possibly making them more susceptible to age-related neurodegeneration. Cognitive
dysfunction is primarily assessed by neuropsychological performance (NP) tests,"* which
may miss subtle brain changes.” New methods for understanding the pathophysiology of
HIV-associated neurodegeneration are needed.

Neuroimaging allows assessment of the neurophysiologic effects of HIV and aging on
brain function. An established tool for investigating large-scale brain networks is blood oxygen
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level-dependent (BOLD) resting-state func-
tional connectivity MRI (rs-fcMRI). Multiple
networks have been identified including the
default mode (DMN), dorsal attention (DAN),
salience (SAL), executive control (CON), and
sensorimotor (SMN). These networks recapitu-
late the spatial topographies evoked under
BOLD functional task—based paradigms. How-
ever, rs-fcMRI avoids performance confounds of
task-based imaging,” making it more suitable for
potentially impaired clinical populations such as
individuals who are HIV+.

We examined the neurobiological effects of
HIV and aging on 5 functionally defined brain
networks in HIV+ and HIV— participants
using rs-fcMRI. We hypothesized that HIV
and aging would independently affect rs-fcMRI
brain networks.

METHODS Patient characteristics. A total of 111 partici-
pants provided consent and had a clinical examination, NP test-
ing, and neuroimaging. This cohort included 58 HIV— controls
and 53 HIV+ participants. Twenty-three of the HIV+ individ-
uals (40%) were taking HAART, and all of these participants
were on a stable regimen for at least 6 months before enrollment.
Individuals with a history of other neurologic illnesses, major
psychiatric disorders, or active substance abuse were excluded
from participation. The serologic status of all HIV+ individuals
was confirmed by documented positive HIV enzyme-linked
immunoassay and Western blot or detection of plasma HIV
RNA by PCR. All HIV+ participants had laboratory evaluations
(plasma CD4 cell count and plasma HIV RNA viral load [VL])

performed within 3 months of imaging.

Assessment for active substance use. To assess active sub-
stance use, urine was collected from each subject and tested for
the presence of marijuana, cocaine, opiates, methamphetamines,
barbiturates, benzodiazepines, and phencyclidine. Oral history
was obtained with all participants asked to disclose frequency and
magnitude of use of any of these drugs within the last 6 months.
We defined an individual as substance positive (substance+) if
either assessment revealed substance use. Within the HIV+ group,
13 subjects were substance+ and 35 were substance—. Substance

use was predominantly marijuana.

Standard protocol approvals, registrations, and patient
consents. This study was approved by the Institutional Review
Board at Washington University in St. Louis. All participants
were consented according to the Institutional Review Board pro-
tocol. The recommendations of the Strengthening the Reporting
of Observational Studies in Epidemiology criteria were followed

whenever applicable.®

Neuropsychological evaluation. A common battery of NP
tests (including Trail Making Tests A and B, the Hopkins Verbal
Learning Test, and Symbol Digit Modalities Test) was adminis-
tered. These tests examine multiple cognitive domains and have
been used for diagnosing neurocognitive impairment.” Raw test
scores from each test were standardized by using demographic-
adjusted normative means.® A standardized z score was calculated

by subtracting the appropriate normative mean from the raw score

and then dividing by the normative SD for each test. Averaging

z scores for each of the tests yielded a summary z score (NPZ-4).

Image acquisition. All imaging was performed using a 3.0-tesla
Tim-Trio scanner (Siemens, Erlangen, Germany) equipped with
the standard 12-channel head coil. A high-resolution, 3-dimensional,
sagittal, T1-weighted, magnetization-prepared rapid gradient echo
scan (MPRAGE) was acquired (echo time [TE] = 16 milliseconds,
repetition time [TR] = 2,400 milliseconds, inversion time = 1,000
milliseconds, flip angle = 8°, 256 X 256 acquisition matrix,
1 X 1 X 1 mm voxels). In addition, a 2-dimensional multislice
oblique axial spin density/T2-weighted fast spin echo (FSE) scan
was obtained (TE = 455 milliseconds, TR = 3,200 milliseconds,
256 X 256 acquisition matrix, 1 X 1 X 1 mm voxels). rs-fcMRI
scans were collected using a gradient spin-echo sequence (TE = 27
milliseconds, TR = 2.2 seconds, 64 X 64 acquisition matrix,
flip angle = 90°) that was sensitive to the BOLD contrast
(T2* weighting). A total of 36 contiguous, 4.0-mm-thick slices
were acquired parallel to the anterior commissure/posterior commis-
sure plane. Each participant had two 6-minute rs-fcMRI scans. Dur-
ing rs-fcMRI scans, participants were instructed to fixate on a visual

cross-hair.

