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Abstract: People with HIV are living longer as combination antiretroviral therapy (cART) becomes more
widely available. However, even when plasma viral load is reduced to untraceable levels, chronic HIV
infection is associated with neurological deficits and brain atrophy beyond that of normal aging. HIV is
often marked by cortical and subcortical atrophy, but the integrity of the brain’s white matter (WM) path-
ways also progressively declines. Few studies focus on older cohorts where normal aging may be com-
pounded with HIV infection to influence deficit patterns. In this relatively large diffusion tensor imaging
(DTI) study, we investigated abnormalities in WM fiber integrity in 56 HIVþ adults with access to cART
(mean age: 63.9 � 3.7 years), compared to 31 matched healthy controls (65.4 � 2.2 years). Statistical 3D
maps revealed the independent effects of HIV diagnosis and age on fractional anisotropy (FA) and diffu-
sivity, but we did not find any evidence for an age by diagnosis interaction in our current sample. Com-
pared to healthy controls, HIV patients showed pervasive FA decreases and diffusivity increases
throughout WM. We also assessed neuropsychological (NP) summary z-score associations. In both
patients and controls, fiber integrity measures were associated with NP summary scores. The greatest dif-
ferences were detected in the corpus callosum and in the projection fibers of the corona radiata. These defi-
cits are consistent with published NP deficits and cortical atrophy patterns in elderly people with HIV.
Hum Brain Mapp 35:975–992, 2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Around 30 million people worldwide are living with
HIV, and an estimated 2 million new adults become
infected each year (UNAIDS, 2010). As combination antire-

troviral therapy (cART) is more widely available, people
with HIV are living longer (Carpenter et al., 2000; Valcour
et al., 2004a; Vance, 2010). However, even when plasma vi-
ral load is reduced to untraceable levels, chronic HIV
infection can impair neurological function and promote
brain atrophy beyond the level characteristic of normal
aging (Becker et al., 2011; Heaton et al., 2010; McArthur,
2004; Sacktor et al., 2002).

On average, patients with HIV have greater cortical,
subcortical, and cerebellar atrophy than healthy controls
(Cohen et al., 2010a; Klunder et al., 2008; Thompson et al.,
2005), and greater ventricular expansion, a marker of brain
atrophy (Thompson et al., 2006; Wang et al., 2010). Diffuse
white matter atrophy may also be found, especially in
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regions that innervate the atrophic cortical regions (Brun
et al., 2007; Chiang et al., 2007; Lepore et al., 2008) and in
the corpus callosum (Thompson et al., 2006). Brain atrophy
in people with HIV is often associated with psychomotor
slowing, executive dysfunction, and impaired working
memory and attention (Ances and Ellis, 2007; Becker et al.,
1997; Heaton et al., 2011; McArthur et al., 2003). It has
been suggested that aging may have an additive or syner-
gistic effect on top of the effect of HIV infection, resulting
in a compounded detrimental effect on cognition (Goodkin
et al., 2001; Wendelken and Valcour, 2012).

There is growing evidence that both normal aging and
HIV-associated neurocognitive impairment share many
similarities including executive function deficits and mem-
ory dysfunction (Buckner, 2004 ; Glisky, 2007; Hartley,
2006; Kramer et al., 2007; Peavy et al., 1994; Woods et al.,
2009). If these effects are additive, they may result in pre-
mature or accelerated cognitive difficulties in older HIVþ
patients (Brew et al., 2009; Holt et al., 2012). Additionally,
atrophy and white matter lesions in both aging and HIV
have been shown to preferentially involve fronto-striatal
networks (Raz and Rodrigue, 2006; Schouten et al., 2011;
Tate et al., 2009; Tucker et al., 2004). There is increasing
evidence that the expression and progression of neurode-
generative diseases associated with aging, such as Alzhei-
mer’s disease, may be facilitated by HIV resulting in
premature brain and cognitive decline (Brew et al., 2009).
Comorbidities such as cardiovascular disease, cerebrovas-
cular disease, high cholesterol, and diabetes may also play
a role in accelerating brain atrophy, and are more likely to
be present in older individuals (Becker et al., 2009; Valcour
et al., 2005). While neuropsychological (NP) studies of
HIVþ cohorts have found both age and HIV effects,
results are mixed, perhaps due to limited power to pick
up second order effects. Some studies do not detect any
effect of aging on cognitive impairment in HIV (Cysique
et al., 2006; Cysique et al., 2011; Valcour et al., 2011) but
others report higher rates of impairment by NP testing
with increasing age (Cherner et al., 2004; Kissel et al.,
2005; Scott et al., 2011). Given the increased life expectancy
of HIV infected individuals, studies of older HIVþ adults
are particularly important.

Because HIV-related brain changes are not well under-
stood in people over the age of 60 years, we set out to bet-
ter define and map microstructural white matter
alterations, and assess the main systems affected. Here we
performed one of the largest neuroimaging studies of el-
derly HIV patients (over age 60 years). We mapped the
profile of white matter fiber integrity based on diffusion
tensor images (DTI) in 56 HIVþ patients and 31 controls
of similar age and sex. DTI is a variant of MRI that maps
white matter integrity based on measures of water diffu-
sion in the brain. Intact white matter axons have highly
anisotropic (directionally constrained) water diffusion, as
the myelin sheaths tend to block diffusion perpendicular
to the axonal trajectory. The most common DTI-derived
measure of fiber integrity is fractional anisotropy (FA), fol-

lowed by mean diffusivity (MD). FA is a scalar value
between zero and one that estimates how directionally
constrained diffusion is along white matter tracts, thereby
indicating fiber coherence, while MD is an overall measure
of diffusion in all directions. DTI is sensitive to micro-
scopic white matter injury not always detectable on stand-
ard anatomical MRI (Filippi et al., 2001; Pomara et al.,
2001). Prior DTI studies of HIVþ patients have found
lower FA and increased MD in the corpus callosum and
frontal white matter among other regions (Chang et al.,
2008; Cloak et al., 2004; Filippi et al., 2001; Pfefferbaum
et al., 2007; Thurnher et al., 2005; Wu et al., 2006).

To our knowledge, no published studies have examined
elderly HIVþ cohorts over the age of 60 years, where nor-
mal aging may influence the deficit pattern of HIV infec-
tion. Using 3D statistical maps, we set out to (1) define the
profile of differences in white matter microstructure in el-
derly HIV patients on stable cART versus matched con-
trols, (2) locate associations between global NP scores and
white matter microstructure, and (3) examine any interac-
tion of age, within this narrow but older age group, with
HIV infection. We hypothesized that older HIV patients
would have lower white matter FA, as well as higher
mean, radial, and axial diffusivity in the majority of the
white matter, as nearly all major regions of the brain show
atrophy and many have been implicated in DTI studies of
HIV. However, the white matter of the frontal lobe,
including the fronto-striatal connections, were of special
interest as they have been shown to be especially atro-
phied in both prior HIV and aging studies. We expected
that similar regions would be implicated in older patients
compared to younger ones, but we predicted that the
effect sizes for measures of brain deterioration may be
greater in older people, perhaps simply because they have
been ill for longer.

METHODS

Clinical Sample

MRI, DTI, clinical, and NP data were collected from
HIV-infected participants enrolling in a larger longitudinal
study of HIV, aging and cognition at the Memory and
Aging Center, UCSF. All participants were ambulatory
and responded to advertisements for an HIV cognitive
study or were referred by clinicians. Participants were
recruited regardless of cognitive symptoms. Individuals
with learning disabilities, major psychiatric or neurological
illness, current or past brain infection, major systemic ill-
ness or head injury with cognitive sequelae were excluded.
Subjects were scanned at 3 Tesla (with the protocol below)
at their first research visit (baseline, n ¼ 42) or at the 1-
year follow-up visit (n ¼ 14), resulting in 52 male and two
female cases between the ages of 60 and 70 years, and two
male cases between the ages of 70 and 80 years. A fasting
blood draw was collected for each HIVþ subject within 3
months of the MRI acquisition. Clinical HIV parameters
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(CD4 count and plasma HIV RNA levels) were captured
through clinical reports or standard laboratory testing
within three months of their research visit. All but six
patients had undetectable plasma HIV RNA (defined as
<400 copies/mL). Duration of HIV infection and CD4 na-
dir were self-reported. Although not a requirement of the
study, all but three subjects were on cART at the time of
cognitive assessment (Table I).

