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Abstract

Antiretroviral therapies have become widely available, and as a result, individuals infected with the human im-
munodeficiency virus (HIV) are living longer, and becoming integrated into the geriatric population. Around half
of the HIV + population shows some degree of cognitive impairment, but it is unknown how their neural net-
works and brain connectivity compare to those of noninfected people. Here we combined magnetic resonance
imaging-based cortical parcellations with high angular resolution diffusion tensor imaging tractography in 55
HIV-seropositive patients and 30 age-matched controls, to map white matter connections between cortical re-
gions. We set out to determine selective virus-associated disruptions in the brain’s structural network. All indi-
viduals in this study were aged 60-80, with full access to antiretroviral therapy. Frontal and motor
connections were compromised in HIV + individuals. HIV + people who carried the apolipoprotein E4 allele
(ApoE4) genotype—which puts them at even greater risk for neurodegeneration—showed additional network
structure deficits in temporal and parietal connections. The ApoE4 genotype interacted with duration of illness.
Carriers showed greater brain network inefficiencies the longer they were infected. Neural network deficiencies in
HIV + populations exceed those typical of normal aging, and are worse in those genetically predisposed to brain
degeneration. This work isolates neuropathological alterations in HIV + elders, even when treated with antiretro-
viral therapy. Network impairments may contribute to the neuropsychological abnormalities in elderly HIV pa-
tients, who will soon account for around half of all HIV + adults.
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Introduction

INFECTION WITH THE human immunodeficiency virus (HIV)
is a growing clinical complication in geriatric medicine.
Approximately one-quarter of all HIV+ patients in the
United States were over age 50 in 2005, a sharp increase
from 17% in 2001 (CDC, 2007), with further increases
expected. Since combination antiretroviral therapy (cART)
became widely available, many sufferers of this viral epi-
demic are now living longer and more productive lives.
Even so, the virus crosses the blood-brain barrier soon after
infection (Gonzalez-Scarano and Martin-Garcia, 2005), en-
abling brain aberrations before patients show any signs or
symptoms of disease (Valcour et al., 2012). In the course of in-
fection, neuropsychological (NP) and cognitive deficits are
noted in around half of all HIV+ adults (Heaton et al.,
2010), in particular those with additional co-morbidities.
Despite advances in treatment, postmortem studies show

continued brain parenchymal infiltration of inflammatory
cells (Langford et al., 2003). In older individuals, there is a
concern that HIV may interact with the normal aging process,
as cognitive impairment is over twice as common in older
HIV + people as in younger people who have been ill for
the same amount of time (Valcour et al., 2004).

Brain mapping studies show thinner cortical gray matter in
HIV + patients (Thompson et al., 2005), and heavily affected
white matter regions (Jernigan et al., 2011). The myelinated fi-
bers that comprise the brain’s white matter conduct signals be-
tween these cortical regions as well as subcortical regions. The
relative levels of myelination and the degree of axonal packing
can affect the rate and integrity of regional communication.
In vivo diffusion-weighted magnetic resonance imaging (MRI)
scanning can help capture these changes by mapping the esti-
mated diffusion profile of water inside myelinated fibers. Dis-
ruptions in white matter integrity are seen in HIV + patients
with diffusion tensor imaging (DTI), and these changes are
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associated with cognitive decline (Tate et al., 2010) beyond that
which is expected during normal aging (Chang et al., 2008).
However, the way cortical regions in the brain are connected
and the relative degrees to which they relay information to
each other, or the brain’s structural network, has yet to be stud-
ied in HIV populations.

To understand patterns of network breakdown and factors
that affect it, we imaged 55 HIV + and 30 age- and sex-matched
HIV-seronegative individuals all aged 60-80. Through the use
of multimodal brain scanning, including high-resolution
anatomical images—to automatically extract functionally
specialized cortical regions to define the network—and high
angular resolution diffusion images (HARDI)—to trace the
neural pathways of myelinated white matter tracts throughout
the brain, we were able to map structural cortical connectivity
disruptions associated with elderly carriers of the HIV virus.
In our group of HIV+ patients, we expected to see altered
brain connectivity in the frontal and motor systems that are
typically impaired functionally and structurally. Moreover,
treatment complications, as well as genetic risk factors for neu-
rodegeneration, can precipitate neurological and cognitive de-
cline. Carriers of the apolipoprotein E4 allele (ApoE4) are at a
threefold increased risk for dementia, particularly Alzheimer’s
Disease (AD), and as a group, they show identifiable brain
deficits before the onset of clinical symptoms (Reiman et al.,
1996). In carriers of this risk gene, we hypothesized that neural
networks would be even further disrupted, depending on the
duration of infection.