Preprocessing of rs-fcMRI. rs-fcMRI preprocessing followed
methods described previously.” Briefly, this included compensa-
tion for slice-dependent time shifts, elimination of systematic
odd-even slice intensity differences caused by interleaved acqui-
sition, and rigid body correction for head movement within and
across runs. Data were intensity scaled (1 multiplicative factor
applied to all voxels of all frames within each run) to obtain a
mode value of 1,000." This scaling facilitated assessment of
voxel-wise variance for purposes of quality assurance (QA) but
did not affect computed correlations. Atlas normalization was
achieved by computing 3 affine transforms with rs-fcMRIs
aligned to the FSE; the FSE images aligned to each individual’s
MPRAGE and the MPRAGE aligned to a group atlas. The re-
sulting 3 affine transforms allowed for transformation of the orig-
inal rs-fcMRI data to 3-mm? atlas space. Head-motion correction
was included in this resampling step.

Additional preprocessing in preparation for correlation map-
ping included spatial smoothing (6-mm, full-width, half-maximum
Gaussian blur in each direction), voxel-wise removal of linear trends
over each rs-fcMRI scan, and temporal low-pass filtering that
retained frequencies below 0.1 Hz. Spurious variance was reduced
by regression of nuisance waveforms derived from head-motion
correction with the time series extracted from regions (of noninter-
est) in white matter and CSE."" The whole-brain average time series

was also removed as a nuisance regressor.'?

Quality assurance. QA measures included analysis of root
mean square of head displacement (in millimeters) derived from
motion correction and the voxel-wise time series SD averaged
over the whole brain."" QA-based exclusion criteria were empir-
ically determined with the objective of maximizing the number of
included subjects while achieving QA parameter distribution
equivalence across groups. If the SD of the mean rs-fcMRI signal
for an individual was >2.2% (after nuisance regression) or if the
root mean square movement exceeded 2 mm, then the individual
was excluded from further analysis. A total of 1 HIV— and 6

HIV+ individuals were removed because of excessive movement.

Postprocessing of rs-fcMRI. A library of 36 previously defined
regions of interest (ROls) spanning 5 distinct functional networks
(DMN, DAN, CON, SAL, and SMN) was used.>'? Statistical
tests of rs-fcMRI correlations were computed after applying

Fisher z transformation:
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to the computed Pearson correlation coefficients, yielding approx-
imately normally distributed values. Next, cross-correlation matri-
ces were constructed between the 36 ROIs for each subject. As
in the case of the whole-brain correlations, Pearson correlation
coefficients were Fisher z-transformed. Within-network (intranet-
work) correlation average composite scores were computed for
each of the 5 networks. For instance, the composite DMN score
for a subject k was computed as:

CMN = (Zijo)s je pmn @

where i and j refer to an ROI pair. Between-network (internetwork)
correlation average composite scores were computed similarly for each
subject for each of the 10 possible between-network composites.
Differences in inter- and intranetwork composite scores were
assessed using a 1-way analysis of covariance (ANCOVA) with
HIV status and sex included as cofactors. The independent effects
of age and HIV serostatus on rs-fcMRI outcomes were determined
for inter- and intranetwork correlations. If no interaction between
HIV and age on the composite value was observed, an additive
model was used. All results were corrected for multiple comparisons
using a false discovery rate threshold of 0.05. Intranetwork compos-
ite scores were corrected for 5 comparisons. Internetwork compos-
ite scores were corrected for 10 comparisons. The effect size was
computed as the regression effect divided by the residual SD.
The age-equivalent effect of HIV infection was determined by
dividing the HIV effect size by the yearly effect size of age. The

age effect was expressed per 10 years of aging for comparison.

