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Abstract

Despite the widening use of combination anti-retroviral therapy (ART), neurocognitive
impairment remains common among HIV-infected (HIV+) individuals. Associations between
HIV-related neuromedical variables and magnetic resonance imaging indices of brain structural
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integrity may provide insight into the neural bases for these symptoms. A diverse HIV+ sample
(m=251) was studied through the CNS HIV Antiretroviral Therapy Effects Research initiative.
Multi-channel image analysis produced volumes of ventricular and sulcal cerebrospinal fluid
(CSF), cortical and subcortical gray matter, total cerebral white matter, and abnormal white
matter. Cross-sectional analyses employed a series of multiple linear regressions to model each
structural volume as a function of severity of prior immunosuppression (CD4 nadir), current CD4
count, presence of detectable CSF HIV RNA, and presence of HCV antibodies; secondary
analyses examined plasma HIV RNA, estimated duration of HIV infection, and cumulative
exposure to ART. Lower CD4 nadir was related to most measures of the structural brain damage.
Higher current CD4, unexpectedly, correlated with lower white and subcortical gray and increased
CSF. Detectable CSF HIVV RNA was related to less total white matter. HCV coinfection was
associated with more abnormal white matter. Longer exposure to ART was associated with lower
white matter and higher sulcal CSF. HIV neuromedical factors, including lower nadir, higher
current CD4 levels, and detectable HIV RNA, were associated with white matter damage and
variability in subcortical volumes. Brain structural integrity in HIV likely reflects dynamic effects
of current immune status and HIV replication, superimposed on residual effects associated with
severe prior immunosuppression.

Keywords

HIV; MRI; Neuroimaging; Immunospupression

Introduction

The widening use of combination antiretroviral therapies (ART) has decreased the incidence
of HIV-associated dementia; however, neurocognitive impairment remains common among
HIV-infected individuals (Antinori et al. 2007; Cysique and Brew 2009; Ellis et al. 2007;
Giancola et al. 2006; Heaton et al. 2010; Heaton et al. 2011; Sacktor et al. 2002; Sevigny et
al. 2007; Tozzi et al. 2008a, b). Although the neural bases for these symptoms remain
uncertain, toxic HIV viral proteins secreted by infected macrophages and brain
inflammatory pathways have been implicated (Crews et al. 2009).

Neuroimaging studies in HIV have linked cognitive deficits to global, fronto-parietal, or
striatal atrophy (Cohen et al. 2010; Hestad et al. 1993; Kieburtz et al. 1996; Levin et al.
1990; Patel et al. 2002; Paul et al. 2002, 2008; Thompson et al. 2005). Cerebral white matter
damage, including volume loss and signal abnormality, is commonly reported (Archibald et
al. 2004; Aylward et al. 1995; Cardenas et al. 2009; Cohen et al. 2010; Heindel et al. 1994;
Jernigan et al. 1993; Stout et al. 1998); and white matter signal abnormality has been
associated with reductions in cortical dendritic arborization (Archibald et al. 2004). Using
MR spectroscopy, increases in choline and myo-inositol have been observed, suggesting
glial activation; and these have been associated with neurocognitive impairment (Chang et
al. 2001, 2002, 2004, 2005; Cloak et al. 2004; Ernst et al. 2002, 2003; Sacktor et al. 2005;
Tarasow et al. 2003; Yiannoutsos et al. 2004).

The CNS HIV Antiretroviral Therapy Effects Research (CHARTER) study is examining a
diverse group of HIV+ individuals in the United States. CHARTER was designed with
broad inclusion criteria, comprehensive neuromedical assessment, and a large sample size to
afford reliable ascertainment of the frequency and severity of HIV-associated
neurocognitive disorders (HAND), and the specific contributions of HIV and comorbidities
to impairment. The recent work supports continued prevalence of HAND even within
individuals with minimal comorbidities (Heaton et al. 2010).
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Here, we describe the relationships between HIV-related neuromedical factors and measures
of brain structural integrity for a subset of CHARTER participants with minimal
comorbidities. The neuroimaging correlates of the severity of prior immunosuppression
(CD4 nadir), current CD4 count, detectable HIV RNA in CSF, and coinfection with hepatitis
C virus (HCV) were of primary interest. Additionally, we examined the effect of HIV RNA
in plasma, the estimated duration of HIV infection, and the cumulative months of ART
exposure. We hypothesized that lower CD4 nadir, lower current CD4, detectable HIV RNA
in CSF, and HCV coinfection would be associated with brain structural damage as reflected
in lower brain tissue volumes, increased ventricular and sulcal size, and increased abnormal
white matter.