HIV-negative control subjects of similar age and sex
were selected from existing healthy aging cohorts at UCSF
and all underwent the same neurological, NP (except
grooved pegboard testing and finger tapping), and imag-
ing protocols as the HIVþ subjects. These individuals had
similarly responded to public recruiting advertisements
and were evaluated by clinicians where they were deemed
to have normal cognition. The controls were selected by
including all available HIV-negative healthy aging male
subjects between ages 60 and 70 years and four randomly
selected female subjects. Strictly speaking, the HIVþ
patient group was not older than the controls (Table I; P ¼
0.056). The study was approved by the Medical Institu-
tional Review Boards (IRBs) of the University of California
at San Francisco and of the UCLA School of Medicine. All
participants provided informed written consent.

We adopted the NP testing battery in the national Uni-
form Data Set (UDS) of the Alzheimer’s Disease Research
Centers (ADRC, National Institute on Aging/NIH) since
all cases were co-enrolled into the ADRC at the UCSF
Memory and Aging Center (MAC) as an ‘‘at-risk’’ group
for neurodegenerative disorders. The UDS has published
tables of control group means and standard deviations
(SD, n ¼ 2143) by age decade, allowing calculation of
standardized z-scores for each individual’s performance
using standard techniques ((subject raw score — age-
group mean score)/age-group SD; Weintraub et al., 2009).
Included in the UDS is a declarative memory task (the
Logical Memory A immediate and delayed trials, ‘‘Story
Recall’’), Digit Span Forward and Backward, category flu-
ency for animals, the Trail Making A and Trail Making B
tasks, and the Wechsler Adult Intelligence Scale (WAIS)
Digit Symbol task. We added the following tests to allow a

more global characterization of cognition: the Benson Fig-
ure Copy and Recall tests, an internally developed and
normed visuospatial and visual recall task that is a simpli-
fication of the Rey Complex Figure (Possin et al., 2011); an
internally developed and normed modified trails (set shift-
ing) task alternating numbers to days of the week (Kramer
et al., 2003), the STROOP Interference test (Heflin et al.,
2011), the Visual Object and Space Perception Battery:
Number Location (VOSP; Rapport et al., 1998), the
Grooved Pegboard test in dominant and non-dominant
hands (Ruff and Parker, 1993), the Finger Tapping test in
dominant and non-dominant hands (Ruff and Parker,
1993), and three scores of the California Verbal Learning
Test — II (CVLT-II, 16 item) test — trials 5, immediate
recall and delayed recall. To assess depressive symptoms
we used the 30-item Geriatric Depression Scale (GDS). For
all tests, standardized z-scores were calculated using pub-
lished normative data, and when published normative
data were unavailable MAC-developed normative data
were used (Benson Figure and Modified Trails). Although
published normative data exist for the Grooved Pegboard,
we used internal normative data (n ¼ 38) since published
normative data for this age group identified an unaccept-
able number of impaired subjects (�1SD below the norm)
in our control cases. For all other tests, the distribution
was acceptable to combine as an arithmetic average sum-
mary score (NPZ-global). For comparisons between HIVþ
and HIV-negative groups, we also created an abbreviated
(short) summary score (sNPZ) that did not include the fin-
ger tapping and grooved pegboard tests, since these were
not completed in most of our HIV-negative controls.

MRI and DTI Scanning

All subjects underwent whole-brain MRI scanning on a
Siemens 3 Tesla TIM Trio scanner with a 12-channel head
coil. T1-weighted MP-RAGE sequences (240 � 256 matrix;
FOV ¼ 256mm; 160 slices; voxel size ¼ 1.0 � 1.0 �1.0 mm3;
TI ¼ 900 ms; TR ¼ 2300 ms; TE ¼ 2.98 ms; flip angle ¼ 9�)
and diffusion MRI (dMRI) sequences for diffusion tensor

TABLE I. Characteristics of seronegative controls and HIV1 subjects

Controls (n ¼ 31) HIVþ (n ¼ 56) P-value (Controls vs. HIVþ)

Age (years) 65.4 � 2.2 63.9 � 3.7 0.056
Sex 27 Male/4 Female 54 Male/2 Female –
Education (years) 17.5 � 2.1 16.1 � 2.2 0.005
CD4 (count/mm3) – 520.0 � 218.0a –
Nadir CD4 (count/mm3) – 205.5 � 188.4b –
Viral load (copies/mL) – 334.6 � 1106.6a –
Log viral load (copies/mL) – 1.9 � 0.5a –
Duration of HIV infection (years) – 20.0 � 6.4 –
Individuals on cART – 53 –

an ¼ 53.
bn ¼ 54.
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imaging (DTI) analysis (100 �100 matrix; FOV ¼ 220 mm;
55 slices; voxel size ¼ 2.2 � 2.2 � 2.2 mm3; TR ¼ 8000 ms;
TE ¼ 109 ms) were collected. Sixty-five separate images
were acquired for each subject’s scan: one T2-weighted
image with no diffusion sensitization (also known as
a b0 image) and 64 diffusion-weighted images (DWI; b ¼
2000 s/mm2). We note briefly that we used a slightly higher
beta-value in this study than is typical in many clinical DTI
studies that use a value of 1000 s/mm2. In prior work, we
evaluated the benefits of using a higher beta-value — or
even multiple beta-values at once — (Zhan et al., 2011), and
found relative enhancement of diffusion along axonal fibers
at higher beta-values, and relative suppression of random
non-axonal diffusion (see related work on CHARMED, by
Assaf and Basser, 2005 and DSI, by Wedeen et al., 2005). The
higher beta-value in this study should not have affected the
diffusivity measures substantially. All DWI and T1-
weighted MR images were quality checked visually to
exclude scans with excessive motion and/or artifacts.

Image Analysis

Preprocessing steps

For each subject, all raw DWI volumes were aligned to
the b0 image (DTI volume with no diffusion sensitization)
using the FSL ‘‘eddy-correct’’ tool (www.fmrib.ox.ac.uk/
fsl) to correct for head motion and eddy current distor-
tions. All extra-cerebral tissue was subsequently removed
from the T1-weighted anatomical scans using ROBEX, an
automated brain extraction program trained on manually
‘‘skull-stripped’’ MRI data from hundreds of healthy
young adults (Iglesias et al., 2011). Non-brain tissue was
also removed from the DWI using the Brain Extraction
Tool from FSL (Smith, 2002). Anatomical scans subse-
quently underwent intensity inhomogeneity normalization
using the MNI ‘‘nu_correct’’ tool (www.bic.mni.mcgill.ca/
software/). To align data from different subjects into the
same 3D coordinate space, each T1-weighted anatomical
image was linearly aligned to a standard brain template
(the Colin27; Holmes et al., 1998) using FSL’s FLIRT (Jen-
kinson et al., 2002) with 9 degrees of freedom to allow
translations, 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 b0 images were linearly aligned and then elasti-
cally registered to their respective T1-weighted structural
scans using an inverse consistent registration algorithm
with a mutual information cost function (Leow et al., 2007;
Jahanshad et al., 2010). The resulting 3D deformation fields
were then applied to the remaining 64 DWI volumes prior
to mapping diffusion parameters.

DTI maps

A single diffusion tensor (Basser et al., 1994), or ellip-
soid, was modeled at each voxel in the brain from the

eddy- and EPI-corrected DWI scans using FSL, and scalar
anisotropy and diffusivity maps were obtained from the
resulting diffusion tensor eigenvalues (k1, k2, k3) which
capture the length of the longest, middle, and shortest
axes of the ellipsoid. FA, a measure of the degree of diffu-
sion anisotropy, was calculated from the standard
formula:

FA ¼
ffiffiffi
3

2

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk1� < k >Þ2 þ ðk2� < k >Þ2 þ ðk3� < k >Þ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

1 þ k2
2 þ k2

3

q
2 ½0; 1�

< k >¼ k1 þ k2 þ k3

3

where <k> is the MD, or average degree of diffusion
across all directions. Radial diffusivity (RD) captures the
average diffusivity perpendicular to axonal fibers, and was
calculated as the average of the two smallest eigenvalues:

RD ¼ k2 þ k3

3

Axial diffusivity is defined as the primary (largest) eigen-
value (AD ¼ k1), and captures the longitudinal diffusivity
or the component of diffusivity parallel to axonal fibers.