Materials and Methods
Subject demographics

MRI, DTI, and clinical data were collected from HIV-
infected participants enrolling in a larger longitudinal study
of HIV, aging, and cognition at the Memory and Aging Cen-
ter, University of California in San Francisco (UCSF). All par-
ticipants were ambulatory and responded to advertisements
for an HIV cognitive study or were referred by clinicians.
Individuals with learning disabilities, major psychiatric or
neurological illness, current or past brain infection, major sys-
temic illness, or head injury with cognitive sequelae were ex-
cluded. There were 54 men and 2 women cases in total. All
subjects received routine medical care with access to cART.
Although not a requirement of the study, all but three sub-
jects were on cART at the time of cognitive assessment.
Among HIV + subjects, all but six had undetectable plasma
HIV RNA (defined as <400 copies/mL).

Age- and sex-matched HIV-negative individuals were se-
lected from existing healthy aging cohorts at the UCSF that
had all undergone the same imaging protocols as the HIV +
subjects. Controls were selected and imaged from a healthy
aging cohort from San Francisco. Controls and patients were
matched for sex and age as far as possible resulting in an
approximate two subject-to-one control matching overall. The
study was approved by the Institutional Review Boards of the
UCSF and the University of California at Los Angeles School
of Medicine. All participants signed informed written consent.

The NP test battery was completed by all patients to assess
multiple cognitive domains, including memory, executive
function, psychomotor speed, visuospatial skill, manual dex-
terity, and attention using the following tests: California
Verbal Learning Test-Il (16 item) trial 5, immediate and
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delayed recall trials, Story recall immediate and delayed re-
call trials, Benson Figure Copy and delayed recall, an internal
modified Trails (set shifting) test, Trails A and B tests, Stroop
color naming and interference trials, phonemic fluency with
D-words, digits forward and backward, Digit Symbol Modal-
ities test, Visual Object and Space Perception Battery,
Grooved pegboard test-dominant and nondominant hands,
and finger-tapping speed-dominant and nondominant
hands. Individual standardized z-scores were calculated in
a customary fashion using published normative data. For
the Grooved Pegboard tests, internal normative data (1n=38)
were used. A summary NP z-score was calculated as the
arithmetic mean of all individual z-scores.

Blood CD4+ lymphocyte counts and plasma HIV RNA
levels were measured at a clinical lab for subjects without
these measures within 3 months of their visit. As blood was
collected for HIV+ patients only, a further investigation
into their genetically determined dementia risk was con-
ducted, but the controls were not genotyped. ApoE was gen-
otyped real-time polymerase chain reaction (PCR) on an
Applied Biosystems 7900HT Real Time PCR machine using
TagMan SNP Genotyping Assay for rs429358 and rs7412
with identification numbers C__3084793_20 and C____
904973_10, respectively (Applied Biosystems, Foster City,
CA). The protocol was followed as outlined in the manufac-
turer’s instructions, and every assay was performed in dupli-
cate. In addition to a standard curve amplification protocol,
an allelic discrimination step was added to facilitate the con-
trast between the two alleles and their respective reporter
dyes. SDS version 2.3 software was used to analyze the sin-
gle-nucleotide polymorphism genotyping data. Nine out of
55 patients (16.4%) were carriers of the ApoE4 rs4420638 al-
lele. This is in line with the 0.163 G-minor allele frequency
reported from the 1000 Genomes Project for rs4420638 (http:
//ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs = 4420638).
A report on 1186 elderly subjects (of average age 72) also
found that 21.3% of individuals were carriers (of one or two
copies) of the risk allele (Crivello et al., 2010).