Materials and methods

All data reported here are from the first (baseline) CHARTER imaging visits; by study
design, most visits occurred at participants’ 6-month follow-up after enrolling in the
longitudinal study. All participants are seropositive for HIV. Neurobehavioral and
neuromedical assessments and highresolution multi-channel structural MRI were acquired
from 301 participants from which 50 were excluded as described below, leaving 251 for
reported analyses. Gross morphological abnormalities rendered MRI data for 12 participants
inappropriate for morphometric analysis; abnormalities included large focal or extensive
lesions, cysts, or masses (not consistent with HIV-related neuropathology) or congenital
brain malformations. To focus our study, most directly on the effects of HIV in this diverse
CHARTER sample, we excluded 38 additional cases due to severely confounding comorbid
conditions. As described in Heaton et al. (2010), these confounding cases were identified by
thorough review of case histories for non-HIV-related neuromedical and neuro-psychiatric
risks for brain dysfunction and neurocognitive impairment based on published criteria
(Antinori et al. 2007). Confounded cases revealed comorbid conditions that could fully
explain impairment and observed problems with everyday functioning; therefore, HIV
effects could not be inferred reliably in these cases.

Study cohort

The participants were studied at five participating sites: Johns Hopkins University
(Baltimore, MD, 7=39), Mt. Sinai School of Medicine (New York, NY, 7=52), University of
California at San Diego (San Diego, CA, n=73), University of Texas Medical Branch
(Galveston, TX, n=57), and University of Washington (Seattle, WA, 7=30). Demographic,
HIV disease, and treatment characteristics of the total sample (7=251) are summarized in
Table 1; the sample for primary analyses was smaller based on the availability of CSF
samples as described below.

Standard protocol approvals, registrations, and patient consents—These
procedures were approved by the Human Subjects Protection Committees of each
participating institution. Written informed consent was obtained from all study participants.

Neuromedical assessments—The assessments included medical history, structured
medical and neurological examinations, and the collection of blood and urine samples. For
those who consented, CSF was collected by lumbar puncture. Of the 251 participants, 226
(90%) had CSF samples collected at visits near the time to imaging (median elapsed time <3
days). The following clinical parameters were evaluated using structured interviews and
laboratory assessments where appropriate: prescription of ART, including current and past
exposure to specific drug classes, HIV disease markers (detectable HIV RNA in CSF and
plasma and CD4 nadir), current CD4, and detectable hepatitis C virus. Plasma HIV viral
loads were quantified by RT-PCR ultrasensitive assay (nominal lower quantitation limit 50
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c/mL; Amplicor(r), Roche Diagnostic Systems, Indianapolis, IN). Current CD4 was
measured by flow cytometry.

Structural MRI protocol—All imaging was performed on GE 1.5T magnets to include
four series for morphometric analysis; scanners were assessed for quality annually, and the
scanner was included as a variable in statistical analyses to control for scanner-related
effects (Fennema-Notestine et al. 2007). Series 1 and 2 were coronal acquisitions with
section thickness=2.0 mm, FOV 24 cm, matrix size 256x 256: 2D T2-weighted fast spin
echo (FSE) with TR=5,700 ms, TE=90 ms, ETL=16; and 2D proton density (PD)-weighted
FSE with TR=3,700 ms, TE=17 ms, ETL= 4. Series 3 and 4 were sagittal acquisitions with
section thickness=1.3 mm, FOV 24 cm, matrix size 256x256x 124: 3D T1-weighted SPGR
with TR=20 ms, TE=6 ms, flip angle=30; and 3D PD-weighted SPGR sequence with TR=20
ms, TE=6 ms, flip angle=5.