Template creation and spatial normalization

A study-specific minimal deformation template (MDT;
Gutman et al., 2010) was created using 31 control and 31
HIVþ spatially aligned FA maps (N-total ¼ 62). Using a
customized template from subjects in the study (rather
than a standard atlas or a single optimally chosen subject)
can reduce bias in the registrations and improve registra-
tion accuracy (Gutman et al., 2010). The MDT is the tem-
plate that deviates least from the anatomy of the subjects,
and has been shown to improve statistical power (Lepore
et al., 2007). The MDT was generated by creating an initial
affine mean template from all 62 subjects, then registering
all the aligned individual scans to that mean using a fluid
registration based on the registration algorithm developed
by Leow et al. (2007) while regularizing the Jacobians
(Yanovsky et al., 2007). A new mean was created from the
registered scans; this process was iterated several times.
Each subject’s initial FA map was elastically registered to
the final MDT and the resulting deformation fields were
applied to the three diffusivity maps to align them to the
same coordinate space. To ensure white matter alignment
across subjects, registered FA maps were thresholded at
FA > 0.2 to include only highly anisotropic anatomy and
elastically registered to the thresholded MDT (FA > 0.2).
Again, the resulting deformation fields were applied to all
four previously registered DTI maps.
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Partial volume compensation

Point-by-point comparisons of DTI scans may be com-
plicated by the fact that voxels at structure boundaries
(such as the ventricles) may contain different proportions
of white matter (WM), even after careful registration; this
partial volume effect can lead to differences in fiber in-
tegrity measures that are in fact due to misregistrations
of structure interfaces across subjects. To address this,
Lee et al. (2009) advocated a partial volume compensa-
tion method using a tissue-specific, smoothing-compen-
sated ‘‘T-SPOON’’ method for voxel based analyses to
improve tissue specificity and adjust for image misregis-
tration. The final spatially normalized FA maps were
thresholded at FA > 0.2 and binarized to create a WM
mask for each subject. The mask was then applied to all
four DTI maps. Each subject’s binarized WM mask and
masked DTI maps were smoothed with a Gaussian ker-
nel (5 mm FWHM), and each smoothed DTI map was
subsequently divided by the smoothed WM mask. Typi-
cally, images are simply co-registered and then smoothed
to compensate for image misregistration and to improve
the signal-to-noise ratio. In this case we smooth both a
WM mask and DTI map. Since both images are blurred
to the same extent, their division will make the smoothed
data have values more similar to the original data, and
can be considered a kind of adjustment for misregistra-
tion. When compared to conventional voxel-based analy-
sis (VBA) methods, the ‘‘T-SPOON’’ method is better able
to suppress false positives in the group analyses by com-
pensating for image misregistration via smoothing (Lee
et al., 2009).

Statistical Analyses

We ran linear regressions, voxel-wise, adjusting for sex
and age, to test for statistical effects of HIV diagnosis in
the entire study population (n ¼ 87) on white matter integ-
rity as determined by each of FA, MD, RD, and AD. We
additionally tested for correlations between these DTI
measures and global NP summary z-scores (NPZ) in
HIVþ subjects, adjusting for sex and age (n ¼ 56), as well
as the effects of an abbreviated global sNPZ in the entire
study population, including HIVþ patients and controls (n
¼ 87), adjusting for sex, age, and diagnostic status. A final
linear regression was performed to test for an interaction
between age and HIV diagnosis, simultaneously adjusting
for the linear effects of age, sex, and diagnostic status. To
limit statistical testing to highly anisotropic white matter,
where the power is greater to detect differences, statistics
were only run on voxels within the boundaries of the
MDT mask thresholded at FA > 0.2. To visualize effect
sizes in the anisotropy and diffusivity maps, we computed
and graphed the cumulative distribution function (CDF) of
the P-values obtained from the voxel-wise linear regres-
sions (Fig. 1). The P-values were plotted against their
expected null distribution. Computing thousands of associ-
ation tests on a voxel-wise level can introduce a high false
positive error rate in neuroimaging studies. To correct for
these errors, the maps must still be significant after stand-
ard false discovery rate correction (FDR; Benjamini and
Hochberg, 1995). If there are no group differences (a null
distribution), then the plot would fall approximately along
the y ¼ x line. However, if the CDF initially rises at a rate
steeper than 20 times the null CDF (y ¼ 20x), then the

Figure 1.

FA, MD, RD, and AD analyses in HIVþ patients and controls.

Here we show cumulative distribution function (CDF) plots of

the distribution of the P-values obtained from voxel-wise linear

regressions, which are subjected to multiple comparisons cor-

rection using standard FDR (Benjamini and Hochberg, 1995). (a)

When comparing HIVþ patients to controls, the RD effects

were much greater as denoted by the higher critical P-values

controlling the FDR (i.e., the highest non-zero x-coordinate

where the CDF crosses the y ¼ 20x line). When examining

NPZ (b) and sNPZ (c) correlations, effects on FA were the

greatest, followed by RD. These distributions were obtained

from highly anisotropic white matter in voxels within the boun-

daries of the MDT mask thresholded at FA > 0.2 where the

power is greater to detect differences. All anisotropy and diffu-

sivity maps show FDR significant results. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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corresponding maps are FDR significant at q ¼ 0.05. The

larger the deviation is from this line, the larger the effect
sizes. As all maps passed standard FDR, we also used the
searchlight method for FDR correction (Langers et al.,

2007) to get a more comprehensive regional significance.
All statistical maps (Figs. 2–4) were thresholded at the cor-

rected P-value of 0.05 to show regression coefficient values
only in regions that controlled the searchlight false discov-
ery rate. The resulting significant correlations either have

positive or negative effects, dependant on the slope of the
regression (beta).

Post hoc Statistical Analyses

Referring findings to a white matter tract atlas

In a post hoc analysis, we set out to better localize our
pervasive findings and elastically registered (Leow et al.,
2007) the FA image from the JHU DTI atlas (Mori et al.,
2008) to our MDT, as previously described in section
‘‘Template Creation and Spatial Normalization’’ for an
individual subject. We then applied that deformation to
the stereotaxic WM atlas labels, using nearest neighbor
interpolation to avoid intermixing of labels. This placed
the atlas regions of interest (ROIs) in the same coordinate
space as our individual images. We were then able to cal-
culate the average FA, MD, RD, and AD within the boun-
daries of each of the ROIs for each subject. We assessed 49
of the 50 total possible atlas ROIs (Table II), excluding the
fornix as it is small and prone to misregistration (Kuroki
et al., 2006; Lee et al., 2012). As noted in Kuroki et al.
(2006), any measures derived from the fornix can be prone
to errors as they would have to rely on aligning a seg-
mented atlas template to a region that is rather small, pos-
sibly identifying different anatomy in different subjects. As
the fornix is thin and surrounded by CSF, partial voluming
is a problem and any DTI-derived values would tend to
reflect the fraction of CSF in the voxel rather than the
intrinsic diffusion parameters of the fornix. We ran linear
regressions on the 49 average anisotropy and diffusivity
measures within the 49 ROIs, again adjusting for sex and
age, to test for statistical effects of HIV diagnosis and NPZ
score (in HIVþ subjects only). We used the standard false
discovery rate procedure to control the false positive rate
at q ¼ 0.05 (Benjamini and Hochberg, 1995). Table III
reports the unnormalized beta-values for each of the ROI
atlas average anisotropy and diffusivity analyses.