MRI data acquisition

All subjects underwent whole-brain MRI on a Siemens 3
Tesla TIM Trio scanner with a 12-channel head coil. T1-
weighted MP-RAGE sequences (240x256 matrix; field of
view (FOV)=256mm; 160 slices; voxel size=1.0x1.0x1.0
mm?; time to inversion =900 msec; repetition time (TR)=2300
msec; echo time (TE)=2.98 msec; flip angle=9°) and diffu-
sion-weighted images (DWI) (100x100 matrix; FOV =220
mm; 55 slices; voxel size=2.2x2.2x2.2 mm?; TR =8000 msec;
TE=109 msec) were collected; 65 images were acquired, one
by T2-weighted image with no diffusion sensitization and 64
DWI (b=2000 sec/mm?). All T1-weighted MR and DWI im-
ages were quality checked visually to ensure that scans
with excessive motion and/or artifacts were not included in
the study. One male subject and one control were removed
from the analysis as a result of image quality control, leaving
a total of 53 men and 2 women cases.

DWI preprocessing, cortical surface extraction,
and registrations

For each subject, all raw DWI volumes were aligned to the
by image (DTI volume with no diffusion sensitization) using
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FSL (www.fmrib.ox.ac.uk/fsl) to correct for head motion and
eddy current distortions. All extracerebral tissue was subse-
quently removed from the T1-weighted scans using ROBEX
(Iglesias et al., 2011) and from the DWI images using the
Brain Extraction Tool from FSL. To ensure alignment in
space, each T1-weighted image was linearly aligned to a stan-
dard template—the Colin27 (Holmes et al., 1998)—using
FSLs FLIRT with 9 degrees of freedom to account for transla-
tions, rotations, and scaling in 3D. To correct for echo planar
imaging (EPI)-induced susceptibility artifacts, which can
cause distortions at tissue—fluid interfaces, skull-stripped b,
images were linearly aligned and then elastically registered
to their respective T1-weighted structural scans using an in-
verse consistent registration algorithm with a mutual infor-
mation cost function (Leow et al., 2007). The resulting 3D
deformation fields were subsequently applied to the remain-
ing 64 DWI volumes before tensor calculations.

A single diffusion tensor was modeled at each voxel in the
brain from the corrected DWI scans using FSL. Fractional an-
isotropy maps were obtained from the resulting diffusion ten-
sor eigenvalues (41, 42, and A3) (Basser and Pierpaoli, 1996).

We automatically extracted 34 cortical labels per hemi-
sphere (Table 1) from Tl-weighted structural MRI scans
using FreeSurfer (http://surfer.nmr.mgh harvard.edu/).
Region 4 was not delineated in the 5.0 version of FreeSurfer,
and therefore all connections in those regions were not
considered. Tl-weighted images and cortical labels were
down-sampled using nearest neighbor interpolation (to
avoid intermixing of labels) to the space of the linearly regis-
tered DWIs. To ensure that tracts would intersect cortical la-
beled boundaries, labels were dilated with an isotropic box
kernel of 5x5x5 voxels.

Fiber tractography and matrix creation

At each HARDI voxel, orientation distribution functions
(ODFs) were computed using the normalized and dimension-
less ODF estimator, derived for Q-ball imaging (Aganj et al.,
2010). Global tractography was performed on the linearly
aligned sets of ODF volumes by probabilistically seeding vox-
els with a prior probability based on the fractional anisotro-
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phy (FA) value. Curves through a seed point receive a score
estimating the probability of the existence, computed from
the ODFs. We used a voting process provided by the
Hough transform to determine the best-fitting curves through
each point. Further details of the method may be found in
Aganj et al. (2011).

Elastic deformations obtained from the EPI distortion cor-
rection, mapping the average by image to the Tl-weighted
image, were then applied to the tracts’ 3D coordinates. Each
subject’s dataset contained ~ 20,000 useable fibers (3D curves),
nonduplicated tracts consisting of more than 5 traced points.
Fibers were drawn with a 0.2-voxel resolution, so 5 points
are equivalent to 1 voxel or 2mm in length; shorter fibers
were removed. We additionally removed any erroneous fibers
traced on the edge of the brain due to high-intensity noise.

For each subject, two full 68 x 68 connectivity matrices were
created: one describing the relative fiber density of connec-
tions, and another examining the average FA along the tracts
of the connections. In the case of the fiber density matrices,
each element described the estimated proportion of the total
number of fibers, in that subject, connecting each of the labels
in one region to those in the other. Fibers were counted in the
matrix if the fiber crossed a region or intersected two regions of
interest (ROIs). The mean FA along the tract was calculated,
and the values were stored in a new matrix whose elements
reflect the mean FA along each connection.