CHARTER morphometry—The standard morphometric analysis path employed in
CHARTER, based on Jernigan et al. (2001), includes image inspection for motion and other
artifacts, bias correction (with N3; Sled et al. 1998), coregistration of MRI volumes with a
mutual information registration (Maes et al. 1997), reslicing in a standard space, anatomist
selection of tissue samples (in gray matter, white matter, and CSF), removal of non-brain
voxels (skull stripping), tissue segmentation, abnormal white matter designation, and
anatomical segmentation (as illustrated below). To identify signal abnormalities in the white
matter, neuroanatomists perform a semi-automated tissue sampling procedure to obtain the
signal characteristics of regions of relatively normal gray matter, white matter, and CSF
(Jernigan et al. 2001). The segmentation procedures use information from these sample
regions from all four structural MRI volumes. Successive linear regressions on the tissue
samples to separate CSF from brain and then to separate gray from white matter form the
basis of tissue segmentation. With this analysis, abnormal white matter regions are defined
as voxels within white matter that have signal values that fall in (or beyond) the distribution
estimated from the gray matter sample (i.e., outside the range of normal white matter) and
these voxels are segmented as “gray.” Trained anatomists processed the tissue-segmented
images to separate manually the cerebellum from the cerebrum, the ventricles from sulcal
fluid in the subarachnoid space, and the cortical from subcortical gray matter within the
cerebrum. White matter abnormalities were also separated from gray matter structures using
anatomical criteria. The outcome of the morphometric analysis is illustrated in Fig. 1. As
reported previously (Jernigan et al. 2001), both interoperator and scan—rescan reliability for
tissue segmentation with these methods have been estimated for each tissue class and these
estimates range from .92 to .99.

Statistical analysis

The analyses were designed to estimate the degree of association between HIV-related
neuromedical variables and MRI indices of brain structural integrity. Structural integrity was
assessed with the volumetric measures of subcortical and cortical gray matter, total and
abnormal white matter, and ventricular and sulcal (subarachnoid) CSF. All volumetric
measures were log-transformed, and CD4 count variables were square root transformed to
symmetrize the distributions and stabilize the variances.

A series of six multiple linear regression models (one for each MRI measure) was used to
address the main study question. In every regression model, six control covariates were
included to account for some of the variance in MRI measures, although they were not of
primary interest in the present study. These control variables included: supratentorial cranial
volume (to control for differences in head size), age, gender, race/ethnicity, education, and
scanner (including local scanner hardware changes; Fennema-Notestine et al. 2007).

J Neurovirol. Author manuscript; available in PMC 2013 July 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jernigan et al.

Results

Page 6

Each model was used to predict one MRI measure with the control variables along with four
neuromedical variables: (1) reported CD4 nadir, (2) measured current CD4 count, (3)
presence of detectable HIV RNA in CSF, and (4) whether the participant was coinfected
with HCV. This regression approach simultaneously examines the independent contributions
of each variable to the structural volume, while controlling for other influences. For
example, a significant effect of lower CD4 nadir in predicting lower total white matter
volume is CD4 nadir’s independent contribution, accounting for other influences on white
matter volume such as age, scanner, or detectable HIV RNA in CSF. For these analyses, 226
participants for whom CSF data was available were included. Thus, the primary effects
reported here are those that persist in the presence of the six control covariates, as well as
with the other four primary neuromedical variables in the model.

A treatment variable coding for whether the participant was on ART, had discontinued ART,
or was ART naive also was examined; however, its effect did not approach significance in
any model. Therefore, this variable was not included as a covariate in the final regression
models.

Two secondary analyses subsequently were performed with similar models: First, we
examined the influence of detectable plasma HIV RNA by replacing the CSF variable with
the plasma variable (/7=251). Second, we examined the contributions of estimated duration
of HIV infection and cumulative exposure to ART by adding these two additional variables
to the primary regression model (7=209).