Nadir and current CD4 T-cell count, and duration of
HIV infection

We further assessed whether white matter integrity in the

patient group was related to measures of the severity of

HIV infection. We ran voxel-wise linear regressions, adjust-

ing for sex and age, to test for any statistical effects of nadir

and current CD4 T-cell count, and HIV infection duration

on anisotropy and diffusivity maps within the boundaries

of the MDT mask thresholded at FA > 0.2. We used the

searchlight method for FDR correction (Langers et al., 2007).

RESULTS

White Matter Integrity in HIV1 Versus Healthy

Controls

Compared to healthy controls, HIVþ patients showed
pervasive deficits in fiber integrity, as measured by the
standard measure FA throughout the entire brain (cor-
rected P < 0.05; Langers et al., 2007; Fig. 2a). The most
prominent FA deficits were detected in the genu, body
and splenium of the corpus callosum (CC; FA was lower
by up to 0.045 units, on average, in the body of the corpus
callosum; FA values can in theory range between 0 and 1).
Deficits extended through commissural fibers, including
the right tapetum of the CC, and projection fibers through-
out the anterior, superior and posterior corona radiata. FA
reductions were also detected bilaterally in the white mat-
ter of the frontal gyri. Lower FA was observed bilaterally
in projection fibers including the anterior limbs of the in-
ternal capsules, which continue into the association fibers
of the superior fronto-occipital fasciculi (SFO), and in the
retrolenticular internal capsules, continuing bilaterally into
the posterior limbs. The internal capsule projections con-
verge into the cerebral peduncles, which also showed
decreased FA in the HIVþ group. The HIVþ group also
showed bilateral FA reductions in the posterior thalamic
radiation/optic radiation projection fibers (FA reduced up
to 0.047 units), in the thalamus, and throughout the occipi-
tal gyri. Long association fibers including the left uncinate
fasciculus the superior longitudinal fasciculi (SLF) and the
external capsules showed FA decreases bilaterally, as did
association fibers in the limbic system. These included
parts of the cingulum and the left stria terminalis/crus of
the fornix. The white matter in the temporal gyri, includ-
ing the temporal lobe sagittal stratum which carries the
long association fibers of the inferior longitudinal and infe-
rior fronto-occipital fasciculi (ILF and IFO), was affected in
both hemispheres, as was the angular/supramarginal
gyrus and parietal lobule. Deficits were also found in the
inferior cerebellar peduncles, pontine tracts, medial lem-
niscus, and the left superior cerebellar peduncle.

This pattern of significance was largely replicated for
the three diffusivity measures. As predicted, we found
higher MD, RD, and AD values in HIVþ patients relative
to controls (Fig. 2b–d) and the effects were larger and
even more diffuse.

These pervasive results in all four DTI maps were corro-
borated by the JHU atlas results: 31 out of 49 regions
showed significant FA deficits, 41 regions MD deficits, 43
regions RD deficits, and 27 regions showed significant AD
deficits (Table III). In all four maps, the body and
splenium of the CC, superior corona radiata, and external
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capsules were among the regions that showed the most
significant differences. MD, RD, and AD ROIs also
revealed significant deficits in the right tapetum, and the
inferior fronto-occipital fasciculus. Reductions in mean FA
were found in the left cingulum (hippocampus), the cere-
bral peduncles, medial lemniscus, and left inferior and
superior cerebellar peduncles.

Correlation with Neuropsychological Scores

Figure 3 shows WM regions where FA and diffusivity
differences correlated with the short global NP summary

z-scores (sNPZ) in the entire study population, including
both HIVþ patients and controls (n ¼ 87; corrected P <
0.05; Langers et al., 2007). This suggests that global NP
z-scores calculated are a viable tool to detect cognitive
associations. Correlations were in the expected direction,
as deteriorations in fiber integrity are generally accompa-
nied by lower FA and higher diffusivity values.

Figure 4 further shows DTI-based associations with the
global NP summary z-scores (NPZ), which includes man-
ual dexterity tasks, in HIVþ patients only (n ¼ 56; cor-
rected P < 0.05; Langers et al., 2007). Associations were in
the expected direction, with impaired fiber integrity in

Figure 2.

Statistical maps show where HIVþ patients differ from controls

in their fractional anisotropy (a), and mean, radial and axial diffu-

sivity (b–d). Rather than show P-values for the group differen-

ces, which are higher where FA is higher, these maps show beta-

values (non-normalized slope of the regression, representing the

mean group difference in each imaging measure) within regions

with significant differences between HIVþ patients and healthy

controls (corrected P < 0.05; Langers et al., 2007). Both larger

negative FA beta-values — shown in (a) in red — and larger

positive MD, RD, and AD beta-values — shown in (b–c) in blue

— suggest a decrease in fiber integrity in HIVþ relative to con-

trols. Prominent differences were found in the corpus callosum,

and in projection fibers extending throughout the corona radiata.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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those with poorer performance, as indexed by FA. Positive
associations between FA and cognitive measures (Fig. 4a)
were detected in the genu, body and most saliently in the
splenium of the CC (FA loss of up to 0.059 units with each
standard deviation reduction in NPZ in this region) and
extended bilaterally into the tapetum of the CC. The posi-
tive association extended bilaterally through projection
fibers in the posterior, superior, and anterior corona radiata.
Correlations between test performance and fiber integrity
were also found in the frontal gyri. Projection fibers also
showed similar associations, including the anterior limb of

the internal capsule and the left posterior limb which
extended into the left retrolenticular internal capsule. In-
ternal capsule projections converge into the midbrain and
cerebral peduncles, and these also showed a positive cor-
relation between test performance and fiber integrity.
Associations were also found in posterior thalamic radia-
tion projection fibers (including the optic radiation), and in
the thalamus and occipital gyri. Limbic association fibers
also exhibited FA associations with cognitive performance
in bilateral parts of the cingulum/cingulate gyrus, the crus
of the fornix/stria terminalis and the left external capsule.

Figure 3.

These maps show that cognitive performance is related to de-

tectable differences in fractional anisotropy (a), and mean, radial,

and axial diffusivity (b–d) in the entire cohort, including both

HIVþ patients and controls. These maps show beta-values (non-

normalized slope of the regression in units of imaging measure

per unit difference in cognitive z-scores) within regions that sig-

nificantly correlate with the short global NP summary z-scores

(sNPZ) in HIVþ and controls (corrected P < 0.05; Langers

et al., 2007). The most notable differences were found in the

corpus callosum and projection fibers extending throughout the

corona radiata. Radial diffusivity shows widespread and robust

associations, but all maps are significant after multiple compari-

sons correction via the searchlight FDR method. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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The temporal lobe sagittal stratum, which includes the ILF
and IFO association fibers, posterior projection fibers and
CC splenium commissural fibers, showed FA increases on
the right. Better NP testing performance correlated with
higher FA in the right temporal gyrus. A positive associa-
tion was found around the superior parietal lobule/precu-
neus region in both hemispheres. Bilateral white matter
associations were found around the brainstem in the supe-
rior cerebellar peduncles and the medial lemniscus.

As hypothesized, we also found a negative association
between all three diffusivity measures, RD, MD, AD (Fig.
4b–d respectively), and the NPZ score in HIV patients. In
general, these diffusivity measures were all higher — sug-

gesting impairment — in those with poorer cognitive per-
formance. The pattern of associations for all three
diffusivity maps essentially resembled that of FA, but, in
the opposite direction (this is to be expected as diffusivity
is often higher when FA is lower). This negative correla-
tion was found bilaterally throughout commissural, associ-
ation and projection fibers in the frontal, parietal, occipital,
and temporal lobes. We found the most widespread nega-
tive association with RD maps, followed by the MD maps.
Only weaker associations were found for AD.

The ROI analysis only revealed significant associations
between NPZ and average FA and RD (Table III). Both FA
and RD showed associations with cognitive scores in the

Figure 4.