There are several reasonable ways to construct maps of an-
atomical connectivity—it is possible to define the edge weights
in various ways (Duarte-Carvajalino et al., 2012), and several
different parcellation schemes have been advocated and
used. Here we chose to study a set of nodes as defined by
the cortical regions in the standard and widely used Desi-
kan-Killiany atlas (Desikan et al, 2006). To define edge
weights for the connections between these regions, we chose
to use the proportion of fibers traveling between the regions,
as a fraction of the total number of fibers detected in the
brain. This definition leads to a symmetric matrix, and it also
can be used to highlight the aggregate fiber density emanating
from any particular ROI to all other regions being considered.

Additionally, to confirm that the connections we found to
be significantly different between patients and controls in our

TABLE 1. LisT OF THE CORTICAL LABELS EXTRACTED FROM FREESURFER

1 Banks of the superior temporal sulcus
2 Caudal anterior cingulate
3 Caudal middle frontal
4 Corpus callosum
5 Cuneus
6 Entorhinal
7 Fusiform
8 Inferior parietal
9 Inferior temporal
10 Isthmus of the cingulate
11 Lateral occipital
12 Lateral orbitofrontal
13 Lingual
14 Medial orbitofrontal
15 Middle temporal
16 Parahippocampal
17 Paracentral

18 Pars opercularis

19 Pars orbitalis

20 Pars triangularis

21 Pericalcarine

22 Postcentral

23 Posterior cingulate

24 Pre-central

25 Precuneus

26 Rostral anterior cingulate
27 Rostral middle frontal
28 Superior frontal

29 Superior parietal

30 Superior temporal

31 Supra-marginal

32 Frontal pole

33 Temporal pole

34 Transverse temporal
35 Insula
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analysis were due to loss of connecting fibers rather than dif-
ferences in fibers originating from any particular ROI (which
can be influenced by ROI size differences itself between
groups), a second normalization was performed such that
off-diagonal matrix elements were normalized by the number
of fibers that cross each of the individual connections, to con-
trol for the relative number of fibers in ROIs.

Therefore, if A(i,j) is the original fiber count matrix, for the
newly normalized matrix B, element (i,j),

A(,))

Al i) +AG, ) — AG, J)
that is, diagonal elements will be equal to 1, and off-diagonal
elements will be proportional to the total number of fibers in
each of the intersecting ROISs, rather than the total number of
fibers overall. This normalization will overcome the possibil-
ity that a region with larger fibers would influence the con-
nection. Note that this normalization will allow us to only
determine independent fiber effects within off-diagonal ele-
ments.

B(Z/]):

Calculation of network properties

At the nodal level, where each of the 68 cortical regions is
considered a node, we calculated the relative weighted (by
the density of fiber connections) number of regions each
ROI was directly connected to, that is, the strength of the
node, as well as local efficiency, using functions from the
brain connectivity toolbox (http://brain-connectivity-tool-
box.net/). Local efficiency declines with aging and dementia,
and is thought to measure the information processing capa-
bility (Pievani et al., 2011).

Statistical analysis

In anatomical connectivity analysis, different connections
vary in their ability to achieve sufficient statistical power to
detect differences in the population. This can be for a variety
of reasons, including the size of the regions of interest being
connected and the physical length of the connections between
the regions. For example, smaller regions may not have a sta-
ble or sufficient proportion of streamline fibers running
through them, and the resulting variance may make it more
difficult to pick up systematic statistical effects on those re-
gions and connections. Here, we aim to eliminate unneces-
sary testing on extremely low-powered connections by
ensuring that at least 50% of all subjects included in a statis-
tical test had fibers connecting the test region. Statistical anal-
ysis was performed on every matrix element for which at
least 50% of the subjects had a connection. To control for
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the multiple comparisons inherent in this work, we used
the standard false discovery rate (FDR; Benjamini and Hoch-
berg, 1995) procedure, setting the false-positive rate at
g=0.05. As all matrices in this analysis were symmetric,
FDR correction was performed on the diagonal and lower tri-
angular portion of the resulting p-value matrix.

Linear regression was performed simultaneously adjusting
for the linear effects of age and sex. The analyses were imple-
mented in the R statistical package (version 2.9.2; http://r-
project.org/) using the nlme library (Pinheiro and Bates,
2000).