RESULTS A total of 52 HIV+ and 52 HIV— par-
ticipants were included in the final analysis. The 2
groups were similar in age distribution. However, the
HIV— cohort had significantly fewer males and was
more educated (table 1). Some of the HIV+ partic-
ipants (n = 12) were impaired on simple neuropsy-
chological examinations (NPZ-4) but no participant
met criteria for dementia.’

The right lateral parietal (rLP) cortex, a node of the
DMN, was used as a seed region to compare correla-
tion patterns for HIV+ and HIV— subjects. Studies
have shown HIV-associated functional deficits in this

14,15

region.'*" rs-fcMRI maps were produced by comput-
ing the z-transformed Pearson correlation coefficient
() between the time series extracted from this ROI
and all other brain voxels (figure 1, A and B). Patients
who were HIV+ had a loss of positive resting-state
correlations between the rLP cortex and other DMN
nodes including the medial prefrontal cortex (green
oval) and the posterior cingulate cortex (blue oval).
In addition, participants who were HIV+ had a loss
of negative correlations between the rLP cortex and
more anterior portions of the LP that comprise the
SAL network (red circles) (figure 1C).

Based on the loss of correlations within the DMN

and reduction in negative correlations within task-
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positive regions (SAL), additional networks were
explored. Average matrices for each group were com-
puted representing pairwise correlations among the
36 ROIs (figure e-1 on the Neurology® Web site at
www.neurology.org). Intranetwork correlations are
arrayed in blocks along the diagonal, whereas internet-
work correlations appear in off-diagonal cells. Internet-
work correlations may be positive or negative (negative
rs-fcMRI correlations are called anticorrelations).
Although correlation patterns appeared to be similar
between groups, subtraction of the average group
matrices revealed an effect of HIV on correlation
strength between nodes from particular networks
(figure e-1C). In the subtraction matrix, warmer hues
within the DMN, CON, and SAL network represent a
loss of positive correlations within network. Cooler
hues within the DAN suggest that some intranetwork
rs-fcMRI correlations may be higher in HIV+ com-
pared with HIV— individuals. However, this increase
did not result in a significantly higher DAN composite
score. For the off-diagonal internetwork correlations in
the subtraction matrix, cooler hues between DMN and
DAN and between DMN and SAL represent a loss of
negative correlations between anticorrelated networks.
Cooler hues between CON and SAL represent loss
of positive internetwork correlations between these
networks.

To quantify observed changes within brain net-
works, we computed both intra- and internetwork com-
posite scores. After correcting for multiple comparisons,
intranetwork correlation values were diminished in
HIV+ participants compared with HIV— controls
within the DMN (» = 0.01), CON (p = 0.02), and
SAL network (p = 0.02). After correcting for multiple
comparisons, internetwork correlations were lost in the
DMN-DAN composite (p = 0.02), with trending loss
in DMN-SAL (» = 0.1) and CON-SMN (» = 0.1)
composites. A trending increase in positive internetwork
correlations was seen in CON-SAL (p = 0.1) (figure 2).

We assessed whether observed changes in brain net-
works were associated with either common laboratory
markers of HIV infection or NP measures of cogni-
tion. Of the 3 intranetwork and 4 internetwork rela-
tionships that showed an HIV effect, none was
associated with plasma markers (i.e., log HIV VL or
CD4 cell count) (table e-1). These rs-fcMRI measures
were also similar in HIV+ participants with (n = 12)
or without (n = 40) cognitive impairment. The pres-
ence of HAART did not affect composite scores
because patients who were HIV+ and receiving
HAART (n = 23) had similar rs-fcMRI measures to
individuals who were HIV+ but HAART naive (n =
29). In addition, active substance use did not affect
correlations because patients who were HIV+ and
substance+ (n = 13) had similar rs-fcMRI measures
to those who were substance— (n = 35) (table e-1).