These maps show beta-values of significant associations between

diffusion measures and the global NP summary z-scores (NPZ)

in HIVþ patients (searchlight corrected P < 0.05; Langers et al.,

2007). They are similar to those in Figure 2, but with a more

general measure of cognitive performance. Strong associations

are found in the corpus callosum, and commissural fibers

extending throughout the corona radiata. (a) Areas of significance

in FA; (b–d) Areas of significance in MD, RD, and AD, respec-

tively. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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splenium and left posterior thalamic radiation. RD addition-
ally showed associations in the tapetum, while FA showed
associations in the left sagittal stratum and inferior cerebel-
lar peduncle, and bilaterally in the medial lemniscus.

In all four DTI maps, several significant regions exhib-
ited associations in a direction opposite to what would tra-
ditionally be accepted as showing impairment. We found
regions where test performance was negatively correlated
with FA and positivity correlated with the diffusivity
measures. To make sure that these results were not false
positives we re-ran searchlight FDR (Langers et al., 2007)
only on regions that exhibited this opposite association (i.e.
for FA, we ran searchlight FDR only on voxels negatively
associated with NPZ) and still found a significant associa-
tion (corrected P < 0.05; Langers et al., 2007). These regions
were largely found at the junction of the corpus callosum
commissural fibers and corona radiata. For example, Figures
3a and 4a show a negative association between FA and
cognitive score (red regions). Such regions are notorious
for fiber crossings which can artificially reduce FA and
increase diffusivity when estimated using the ‘‘single-ten-
sor’’ diffusion model (Oishi et al., 2011). This pattern has
been found in other studies of elderly patients with a neu-
rodegenerative disorder, and may reflect a selective spar-
ing or selective degeneration of one of the pathways in a
region of crossing fibers (Douaud et al., 2011).

HIV and Age Effects

We found no significant HIV diagnosis by age interac-
tions in any of the diffusivity and anisotropy maps. How-
ever, age independently and significantly contributed to
the models for both NP scores (NPZ and sNPZ), and diag-
nostic status. As expected, age was significantly negatively
associated with FA, and positively associated with diffu-
sivity across all three models (corrected P < 0.05; Langers
et al., 2007), indicating increasing WM impairment with
age. Figure 5 shows ROIs from the WM atlas that were ei-

ther significantly associated with the age component, the
HIV diagnosis component, or associated with both across
any of the DTI measures.

To further localize the differences between age related
white matter deficits (Table IV) and those related to HIV
infection (Table V) we assessed the top 10 most significant
regions from the ROI HIV diagnosis analysis. Age had a
smaller effect size than HIV status and was not signifi-
cantly associated with FA in any of the ROIs. In the
model, both age and HIV infection were associated most
significantly with increased diffusivity measures in the left
external capsule, superior longitudinal fasciculus, inferior
fronto-occipital fasciculus, and posterior corona radiata.
HIV infection was also associated with diffusivity meas-
ures in the right inferior fronto-occipital fasciculus and
posterior corona radiata, as well as the body and splenium
of the CC, bilateral superior corona radiata and cerebral
peduncles, and the right posterior thalamic radiation,
superior fronto-occipital fasciculus, and tapetum. Age, by
contrast, was most associated with deficits in the genu of
the CC, bilaterally in the anterior corona radiata and ante-
rior limb of the internal capsule, and the left fornix (crus)/
stria terminalis region, retrolenticular part of the internal
capsule, superior fronto-occipital fasciculus, and uncinate
fasciculus.

Nadir and Current CD4 T-cell Count and

Duration of HIV Infection

In a post hoc analysis, we set out to determine whether
white matter integrity, in the patient group, was related to
measures of the severity of HIV infection. We detected no
significant correlation between duration of infection, CD4,
or nadir CD4 count and white matter atrophy for any of
the anisotropy and diffusivity measures.

TABLE II. Index of ROIs from the WM tract atlas (Mori et al., 2008) followed by the abbreviation

Middle cerebellar peduncle MCP Superior corona radiata SCR L,R

Pontine crossing tract PCT Posterior corona radiata PCR L,R
Genu of corpus callosum GCC Posterior thalamic radiation PTR L,R
Body of corpus callosum BCC Sagittal stratum SS L,R
Splenium of corpus callosum SCC External capsule EC L,R
Corticospinal tract CST L,R Cingulum (cingulate gyrus) CGC L,R
Medial lemniscus ML L,R Cingulum (hippocampus) CGH L,R
Inferior cerebellar peduncle ICP L,R Fornix (crus)/Stria terminalis FX/ST L,R
Superior cerebellar peduncle SCP L,R Superior longitudinal fasciculus SLF L,R
Cerebral peduncle CP L,R Superior fronto-occipital fasciculus SFO L,R
Anterior limb of internal capsule ALIC L,R Inferior fronto-occipital fasciculus IFO L,R
Posterior limb of internal capsule PLIC L,R Uncinate fasciculus UNC L,R
Retrolenticular part of internal capsule RLIC L,R Tapetum TAP L,R
Anterior corona radiate ACR L,R
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TABLE III. Atlas ROI average anisotropy and diffusivity analyses beta-values

beta-Values
Controls vs. HIVþ NPZ in HIVþ

FA MD RD AD FA MD RD AD

ROIa
Pc-FDR

c ¼
2.97 � 10-2

Pc-FDR
c ¼

3.96 � 10-2
Pc-FDR

c ¼
2.62 � 10-2

Pc-FDR
c ¼

2.35 � 10-2
Pc-FDR

c ¼
5.93 � 10-3 –

Pc-FDR
c ¼

3.60 � 10-3 –

MCP �2.28 � 10-3 1.26 � 10-5 1.09 � 10-5 1.60 � 10-5 4.83 � 10-3b �5.50 � 10-6 �6.72 � 10-6 �3.07 � 10-6

PCT �1.02 � 10-2 b 1.71 � 10-5 b 1.72 � 10-5 b 1.70 � 10-5 6.65 � 10-3b �8.27 � 10-6 �8.91 � 10-6 �6.98 � 10-6

GCC �1.98 � 10-2 b 3.93 � 10-5 b 4.13 � 10-5 b 3.51 � 10-5 b 1.64 � 10-2 b �1.19 � 10-5 �1.96 � 10-5 b 3.51 � 10-6

BCC �2.52 � 10-2 b 5.13 � 10-5 b 5.17 � 10-5 b 5.05 � 10-5 b 1.45 � 10-2 b �1.07 � 10-5 �1.72 � 10-5 2.24 � 10-6

SCC �2.06 � 10-2 b 3.89 � 10-5 b 3.97 � 10-5 b 3.72 � 10-5 b 2.04 � 10-2 b �2.84 � 10-5 �3.34 � 10-5 b �1.84 � 10-5

CST L �1.19 � 10-2 2.52 � 10-5 b 2.38 � 10-5 b 2.79 � 10-5 b �7.84 � 10-4 �5.58 � 10-6 �4.47 � 10-6 �7.81 � 10-6

ML L �1.87 � 10-2 b 1.65 � 10-5 2.10 � 10-5 b 7.35 � 10-6 1.47 � 10-2 �8.62 � 10-6 �1.41 � 10-5 2.27 � 10-6

ML R �1.58 � 10-2 b 1.37 � 10-5 1.78 � 10-5 b 5.55 � 10-6 1.34 � 10-2 �6.15 � 10-6 �1.20 � 10-5 5.54 � 10-6

ICP L �1.25 � 10-2 b 1.40 � 10-5 b 1.74 � 10-5 b 7.20 � 10-6 1.24 � 10-2 �1.16 � 10-5 �1.32 � 10-5 �8.30 � 10-6

SCP L �1.55 � 10-2 b 2.04 � 10-5 b 2.47 � 10-5 b 1.19 � 10-5 9.42 � 10-3 �1.08 � 10-5 �1.45 � 10-5 �3.48 � 10-6

CP L �1.78 � 10-2 b 2.77 � 10-5 b 2.84 � 10-5 b 2.65 � 10-5 7.90 � 10-3 �1.25 � 10-6 �4.91 � 10-6 6.06 � 10-6

CP R �1.72 � 10-2 b 2.38 � 10-5 b 2.52 � 10-5 b 2.09 � 10-5 1.05 � 10-2 �2.36 � 10-6 �6.84 � 10-6 6.58 � 10-6