We first considered a full multilinear model, including age,
sex, ApoE4 status, duration of HIV infection, the interaction
between age and ApoE4 status, and the interaction between
HIV duration and ApoE4 status. We started from the full
set of predictors and removed covariates that did not improve
the fit from the model step-by-step. As standard covariates,
age and sex were kept in the model. Log likelihoods of full-
versus-partial models were assessed with a y* test. A model
was considered to better fit the data if the difference in ¥° val-
ues between it and the more comprehensive model at the
previous step was not significant. If two models contained
the same number of parameters, the model with a smaller
%> value was considered the better one. Model selection
ended when the best model was achieved, that is, when all
possible more restricted models were not better than the
current model.

To assess the effect of joint variables, a partial F-test
method was used where the combined effects of the addi-
tional predictors (ApoE4 and ApoE4 by duration of HIV)
were assessed by comparing the full model (age, sex,
ApoE4, and ApoE4 by duration of HIV) to a partial model
with that of just sex and age alone.

Results

Patient demographics are shown in Table 2. Fifty-five
HIV + patients, aged 60-80 years, were compared to 30 age-
matched controls. Nine HIV patients were also carriers of
the ApoE4 risk allele, of whom one was homozygous (i.e.,
carried two copies of ApoE4). The HIV+ ApoE4 carriers
and noncarriers did not differ in age (p=0.43). All patients
and controls had at least a high school level of education,
but controls had on average slightly higher educational lev-
els. All but 6 HIV patients had undetectable viral loads.

Structural brain networks were computed from the brain
MRI scans and diffusion images, for patients and controls.
Networks were compared statistically to identify connections
that differed in the HIV + group versus controls. Deficits in

TABLE 2. SuBJECT DEMOGRAPHICS

HIV— HIV + p-Value
Total N (women) 30 (4) 55 (2) —
Age, years (SD) 65.3 (2.2) 64.0 (3.7) 0.08
Education, years (SD) 17.4 (2.1) 16.1 (2.2) 0.008
CD4+ T-cell count, nadir (SD) — 206.6 (190.1) —
Duration of infection, years (SD; N=>53) — 20.1 (6.4) —
ApoE4 carriers (non) — 9 (46) —

Fifty-five HIV + patients aged 60-80 were compared to 30 age-matched controls.
SD, standard deviation; ApoE4, apolipoprotein E4 allele; HIV, human immunodeficiency virus.
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the proportion of fibers were found for both the left and right
superior frontal cortex in HIV + patients compared to con-
trols. Patients also showed altered patterns of connections be-
tween the right superior frontal cortex and the right
precentral cortex, the right precentral cortex and the right
posterior cingulate, the right posterior cingulate and the left
superior frontal cortex, and the right inferior parietal cortex
and the right isthmus of the cingulate (Fig. 1). Furthermore,
the connection strength of each cortical region was also al-
tered. The strength of each node in a network is defined as
the number of other nodes it is connected to, in this case
weighted by the fiber density of each connection. After cor-
recting for multiple comparisons across all cortical regions,
HIV + subjects showed weaker connections to and from the
left paracentral, the left and right posterior cingulate, the
left and right superior frontal, and the right caudal anterior
cingulate cortices, all regions where cortical atrophy is prev-
alent in HIV. As mentioned previously, several studies
show white matter integrity differences between HIV patients
and controls in large white matter tracts. While we report dif-
ferences in the fiber densities of the connections shared by the
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majority of the cohort, we do not find FA differences along
the HARDI cortical connection fibers. Note that this does
not reflect whether there are white matter integrity differ-
ences in major tracts, but that the integrity along cortical con-
nections was not significant, in this case. Our HARDI
tractography was performed taking into account possible
shortcomings of the single-tensor model, while FA is a mea-
sure based on the diffusion tensor. These complementary
analyses offer an expanded explanation into the possible
differences in the anatomical network, as fibers may be
deteriorating, even in samples where FA-based measures of
integrity do not yet differ significantly between patients and
controls.