Table 1
HIV- subjects

Demographics
Age, y, +SD
Sex, % male
Education, y, +SD
% taking HAART
% substance+

Laboratory values

Log plasma viral load, median (IQR)
CD4 cell count, cells/mm3, median (IQR)

Nadir CD4 cell count, cells/mm?3, median (IQR)

Median NPZ-4, =SD

Laboratory and neuropsychological performance values for HIV+ and

HIV+ (h = 52) HIV-(n=52) p Value
41 = 14 44 + 14 0.35
90 51 <0.001
14 = 2 15 £ 3 0.03
44 NA

25 NA

2.5(1.7, 4.0) NA

377(291,616) NA

260 (116, 386) NA

-048 +1.0 0.19 + 0.73 <0.01

Abbreviations: HAART = highly active antiretroviral therapy; IQR = interquartile range;
NA = not applicable; NPZ-4 = composite neuropsychological z score.

Each of the 3 intranetwork and 4 internetwork
relationships showing an HIV effect was regressed on
age and corrected for sex for both HIV+ and HIV—
participants. HIV and aging both caused significant
decreases in rs-fcMRI intranetwork composite values
within the DMN (figure 3A) and SAL network (figure
3B). The same age and HIV effects were seen in the
internetwork composite DMN-SAL (figure 3C). In an

[ Figure 1 DMN rs-fcMRI connectivity (HIV-) — (HIV+) ]

Whole-brain blood oxygen level-dependent resting-state functional connectivity (rs-fc) cor-
relation maps using the right lateral parietal cortex as a seed region: (A) HIV uninfected
(HIV=), (B) HIV infected (HIV+), and (C) difference between HIV— and HIV+ subjects. Using
a threshold of p < 0.01 and a voxel cluster size of 5, a reduction in functional correlations
was seen within default mode network (DMN) regions including the medial prefrontal cortex
(green oval) and posterior cingulate cortex (purple oval; DMN). A loss of anticorrelations was
seen in anterior portions of the right lateral parietal cortex belonging to the salience network

(red circles).

ANCOVA model,
between HIV and aging. HIV contributed to greater

no interaction was observed
decreases in rs-fcMRI than aging. The decreases in rs-
fcMRI caused by HIV were equivalent to decreases
caused by 30 to 40 years of aging (table 2).

DISCUSSION This work investigated the effects of
HIV and aging on brain functional networks using
rs-fcMRI. Resting-state functional connectivity was
largely diminished in intra- and internetwork connec-
tions known to be affected by aging and neurodegener-
ative disorders.”'® Observed loss of correlation strength
did not correlate with plasma laboratory markers of
disease (log HIV VL or CD4" cell count), degree of
cognitive impairment, or HAART use. In addition,
resting-state functional connectivity within particular
networks was lower in HIV+ individuals than HIV—
controls, but decreased at the same rate as a function of
age for both groups. Our results suggest that HIV may
lead to patterns of degradation in brain function similar
to those associated with advancing age, possibly placing
older patients who are HIV+ at an increased risk for
developing cognitive impairment.

The etiology of observed decreases in rs-fcMRI
networks due to HIV remains unknown, but existing
pathology and neuroimaging studies inform this ques-
tion. HIV enters the brain through infected monocytes,
which trigger an inflammatory release of cytokines,
neurotoxins, and toxic viral proteins.'” This inflamma-
tory response can cause synaptic neuronal pruning and
lead to an overall decrease in neuronal function.® We
hypothesize these changes in neuronal structure could
diminish glutamate cycling,” reducing metabolic
demand.”® A tight coupling exists between metabolic
demands and cerebral blood flow that could explain
observed HIV-related reductions in both resting cere-
bral blood flow*'** and rs-fcMRI.

In the pre-HAART era, pathologic changes were
primarily observed within subcortical brain structures.
Associated cognitive deficits included psychomotor
slowing, diminished concentration, and mood changes.*
However, the introduction of HAART has greatly
altered the clinical presentation of HAND. Cortical
abnormalities have been described® in recent years with
deficits observed in verbal memory, executive control,
and attention. Our current results using rs-fcMRI
complement existing NP and neuroimaging studies.
Neuroimaging methods such as volumetric measure-
ment,”* magnetic resonance spectroscopy,’ arterial
spin labeling,"** and BOLD functional imaging'4*
have demonstrated that HIV causes cortical changes
even in the HAART era.