ALIC L �1.18 � 10-2 b 2.46 � 10-5 b 2.49 � 10-5 b 2.39 � 10-5 b 6.94 � 10-3 �1.62 � 10-5 �1.72 � 10-5 �1.43 � 10-5

ALIC R �1.10 � 10-2 b 2.34 � 10-5 b 2.29 � 10-5 b 2.45 � 10-5 b 5.49 � 10-3 �1.30 � 10-5 �1.32 � 10-5 �1.27 � 10-5

PLIC L �7.70 � 10-3 1.44 � 10-5 b 1.32 � 10-5 b 1.69 � 10-5 7.66 � 10-3 �6.98 � 10-6 �8.07 � 10-6 �4.79 � 10-6

PLIC R �8.12 � 10-3 1.51 � 10-5 b 1.37 � 10-5 b 1.78 � 10-5 6.34 � 10-3 �2.96 � 10-6 �5.69 � 10-6b 2.46 � 10-6

RLIC L �9.80 � 10-3 b 2.15 � 10-5 b 2.13 � 10-5 b 2.17 � 10-5 b 6.96 � 10-3 �9.95 � 10-6 �1.11 � 10-5 b �7.58 � 10-6

RLIC R �5.55 � 10-3 1.99 � 10-5 b 1.80 � 10-5 b 2.35 � 10-5 b 3.85 � 10-3 �1.53 � 10-5 �1.41 � 10-5 �1.76 � 10-5

ACR L �1.44 � 10-2 b 2.79 � 10-5 b 2.90 � 10-5 b 2.56 � 10-5 b 4.35 � 10-3 �1.71 � 10-5 �1.68 � 10-5 �1.79 � 10-5

ACR R �1.08 � 10-2 b 2.72 � 10-5 b 2.66 � 10-5 b 2.84 � 10-5 b 5.57 � 10-3 �1.67 � 10-5 �1.64 � 10-5 �1.72 � 10-5

SCR L �1.44 � 10-2 b 2.80 � 10-5 b 2.75 � 10-5 b 2.89 � 10-5 b �2.97 � 10-3 �1.83 � 10-5 �1.25 � 10-5 �2.99 � 10-5

SCR R �1.46 � 10-2 b 2.85 � 10-5 b 2.73 � 10-5 b 3.08 � 10-5 b �5.66 � 10-3 �1.71 � 10-5 �1.11 � 10-5 �2.91 � 10-5

PCR L �9.41 � 10-3 3.58 � 10-5 b 3.30 � 10-5 b 4.13 � 10-5 b �2.15 � 10-3 �2.12 � 10-5 �1.72 � 10-5 �2.91 � 10-5

PCR R �8.85 � 10-3 2.97 � 10-5 b 2.75 � 10-5 b 3.42 � 10-5 b �3.12 � 10-3 �9.82 � 10-6 �7.77 � 10-6 �1.39 � 10-5

PTR L �1.57 � 10-2 b 2.26 � 10-5 b 2.64 � 10-5 b 1.52 � 10-5 1.47 � 10-2 �1.61 � 10-5 �2.16 � 10-5 �5.32 � 10-6

PTR R �1.12 � 10-2 b 2.74 � 10-5 b 2.65 � 10-5 b 2.92 � 10-5 b 9.02 � 10-3 �1.24 � 10-5 �1.54 � 10-5 �6.57 � 10-6

SS L �1.51 � 10-2 b 2.04 � 10-5 b 2.38 � 10-5 b 1.37 � 10-5 1.31 � 10-2 �6.74 � 10-6 �1.32 � 10-5 6.09 � 10-6

SS R �9.22 � 10-3 1.86 � 10-5 b 2.01 � 10-5 b 1.57 � 10-5 9.51 � 10-3 �1.14 � 10-5 �1.52 � 10-5 �3.80 � 10-6

EC L �1.00 � 10-2 b 2.85 � 10-5 b 2.82 � 10-5 b 2.92 � 10-5 b 4.70 � 10-3 �6.32 � 10-6 �7.72 � 10-6 �3.50 � 10-6

EC R �6.82 � 10-3b 2.58 � 10-5 b 2.44 � 10-5 b 2.87 � 10-5 b 3.03 � 10-3 �8.24 � 10-6 �8.91 � 10-6 �6.89 � 10-6

CGC L �8.53 � 10-3b 2.22 � 10-5 b 2.34 � 10-5 b 1.98 � 10-5 3.27 � 10-3 4.40 � 10-6 1.43 � 10-6 1.03 � 10-5

CGC R �5.91 � 10-3 2.27 � 10-5 b 2.26 � 10-5 b 2.30 � 10-5 3.20 � 10-3 2.06 � 10-6 �6.52 � 10-7 7.49 � 10-6

CGH L �1.23 � 10-2 b �2.19 � 10-6 2.87 � 10-6 �1.23 � 10-5 3.01 � 10-3 �9.74 � 10-7 �3.66 � 10-6 4.40 � 10-6

CGH R �5.82 � 10-3b 6.72 � 10-7 3.55 � 10-6 �5.08 � 10-6 3.11 � 10-3 �2.48 � 10-6 �4.25 � 10-6 1.04 � 10-6

FX/ST L �1.17 � 10-2 b 1.99 � 10-5 b 2.30 � 10-5 b 1.36 � 10-5 6.69 � 10-3 �6.62 � 10-6 �9.66 � 10-6 �5.34 � 10-7

FX/ST R �3.22 � 10-3 1.71 � 10-5 b 1.68 � 10-5 b 1.76 � 10-5 8.53 � 10-3 �4.52 � 10-6 �7.49 � 10-6 1.42 � 10-6

SLF L �9.22 � 10-3 2.54 � 10-5 b 2.43 � 10-5 b 2.76 � 10-5 b �1.42 � 10-3 �6.37 � 10-6 �4.07 � 10-6 �1.10 � 10-5

SLF R �9.89 � 10-3b 2.46 � 10-5 b 2.43 � 10-5 b 2.51 � 10-5 b �2.08 � 10-3 �4.15 � 10-6 �2.12 � 10-6 �8.22 � 10-6

SFO L �7.05 � 10-3 3.69 � 10-5 b 3.22 � 10-5 b 4.65 � 10-5 b �1.39 � 10-3 �2.88 � 10-5 �2.33 � 10-5 �3.99 � 10-5

SFO R �9.88 � 10-3b 3.13 � 10-5 b 2.79 � 10-5 b 3.80 � 10-5 b �4.25 � 10-5 �2.01 � 10-5 �1.71 � 10-5 �2.60 � 10-5

IFO L �1.47 � 10-2 b 3.19 � 10-5 b 3.32 � 10-5 b 2.92 � 10-5 b 3.10 � 10-3 �6.20 � 10-6 �6.92 � 10-6 �4.76 � 10-6

IFO R �9.55 � 10-3 3.08 � 10-5 b 2.98 � 10-5 b 3.28 � 10-5 b 3.11 � 10-3 �5.28 � 10-6 �6.50 � 10-6 �2.85 � 10-6

UNC L �1.15 � 10-2 b 2.98 � 10-5 b 3.00 � 10-5 b 2.95 � 10-5 b 1.61 � 10-3 �7.13 � 10-6 �7.51 � 10-6 �6.38 � 10-6

UNC R �7.74 � 10-3 2.51 � 10-5 b 2.37 � 10-5 b 2.79 � 10-5 b 6.75 � 10-3 �9.07 � 10-6 �1.10 � 10-5 �5.22 � 10-6

TAP L �1.06 � 10-2 3.71 � 10-5 b 3.60 � 10-5 b 3.91 � 10-5 b 1.03 � 10-2 �3.94 � 10-5 �4.02 � 10-5 �3.80 � 10-5

TAP R �1.67 � 10-2 b 6.09 � 10-5 b 5.70 � 10-5 b 6.88 � 10-5 b 1.15 � 10-2 �3.37 � 10-5 �3.51 � 10-5 �3.09 � 10-5

aSuperior cerebellar peduncle on the right (R), corticospinal tract (R), inferior cerebellar peduncle (R) are not shown as they did not
pass FDR in any analyses.
bFDR significant at q ¼ 0.05 (Benjamini and Hochberg, 1995).
ccritical FDR p-value.
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DISCUSSION

Cerebral atrophy and cognitive impairment are common
in HIV-infected patients. However, whether or not such
deficits can occur or persist despite widespread access to
cART, and how normal age interacts with HIV infection is
still largely unknown. This study had three main findings:
(1) In elderly HIVþ patients, 95% of whom were on stable
cART, FA was lower and diffusivity higher throughout the
WM; (2) Widespread white matter aberrations were related
to cognitive scores when both HIVþ and control groups
were pooled, and also when the HIVþ group was consid-
ered on its own. Both NPZ and sNPZ scores showed a
positive association with FA and negative association with

diffusivity. These correlations were in the expected direc-
tion, as deteriorations in fiber integrity are generally
accompanied by lower FA and higher values for the diffu-
sivity measures (such as MD); (3) While we found no sig-
nificant HIV by age interaction, HIV and age were both
independently associated with WM deficits.