ApoE4 genotype in HIV +

We examined the effect of carrying at least one ApoE4 al-
lele (testing carriers vs. noncarriers as two groups) on fiber in-
tegrity measured along fibers connecting cortical regions.
Although there were relatively few carriers (N=9) compared
to noncarriers (N=46), significant differences were found.

uopodoud Jaqi4

FIG. 1. The proportion of fibers connecting cortical regions is altered in the presence of human immunodeficiency virus
(HIV). The average connectivity matrices for (A) 30 HIV — subjects and (B) for 55 HIV + participants are shown; (C) controlling
for effects of age and sex, HIV + participants show lower fiber densities in the left and right superior frontal cortices, and in the
connections between the right superior frontal cortex and the right precentral cortex, the right precentral cortex and right pos-
terior cingulate, the right posterior cingulate and left superior frontal cortex, and the right inferior parietal and right isthmus of
the cingulate. Tested connections (i.e., those present in >50% of individuals) are dark gray; (D) the significant intercortical con-
nections are shown again (blue lines). Nonsignificant tested connections are in black. The connection strength (defined as the
total fiber density of connections for each region) is significantly lower in the presence of the virus (green spheres) in the left
paracentral, the left and right posterior cingulate, the left and right superior frontal, and the right caudal anterior cingulate.
In the top view, the left hemisphere is shown on the left. Larger spheres indicate greater effect sizes (lower p-values).
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FIG.2. HIV + individuals who also carry a copy of the apolipoprotein E4 (ApoE4) Alzheimer’s disease risk allele (N =9) have
impaired cortical connections, compared to HIV + people who do not carry the ApoE4 risk allele (N=46). The connection be-
tween the right inferior and medial temporal gyri, as well as the connection between the left and right precuneus, shows sig-
nificantly reduced FA (shown as blue lines connecting those nodes). Also the local efficiency of the connections to and from the
left precentral gyrus, left precuneus, and right superior parietal cortices are significantly reduced (green spheres are proportional
in size to —log(p), the negative logarithm of the p-value of the association).

Carriers and noncarriers did not differ in mean age (p=0.43),
CD4 nadir T-cell count (p=0.41), RNA viral load (p=0.17), or
the summary NP z-score (p=0.70). The connection between
the right inferior and medial temporal gyri, as well as the con-
nection between the left and right precuneus, showed signif-
icantly lower FA (Fig. 2). The mean FA in the right inferior
temporal lobe and the right precuneus was also significantly
lower in the ApoE4 carriers. Additionally, we computed the
local efficiency for each cortical region. The efficiency of the
left precentral gyrus, left precuneus, and right superior pari-
etal cortices was significantly impaired in the HIV + group.
We found no effect of the interaction of ApoE4 and age in
our population.

ApoE4 and HIV infection duration

Self-report of the duration of infection was available for
53/55 subjects (all but two ApoE4 noncarriers). Duration
alone had no statistical effect on the connectivity pattern,
but the ApoE4 status interacted with the duration of HIV in-
fection to significantly alter the connectivity pattern.

When analyzed jointly, the ApoE4 status and its interaction
with duration of HIV infection together showed associations
with the integrity in connections between the left supramargi-
nal and precentral cortex, the left supramarginal cortex and
left insula, and the right isthmus of the cingulate with the pos-
terior cingulate. Additionally, the mean fiber integrity within
the tracts of right superior temporal cortex and in the supra-
marginal cortex also showed an effect of ApoE4. The nodal ef-
ficiency of the left precentral gyrus, the left precuneus, left
superior temporal cortex, and the right superior parietal,
and right supramarginal cortices. These regions are shown
in Figure 3A.

Individually, as seen in Figure 3B, the interaction term
(when controlling for the main effect of ApoE4) additionally

showed reduced fiber integrity for the connection between
the left supramarginal cortex and the precentral cortex. The
FA and nodal efficiency are also reduced in the right supra-
marginal cortex.

For tests performed within the HIV + population, we find
no differences in the density of fibers within the group or the
strength of the connections, yet the integrity of the connec-
tions as indexed by FA is compromised along with the corre-
sponding efficiency.

Discussion

In this study, we use advanced imaging techniques to map
the cortical network in older HIV + patients and age-matched
controls. We define this structural network as the density and
integrity of white matter connections between cortical re-
gions. As compared to the aged-matched HIV- population,
we found a broad disruption in brain connectivity in older in-
dividuals infected with the virus. Fiber concentrations were
compromised mainly in frontal and motor regions. As
ApoE4 is the greatest genetic risk factor for dementia, we fur-
ther compared HIV + individuals with this genotype to those
noncarriers. We found that those who also carry the ApoE4
risk allele showed additional network deficits in temporal
and parietal regions. Upon further investigation, we found
that the ApoE4 genotype interacted with of the duration of
HIV infection, with greater network deficits in ApoE4 carriers
with prolonged viral infection, suggesting continual interac-
tion of the virus and the gene.