HIV also causes alterations within resting net-
works (DMN, CON, and SAL), possibly helping to
explain reported cognitive impairments. The DMN
is thought to be involved in using past experiences

Neurology 80 March 26, 2013 1189



[ Figure 2 Intra- and internetwork rs-fcMRI connectivity (HIV-) — (HIV+)

0.4+

0.2

0.07

-0.2+

Network composite correlation

-0.4-

*%

Intra-network correlations

ek

DMN-
DAN

B HIV+
B HIV-

Inter-network correlations

SAL

CON-
SMN

Intranetwork composite correlation values for each of the 5 major networks (DMN, DAN, CON, SAL, SMN) were computed
for each HIV-infected (HIV+) (red) and HIV-uninfected (HIV—) (blue) subject by averaging all within-network correlation pairs
for each network. Internetwork composite scores were computed by averaging between-network correlation pairs. * Sig-
nificant effects (p < 0.05). * Trend-level (p < 0.1) effects. Among the intranetwork composites, DMN (p = 0.006), CON (p =
0.005), and SAL (p = 0.03) showed significant decreases between the 2 groups. Among the internetwork composites,
DMN-DAN (p = 0.02), and trending loss in DMN-SAL (p = 0.1), SAL-CON (p = 0.1), and CON-SMN (p = 0.1). A trending
increase in positive internetwork correlations was observed in CON-SAL (p = 0.1). CON = control network; DAN = dorsal
attention network; DMN = default mode network; rs-fcMRI = resting-state functional connectivity MRI; SAL = salience;

SMN = sensorimotor network.

[ Table 2 Effect of HIV on rs-fcMRI correlations

Effect of factors on network

correlation (95% CI)?
DMN intranetwork composite
HIV infection —0.053 (-0.019, —0.087)
Age, per 10 y —-0.013 (-0.001, -0.025)
HIV by age interaction
SAL intranetwork composite
HIV infection —0.064 (-0.013, —-0.115)
Age, per 10 y —0.026 (—0.008, —0.044)
HIV by age interaction
DMN-SAL internetwork composite
HIV infection 0.036 (0.02, 0.07)
Age, per 10 y 0.02 (0.008, 0.032)

HIV by age interaction

Effect size d (95% ClI)

0.61 (0.22, 1.00)
0.16 (0.02, 0.29)

0.49 (0.10, 0.89)
0.20 (0.06, 0.34)

0.42(0.23, 0.81)
0.20 (0.06, 0.34)

p Value
0.002°
0.002
0.027
0.930
0.002°
0.014
0.005
0.934
0.004¢
0.036
0.005
0.480

R?, % F2, 101
11.60° 6.63°
11.30°¢ 6.46°
8.46¢ 5.76¢

Abbreviations: ANCOVA = analysis of covariance; Cl = confidence interval; DMN = default mode network; rs-fcMRI = resting-state functional connectivity

MRI; SAL = salience.

2The effects of age and HIV status on brain network rs-fcMRI. The absence of a significant interaction between age and HIV indicates that age and HIV had
additive effects on the outcome. Age and HIV were adjusted for each other. For each outcome and factor, a group difference (and 95% Cl), Cohen d effect
size (and 95% Cl), p value, and R?, the proportion of variability explained by the model, were computed. The p values are from the F test of regression.

b Represents summary statistic for ANCOVA model of DMN co

mposite.

°Represents summary statistic for ANCOVA model of SAL composite.
9Represents summary statistic for ANCOVA model of DMN-SAL composite.
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Independent effects of HIV and aging
on rs-fcMRI correlations

Figure 3
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Parallel best-fit lines with differing intercepts model the ef-
fects of HIV and aging on intranetwork composite correla-
tion value in both (A) the default mode network (DMN) and

to plan for the future and navigate social interac-
tions®; the SAL network may provide emotional
stimuli to neural systems'; and the CON network
may assist in selecting a proper response to an array of

!¢ Detailed neuropsychological studies in

possibilities.
HIV+ individuals have reported deficits in working
memory (engaging CON), prospective memory
(engaging DMN), and emotional-conflict processing
(engaging SAL).>”~*° It may be that loss of functional
connectivity within the DMN, SAL, and CON
undermines the ability of an individual who is HIV+
to successfully process and integrate various external
and internal stimuli.?®

Additionally, although the regional specificity of
HIV impact at the molecular level in the neocortex
remains to be fully elucidated, recent molecular evi-
dence does suggest that HIV may show some prefer-
ence for DMN, CON, and SAL. HIV affects the
dorsolateral prefrontal regions important for CON
processing,® temporal areas important for SAL pro-
cessing,”' and middle frontal and posterior cingulate
areas important for DMN processing.**** It may be
that HIV reduces intranetwork integrity by affecting
important hub regions.