All reported findings result from multiple regression models that simultaneously examine
the independent contributions of each variable to the structural volume, while controlling for
other influences (see the “Statistical analysis” subsection); that is, a significant effect of
CD4 nadir on a volume measure reflects an independent effect controlling for other factors
such as age, current CD4, and so on.

CD4 nadir, current CD4, HIV RNA in CSF, and HCV coinfection

The effects of the neuromedical variables as estimated in the primary regression model for
each structural measure are summarized in Table 2. Accounting for control variables (e.g.,
scanner and age) and controlling for other neuromedical factors (e.g., current CD4), there
was a consistent association between lower CD4 nadir and measures of brain damage (Fig.
2). Specifically, lower CD4 nadir was associated with lower volumes of total white and
subcortical gray matter alongside more ventricular and sulcal CSF and more abnormal white
matter. Detectable HIV RNA in CSF was associated with smaller white matter volumes and
tended to predict more sulcal CSF.

Current CD4 was independently associated with volumes of ventricular and sulcal CSF,
cerebral white matter, and subcortical gray matter, although the direction was unexpected.
Controlling for CD4 nadir and other variables, a higher current CD4 was associated with
higher CSF volumes and less white and subcortical gray matter (Fig. 3). There was no
significant relationship between current CD4 and abnormal white matter. In other words,
individuals with lower CD4 nadir but higher current CD4 had the most evidence for brain
damage in terms of volume loss on MRI. Finally, HCV coinfection, after controlling for
HIV-related factors and demographic variables, was associated with higher volumes of the
abnormal white matter.

J Neurovirol. Author manuscript; available in PMC 2013 July 06.
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HIV RNA in plasma

More participants (/7=251) had the measurements of HIV RNA in plasma than in CSF
(rm=226); secondary analyses replaced CSF with plasma detectable HIV RNA in the primary
model. Detectable HIV RNA in plasma predicted larger ventricles (£2.1, p=.03) and tended
to predict smaller white matter volume (£=-1.8, p=.07). Other effects in the models were
unchanged.

Duration of HIV infection and cumulative ART exposure

Furthermore, using the primary model which included CSF HIV RNA, we examined the
influence of cumulative exposure to ART and estimated duration of HIV infection (7=209).

Longer ART exposure was associated with lower white matter (=-2.2, p<.05) and higher
sulcal (£2.99, p<.005) volumes, after controlling for other variables. The association with
higher ventricular volumes approached significance (3.2, p=0.075). The effect of
estimated duration of HIV infection did not approach significance in any model. In no case
did the roles of other variables in these models, such as CD4 nadir, differ from their roles in
the primary models tested with the larger sample size (Table 2).

Discussion

Given minimal exclusion criteria, the diverse sample of HIVV+ individuals in CHARTER
provides a challenging context within which to interpret MRI evidence for brain tissue
alterations. Individuals are at various stages of the infection and have widely differing
histories of the comorbidity and ART exposure which could influence brain abnormalities.
Since this population includes participants with substance use disorders and HCV as well as
developmental and psychiatric conditions, we limited our analyses to individuals who were
free of opportunistic infections, central nervous system malignancies, or present/ ongoing
substance dependence disorders, as well as participants in whom severe comorbidities
(confounding conditions) were present that could fully explain their neuropsychological
deficits (Heaton et al. 2010). Our findings provide an initial description of the variability
observed on MRI measures of the brain structure that may be associated with specific
neuromedical factors in HIV, within the most informative participants of the CHARTER
cohort at baseline.

The strongest and most consistent association with MRI measures was with CD4 nadir, an
estimate of the patients’ most severe HIV-related immunosuppression. Low CD4 nadir may
reflect prior high levels of the viral replication, and the associations we observed may reflect
the persisting effects of these prior events. Low CD4 nadir was associated with virtually all
the measures of brain tissue damage: larger ventricular and sulcal CSF volumes (an
indication of brain volume loss), the lower volumes of cerebral white matter and subcortical
gray matter, and increased abnormal white matter. These associations are consistent with
previous evidence for prominent HIV effects on white matter and striatal structures, and
with the findings of a recent study of demented and neurologically asymptomatic patients in
which CD4 nadir was also related to brain volume loss (Cohen et al. 2010).