Histological studies find lower neuronal concentrations in
cortices of individuals who died with HIV infection com-
pared to seronegative individuals (Everall et al., 1991).
While a recent study of functional connectivity in HIV + indi-
viduals suggested altered occipital lobe connectivity (Wang
et al., 2011), in our older cohort, cortical connectivity was
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(A) ApoE4 status and its interaction with HIV duration together show associations with the integrity in connections

(blue lines) between the left supramarginal and precentral cortex, the left supramarginal cortex and left insula, and the right
isthmus of the cingulate with the posterior cingulate. The mean fiber integrity of the tracts of the right superior temporal cortex
and supramarginal cortex also show ApoE4 effects. The nodal efficiency (green spheres) of the left precentral gyrus, the left pre-
cuneus, left superior temporal cortex, and the right superior parietal and right supramarginal cortices, additionally show a
reduction when jointly evaluating ApoE4 and the interaction between ApoE4 and the self-reported duration of infection.
(B) Individually, the interaction term (when controlling for the effect of ApoE4) showed reduced fiber integrity in the connec-
tion between the left supramarginal cortex and the precentral cortex. The FA and efficiency are also reduced in the right supra-
marginal cortex. Larger spheres are associated with greater effect sizes (lower p-values). The left hemisphere is colored blue-

green, and the right hemisphere is colored red-yellow.

altered in more frontal-parietal regions, consistent with the
known profile of cortical atrophy in HIV (Fig. 1). This finding
is congruent with cortical thinning patterns (Thompson et al.,
2005) and reduced cortical volumes (Cohen et al., 2010) in
younger HIV + cohorts. In HIV, the frontal lobes are impli-
cated as a major region of altered white matter structure
(Pomara et al., 2001), biochemical composition (Lopez-
Villegas et al., 1997), and as a contributor to several cognitive
impairments, such as impaired concentration and motor con-
trol. Premotor cortex and superior frontal cortices showed im-
paired connectivity here. In our connectivity analysis here,
we specifically find that the superior frontal cortices them-
selves show deficits in the number of fibers that cross the re-
gions (results lying on the matrix diagonal) in addition to
fibers connecting to other brain regions (off-diagonal ele-
ments). Results on the diagonal may suggest that the specific

region may be particularly harmed in the disease, confirming
results from prior studies; yet, through connectivity analysis,
we can further map the connecting regions of the brain most
altered by the marked anatomical decline in these regions.
Deficits in the ability of these regions to relay signals and
communicate may contribute to the behavioral and cognitive
symptoms observed in this population.

The corpus callosum, the primary white matter structure
connecting the two brain hemispheres, shows thinning
(Thompson et al, 2006) and altered integrity (Wu et al.,
2006) in the presence of HIV infection. In our study, inter-
hemispheric connections were impaired between the left
and right superior frontal cortices, and altered white matter
structure in the corpus callosum may underlie some of the
frontal deficits and connectivity disruptions prevalent in the
HIV + population.
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As well as evaluating element-wise cortical connections, hi-
erarchical network measures can examine brain networks on a
more global scale to reveal differences and variations within a
population (Duarte-Carvajalino et al., 2012). Nodal efficiency
in particular—which may measure information processing ca-
pability (Pievani et al., 2011)—declines with aging and demen-
tia, especially in the frontal and temporal regions (Wen et al.,
2011). Structural (Lo et al., 2010) analyses also report poorer
local efficiency in elderly individuals with AD.