Several post-mortem and in vivo imaging approaches
have previously been used to assess brain differences asso-
ciated with HIV. Gray matter and white matter have long
been known to be severely affected by HIV infection, but
few studies have examined the effects of HIV using DTI.
Early autopsy studies of HIVþ patients revealed wide-
spread brain injury, including increased numbers of micro-
glia, macrophages, astrocytes, and multinucleated giant
cells, in the basal ganglia and deep white matter (Navia
et al., 1986). Brain MRI studies show extensive atrophy of
deep central gray matter structures, and the extent of atro-
phy is related to cognitive deficits (Aylward et al., 1993;
Cohen et al., 2010a; Hall et al., 1996; Hestad et al., 1993).
Cerebral metabolic disturbances, on MR spectroscopy, are
also associated with lower cortical and subcortical volumes
in HIVþ patients (Cohen et al., 2010b) and associated with
cognitive impairment (Harezlak et al., 2011). Cortical map-
ping techniques also reveal selective cortical thinning in
primary sensorimotor, premotor, and visual areas (Thomp-
son et al., 2005). Our DTI results here are consistent with
many MRI studies using tensor-based morphometry
(TBM), surface-based anatomical maps, and other types of
quantitative morphometry to show white matter atrophy
in the primary and association sensorimotor regions
(Chiang et al., 2007), corpus callosum thinning (Thompson
et al., 2006), and corpus callosum area and width reduc-
tion (Tate et al., 2011).

Our findings agree with prior DTI studies of HIV. Many
previous ROI-based DTI studies report lower FA and
higher MD in the corpus callosum and frontal white matter
in HIV patients (Chang et al., 2008; Filippi et al., 2001; Pfef-
ferbaum et al., 2007; Pomara et al., 2001; Thurnher et al.,
2005; Wu et al., 2006), as well as regions such as the fornix,

Figure 5.

Venn diagram of ROIs from the HIV diagnosis regressions that

were significantly associated with the age component, HIV diag-

nosis component, or both across any of the DTI measures (FA,

MD, RD, AD). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

TABLE IV. Atlas ROI mean anisotropy and diffusivity. Here we highlight regions with the top 10 FDR significant

P-values (greatest effect sizes) for the age component in regression analyses that included HIV status and age. FA

was not significantly associated with age

Age

FA P-value MD P-val RD P-val AD P-val

– – IFO L 1.62 � 10-4 ACR L 5.28 � 10-4 IFO L 1.80 � 10-4

– – ACR L 5.68 � 10-4 IFO L 5.61 � 10-4 SLF L 4.18 � 10-4

– – EC L 8.97 � 10-4 ALIC L 1.08 � 10-3 GCC 6.24 � 10-4

– – SFO L 1.11 � 10-3 EC L 1.12 � 10-3 RLIC L 8.56 � 10-4

– – UNC L 1.13 � 10-3 SFO L 1.18 � 10-3 EC L 1.02 � 10-3

– – ALIC L 1.20 � 10-3 UNC L 1.68 � 10-3 ACR L 1.31 � 10-3

– – ALIC R 1.67 � 10-3 PCR L 2.27 � 10-3 SFO L 1.35 � 10-3

– – RLIC L 1.72 � 10-3 ALIC R 2.36 � 10-3 ACR R 1.93 � 10-3

– – GCC 1.74 � 10-3 FX/ST L 3.45 � 10-3 UNC L 2.03 � 10-3

– – PCR L 1.87 � 10-3 GCC 4.05 � 10-3 ALIC R 2.34 � 10-3
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internal and external capsules, and superior cingulate
(Pfefferbaum et al., 2009). These studies have also linked
lower mean FA with dementia severity (Pfefferbaum et al.,
2007; Ragin et al. 2005; Wu et al., 2006). However, using
pre-determined ROIs limits the scope of findings.

Recent voxel-wise analyses, such as this one, found
more diffuse HIV-associated white matter deficits. Chen
et al. (2009) found widespread decreases in FA and
increases in MD in frontal white matter, the corpus cal-
losum, internal capsule and corona radiata, and occipital
white matter including the optic radiations in their voxel-
based comparison of 29 HIVþ patients, (mean age: 41
years) with age-matched controls. Gongvatana et al. (2009)
related loss of cognitive function in middle-aged HIV
patients, to lower FA in the corpus callosum in addition to
increased MD measures in the internal capsule, corpus cal-
losum, corona radiata, and superior longitudinal fasciculus.
Stebbins et al. (2007) found higher MD and lower FA in
the subcortical WM of 30 HIVþ patients with a much
younger average age of 45 years. However, they did not
find significant correlations between FA and MD and cog-
nitive performance measures. As in these prior voxel-
based studies, we found lower FA and higher MD not
only throughout the entire corpus callosum but also more
pervasively throughout WM regions that carry commis-
sural fibers from the corpus callosum and the projection
fibers of the corona radiata. Like previous studies that have
found NP impairment even among HIVþ patients receiv-
ing cART (Heaton et al., 2010), these WM aberrations were
also associated with cognitive performance measures.

Compared to these prior VBA studies, we assessed a
larger population of older subjects — over the age of 60
years. DTI studies of normal aging show age-related
changes in FA in the corpus callosum, internal capsules,
and white matter in all four lobes (Lehmbeck et al., 2006;
Salat et al., 2005; Sullivan et al., 2001). Neurological deficits
increase with age, so we might expect DTI scans to show
greater and more widespread white matter deficits in el-
derly HIVþ patients, suggesting an age by HIV status

interaction. However, we did not find an age by HIV sta-
tus interaction, but found that both age and HIV inde-
pendently contributed to WM deficits. This may be largely
explained by the cohort’s narrow age range. Figure 5
shows a large overlap in ROIs associated with both age
and HIV, implying that both aging and the virus may in-
dependently cause the same brain regions to deteriorate.
As seen in the P-values listed in Tables IV and V, the
effect size for HIV status is greater (lower P-values) than
that for age, but this may also reflect the limited age
range.

Comparisons of HIV effects in young versus older sub-
jects are limited, and it is not clear if HIV potentiates or
accelerates the risk for impairment with age. Previous lon-
gitudinal MRI studies found accelerated volumetric atro-
phy in HIV patients relative to seronegative controls
(Cardenas et al., 2009; Stout et al., 1998). Several studies
report independent effects of age and HIV but have not
detected any interaction — these include NP studies (Cysi-
que et al., 2011; Scott et al., 2011; Valcour et al., 2011) and
volumetric MRI studies (Ances et al., 2012; Becker et al.,
2012). In a DTI study of 85 HIVþ individuals ranging
from 23 to 65 years of age, Gongvatana et al. (2011) found
widespread associations between FA and MD abnormal-
ities and age throughout the WM in HIV patients, but they
did not detect an interaction between age and measures of
HIV infection. Another recent VBA DTI study by Towgood
et al. (2012) compared young and old cohorts of HIV
patients, but found no significant age by HIV status inter-
actions. Some age effects in HIV studies may arise because
age tends to be correlated with the duration of infection —
as a patient lives longer, their age and duration of illness
both increase. Pfefferbaum et al. (2012) found that age at
HIV infection was a predictor of atrophy, whereas age
alone was not an effective predictor.