HIV may also affect correlations between networks.
Internetwork relationships have been hypothesized
to reflect the brain’s ability to integrate information
between opposing networks while coordinating net-
work-level competition for limited brain resources.**
Regions from the DMN are thought to form a cross-
network integrating and coordinating center.® Our
observed loss of intranetwork correlation in the DMN
suggests that this integrating role might be deterio-
rated in HIV, possibly causing wider dysfunction in
the internetwork coordination of other highly cross-
connected networks such as DAN, SAL, and CON.

The multinetwork decrease in intra- and internet-
work rs-fcMRI observed in HIV+ patients suggests
that the virus may cause large-scale disruption of cor-
tical communication similar to that seen in other neu-
rodegenerative disorders.*® rs-fcMRI studies of patients
with Alzheimer disease have demonstrated a whole-brain
loss of inter- and intranetwork correlations (although,
notably, increased correlations have been observed in
the SAL network in Alzheimer disease).”” We only
observed reductions in intranetwork functional con-
nectivity in our cohort of HIV+ participants, although
we did see a trending increase in positive internetwork

relationship in CON-SAL.

(B) the salience (SAL) network showing that the effects of
HIV and aging are independent for each network. (C) Similar
lines model the independent effects of HIV and aging on in-
ternetwork DMN-SAL anticorrelation. For all composite val-
ues, the magnitude of functional correlations diminishes
toward zero (dashed line) due to HIV and aging. However,
no interaction was seen between HIV and aging.
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Additive effects of HIV and aging were observed
in rs-fcMRI measures of the DMN and SAL. These

14,19,22 and

results complement recent neuroimaging
neuropsychological® studies demonstrating that inde-
pendent decreases in brain function occur with HIV
and aging. The networks in which we observed inde-
pendent effects of HIV and aging (DMN and SAL)
are among the networks thought to be most affected
by aging and neurodegenerative disorders.’” We
extend existing research on rs-fcMRI in aging by
showing that the internetwork relationship between
DMN and SAL also disintegrates with both age and
HIV. Thus, available evidence suggests that HIV may
lead to an advanced-age, brain-function phenotype.
Our results extend previous studies that have sug-
gested that HIV can cause premature aging in multi-
ple organ systems,*® including the brain.*” However,
the effects of HIV and aging may be differentiable
because aging has been shown to lead to increases in
functional connectivity in the SMN, where we
observed no significant changes in the SMN compos-
ite in individuals who were HIV+.%

Our analysis has limitations. The generalizability
of our results is somewhat limited because of sex dif-
ferences between the HIV— and HIV+ groups.
Although corrections were performed to control for
possible differences because of sex, a larger cohort of
HIV+ females is required.

We performed only a limited NP battery that pro-
vides a gross assessment of overall performance. A more
complete battery may show associations between rs-
fcMRI and particular tests. Although substance use
was not observed to affect rs-fcMRI measures, a more
carefully controlled study of possible substance effects
is needed. The observation that plasma VL and HAART
status did not modulate functional connectivity is lim-
ited by 3 factors. First, we did not collect VL in the
CSF. Plasma VL may not adequately reflect changes that
occur in the brain. Second, this study did not examine
the effects of CNS penetrating effectiveness of HAART
regimens. Finally, this study is cross-sectional. A longitu-
dinal study assessing CSF VL and CNS penetrating
effectiveness may better assess the effects of HAART
intervention.

We primarily observed a loss in resting-state corre-
lations within and between particular networks due to
HIV. HIV and aging effects were independent of each
other, suggesting that HIV prematurely ages the brain
and possibly increases susceptibility to neurodegenera-
tive disorders. rs-fcMRI may be able to both assess
early changes in brain function caused by HIV and
influence treatment strategies targeted to the brain.
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