Several genes are expressed differently in the HIV-
seropositive cortex (Masliah et al., 2004). Patients with HIV-
associated dementia differentially express some proteins in
metabolic pathways critical for the pathogenesis of AD
(Zhou et al., 2010). This altered profile of gene expression
may increase dementia risk in HIV+ individuals, but it is
largely unknown which brain networks are disrupted, and
whether network alterations differ from those typical of nor-
mal aging. As studies of the connectome are just becoming
feasible, with advances in brain scans that can reconstruct
neural pathways and their connections, we were able to
map the connections in elder HIV + individuals to determine
how the viral interaction with genetic risk factors for demen-
tia combine to alter brain wiring. Even so, much debate sur-
rounds the validity of fiber counts as a measure of
anatomical connectivity. Fiber counts derived from diffusion
images are not in themselves a measure of connection
strength, and they offer an indirect, surrogate measure of
true anatomical fiber connectivity—which cannot be mea-
sured directly when people are alive (and not in a large post-
mortem population, for that matter). This measure of fiber
distribution is found to highlight meaningful differences in
this study. Limitations of diffusion-based assessments of con-
nectivity and other methods are discussed further in (Jbabdi
and Johansen-Berg, 2011).

In this study, we examined the efficiency of each cortical
region as a function of a primary dementia risk factor, the car-
riers of the ApoE4 allele, within the HIV + population and
found significant reductions in efficiency in carriers, despite
the fact that no overall NP differences were observed between
genotype groups. Additionally, we found that the altered
brain connectivity network further correlated with the inter-
action between the duration of infection and the genotype,
suggesting that lengthened viral and genetic interactions con-
tinually lead to the degrading of connections within the brain.
However, our study is limited in the number of subjects
where a genotype by disease duration effect was found,
and these results should be verified in further studies.

Age-associated brain changes may contribute to cognitive
decline as HIV+ patients get older. Some pathological
changes in the brains of HIV + people are caused by indirect
mechanisms, not by the virus directly (Gonzalez-Scarano and
Martin-Garcia 2005). In a recent independent study of struc-
tural connectivity in carriers of the ApoE4 allele (Brown
et al., 2011), disrupted cortical connections were found in re-
gions overlapping with those found here. In our study, the
mean FA in fibers along the right inferior temporal cortex
and those along the fibers of the right precuneus were signif-
icantly lower in carriers than noncarriers. Despite differences
in methods, Brown et al. (2011) found that regions, includ-
ing the precuneus and inferior temporal gyrus, exhibited
significant age-by-ApoE4 interactions when examining clus-
tering coefficient across the network. We did not find an
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age-by-ApoE4 interaction in our study, possibly due to the
narrower age range. However, the repeated associations of
these same cortical regions to this risk gene may confirm
the role that the precuneus and temporal regions play in the
genetic risk for dementia. Lower fiber integrity in these re-
gions may also underlie some of the deficits found in func-
tional connectivity studies for ApoE4 carriers (Sheline et al.,
2010).

The supramarginal gyrus in the parietal lobe is repeatedly
implicated in cases of dementia. Neurofibrillary tangles and
neuronal loss in the region are correlated with intellectual sta-
tus in elderly women (Grignon et al., 1998). The volume of the
supramarginal gyrus declines in ApoE4 carriers as they con-
vert from mild cognitive impairment to AD (Spampinato
et al., 2011). In a diffusion-based study, the regions underly-
ing the gyrus showed suggestive negative associations be-
tween FA and age in HIV patients (Gongvatana et al.,
2011). Brown et al. (2011) also found a significant genetic ef-
fect in the supramarginal gyrus. Here, the duration of HIV
interacted with the ApoE4 status to influence the integrity
of the supramarginal gyrus, even when controlling for
ApoE4 status alone. These additional disruptions could re-
flect a continual genetic interaction with the virus, especially
in brain regions highly susceptible to amyloid accumulation
and neurofibrillary tangles. While ApoE4 has been associated
with faster disease progression in HIV+ individuals (Burt
et al., 2008), its effects in elderly cohorts may not be identical
to those found in younger people, in part because the gene
impacts survival, making it vital to confirm these associations
in younger cohorts.

Conclusion

In summary, aged HIV + subjects show altered brain con-
nectivity and integrity, differences that are further exacer-
bated in carriers of the ApoE4 genotype. Examining
changes in the structural composition of the aging HIV +
brain may enable greater insight into the neuronal pathways
targeted by infection and further complicated by genetic sus-
ceptibility. This work isolates neuropathological alterations in
those living with HIV despite today’s cART availability and
highlights the additional network disruptions seen in HIV +
individuals aging alongside those without the virus. These
network alterations provide an anatomical basis for the addi-
tional NP abnormalities seen in elderly HIV patients, a crucial
insight, as this elderly group may soon comprise nearly 50%
of all community-dwelling HIV + adults.
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