The cognitive deficits associated with HIV infection,
including motor coordination, information processing
speed, working memory, and executive functions, support
the hypothesis that HIV preferentially impairs frontal-

TABLE V. Atlas ROI mean anisotropy and diffusivity. Here we highlight regions with the top 10 FDR significant

P-values (greatest effect sizes) for the HIV diagnosis component in regression analyses that included HIV status

and age

HIV diagnosis

FA P-value MD P-val RD P-val AD P-val

CGH L 1.91 � 10-5 BCC 7.72 � 10-7 BCC 1.74 � 10-6 BCC 8.18 � 10-6

ML L 1.03 � 10-4 TAP R 8.23 � 10-6 TAP R 9.47 � 10-6 TAP R 6.07 � 10-5

BCC 1.42 � 10-4 IFO L 6.04 � 10-5 SCR L 2.75 � 10-5 IFO R 1.51 � 10-4

CP L 2.13 � 10-4 IFO R 8.79 � 10-5 SCR R 2.97 � 10-5 PCR L 1.58 � 10-4

EC L 4.07 � 10-4 SCR R 1.12 � 10-4 IFO L 7.42 � 10-5 PCR R 2.63 � 10-4

SCP L 5.40 � 10-4 PCR L 1.65 � 10-4 CP L 7.91 � 10-5 SLF. L 4.06 � 10-4

CP R 8.02 � 10-4 SCR L 1.72 � 10-4 EC L 9.16 � 10-5 PTR R 5.08 � 10-4

SCR L 9.30 � 10-4 EC L 1.85 � 10-4 SFO R 1.44 � 10-4 IFO L 6.34 � 10-4

SCR R 1.00 � 10-3 PTR R 2.19 � 10-4 IFO R 2.29 � 10-4 EC L 9.49 � 10-4

SCC 1.83 � 10-3 SCC 2.22 � 10-4 CP R 2.46 � 10-4 SCC 1.23 � 10-3

r Mapping White Matter Integrity in Elderly People with HIV r

r 987 r



striatal function (Melrose et al., 2008). Many studies report
deficits primarily in the frontal lobe (Cloak et al., 2004;
Brito e Silva et al., 2011; Tate et al., 2009; Tucker et al.,
2004). However, our findings do not fully support this
localization, as we found widespread deficits throughout
the brain, even in the brainstem, not isolated to frontal cir-
cuits. The strongest associations between FA loss (and dif-
fusivity increase) and poorer NP scores were found in the
body and splenium of the corpus callosum and its parieto-
occipital connections, in both our DTI maps and ROI anal-
yses. Interestingly, in another ROI based study by Wu
et al. (2006), higher MD and lower FA were detected only
in the splenium and not in the genu and frontal white
matter; these differences were associated with dementia
severity and poorer motor speed. However, DTI studies
are often better powered to find deficits in regions where
the FA is highest, such as the splenium and thalamic radi-
ations. Regions with lower FA — such as the gray matter
or less coherent regions of the white matter — offer poorer
signal-to-noise ratios for detecting group differences,
partly because the anatomy is not as consistent across sub-
jects (Basser, 1995; Pierpaoli and Basser, 1996; Pierpaoli
et al., 1996). Any variance in anatomy across subjects will
make it harder to detect a consistent group difference.
There may be impairments in additional white matter
regions that may be undetected depending on the degree
of variation in fiber organization across subjects. As such
the corpus callosum often shows large effects for group
differences, perhaps not only for biological reasons but
also because its greater thickness and higher FA make dif-
ferences easier to detect.

HIV related deficits were related more strongly to RD
than to any other DTI measure, followed by MD, and cog-
nitive scores were associated most with FA, followed by
RD (Figure 1). FA tends to indicate greater fiber coher-
ence, but MD is an overall measure of diffusion in any
direction. Both FA and MD are affected by several white
matter characteristics such as myelination, axonal density,
and integrity (Song et al. 2005; Sun et al., 2006). AD — a
measure of diffusivity along fibers — and RD — a mea-
sure of diffusion perpendicular to the axonal fibers —
may reflect axonal injury and demyelination, respectively
(Sun et al., 2006). Like our findings, Chen et al. (2009)
found that RD was the most sensitive for detecting effects
of HIV infection, suggesting that demyelination may be
progressive in the white matter. In addition, Davis et al.
(2009) proposed the myelin degeneration hypothesis that
predicts that general age effects should be greater for RD
than AD and found that both the effects of aging on white
matter and their impact on cognitive performance were
stronger for RD than for AD. However, a recent study by
Pfefferbaum et al. (2009) found that in a group of subjects
in their 40s, HIV infected individuals generally had higher
axial diffusivity than controls, indicative of axonal com-
promise. Our results are more in line with the myelin
degeneration hypothesis as we examined an older
population.

In all four NPZ and sNPZ DTI maps, we found significant
regions that exhibited associations with cognitive scores in a
direction opposite to what would be expected. DTI has some
limitations in gauging fiber integrity in regions with exten-
sive fiber crossing and mixing. High angular diffusion imag-
ing (HARDI) can better characterize complex intra-voxel
structures than single-tensor models of DTI. A recent study
showed that calculating FA from the tensor distribution
function (TDF) using HARDI data better characterized the
anisotropy in regions of fiber crossings (Zhan et al., 2009).
Resolving the multi-fiber distribution of WM in these
regions may provide a better understanding of why these
regions showed an opposite association.

Findings of associations between CD4 levels and brain
pathology have been mixed. A number of studies have not
detected a correlation between current or nadir CD4 and
brain volumes or FA (Ances et al., 2012; Becker et al.,
2011; Klunder et al., 2008; Thurnher et al., 2005). However,
other investigators have reported a significant correlation
between nadir CD4 and regional brain volumes (Chiang
et al., 2007; Cohen et al., 2010a). Interestingly, a recent
study by Jernigan et al. (2011) found both that lower nadir
CD4 was associated with lower gray and white matter vol-
umes, and that higher current CD4 levels were associated
with more MRI abnormality. We found no associations
between measures of white matter integrity and either the
nadir or current CD4 T-cell count. It may be that a larger
cohort would detect these associations, or that in older
cohorts with a longer duration of illness there is a decou-
pling of links between the level of white matter impair-
ment and past measures of T-cell counts. These links
deserve further exploration.

This study also has some limitations. The lack of a
young comparison group limits the scientific and clinical
significance of the study somewhat. Future studies are
needed to contrast elderly people and younger people
with HIV. Also, longitudinal studies would be better able
to relate age effects on DTI to neuropsychiatric and cogni-
tive measures in the same individuals. The large size of
our NP test battery led us to summarize over-all NP test-
ing performance in one summary score rather than
attempt to investigate domain-specific scores. Although
there are potential pitfalls if one or more test excessively
contributes to the summary score due to skewed distribu-
tion with outliers, we took the precaution of examining
the distributions prior to combining them. While this is a
simplified approach, we believe it is valid with the precau-
tions that we have taken. Alternate investigations could
focus on specific NP domains, or combine different ones
using a predetermined weighting scheme.

In conclusion, elderly HIVþ patients showed widespread
disruptions of projection, association, and commissural
tracts, relative to controls and these disruptions are associ-
ated with NP deficits. While we did not examine the effect of
age by including a younger cohort in this study, our maps
implicate widespread regions, and may indicate the com-
pounded effects of aging, as proposed before in the context
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of HIV (Ances et al., 2012; Kirk and Goetz, 2009; Valcour
et al., 2004a,b). HIV infection has transitioned to a chronic
geriatric disease with HIVþ patients living longer due to
widespread availability of cART; yet, they continue to expe-
rience a greater burden of neurological abnormalities when
compared to age-matched healthy counterparts. Co-morbid-
ities, including cerebrovascular and neurodegenerative phe-
nomena as well as the effects of normal aging may be
further complicated by HIV infection. Future work with
larger aging cohorts and other imaging methods may com-
plement these findings, and help in understanding the
symptoms and prognosis for patients with HIV.
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