Interestingly, current CD4 level also was significantly associated with structural changes,
but the associations were in an unexpected direction. Controlling for CD4 nadir and CSF
viral load, higher current CD4 levels were associated with more MRI abnormality rather
than less. Post hoc analyses revealed that although the effects of CD4 nadir were observable
whether or not current CD4 was included in the model, the reverse was not the case. The
associations with current CD4 could only be observed when CD4 nadir was in the model.
The results suggest that the magnitude of the difference between current CD4 and CD4 nadir
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is somewhat more strongly associated with the severity of brain abnormality than is CD4
nadir alone, and therefore, the addition of current CD4 to the model improves the fit.

It is not clear, however, why lower current CD4 is associated with apparently less brain
volume loss in the CHARTER cohort. This may be related to current treatment practices.
The individuals currently on treatment are more likely to have had low CD4 nadirs that
prompted the initiation of treatment and to have experienced ART-related rebound of CD4
counts. In contrast, untreated seropositive individuals are likely to be individuals with
shorter duration of infection who may have lower current CD4 counts. Other factors may
also contribute to counterintuitive associations between CD4 T cells and MRI measures. For
example, there is some evidence that neuroinflammatory mechanisms may appear, in some
cases, as increased tissue volumes, perhaps because of glial activation or even edema.
Immune activation in individuals with current low CD4 values may have led to elevated
volume estimates for gray matter, and commensurate decreases in CSF, essentially because
of mild swelling of tissues. A similar explanation has been suggested for increases in
cortical and subcortical gray matter volumes associated with recent stimulant dependence
(Jacobsen et al. 2001; Jernigan et al. 2005). On the other hand, more neurodegeneration
could accompany inflammatory processes associated with immune reconstitution in some
participants, producing a correlation between relatively higher CD4 (in previously
immunosuppressed individuals) and brain volume loss. Further studies are needed to
characterize the influence of current CD4 on brain volumes. The analyses of the longitudinal
results from CHARTER may provide insight, as these within-subjects effects will be less
influenced by differences in treatment history.

While detectable HIVV RNA in CSF was associated with smaller white matter volume (and
perhaps more sulcal CSF), no significant association was found between the current use of
ART and MRI measures. This may in part be because plasma viral levels were closely
monitored in most participants and few remained untreated (Table 1). Given that most
participants received ART, the associations detected in our models are likely to primarily
represent relationships present in treated patients; when we computed the models in the
currently treated participants, the relationships were essentially unchanged. Unfortunately,
the sample size of untreated participants, including both medication naive and recently
treated individuals, did not allow sufficient power to test the models.

The estimates of cumulative duration of ART were associated with brain tissue damage,
again in the form of smaller white matter volumes and larger CSF volumes. This association
of longer treatment duration with volume loss did not appear to be mediated by self-reported
longer duration of the infection. Cerebral white matter is among the earliest and most
heavily affected tissue compartments in HIV (Archibald et al. 2004; Cardenas et al. 2009;
Jernigan et al. 1993; Stout et al. 1998). Longer treatment duration may be an indicator of
HIV disease severity or of damage from direct (toxic) or indirect (vascular) damage from
antiretroviral agents.

Finally, HCV coinfection, a common comorbid illness with HIV, has been associated with
worse neurocognitive impairment, higher HIV RNA levels, and higher levels in CSF of
MCP-1, a proinflammatory chemokine (Chang et al. 2002; Taylor et al. 2007). To our
knowledge, no previous studies have linked HCV coinfection to MRI-assessed brain tissue
damage in HIV+ individuals. HCV-coinfected individuals had more abnormal white matter,
even after controlling for demographic and HIV-associated factors, possibly reflecting
HCV-mediated inflammation in the white matter. This inflammatory effect of HCV is
consistent with a report of increased CCL2 (MCP-1), a proinflammatory chemokine, in the
CSF of HCV-coinfected individuals (Letendre et al. 2005).
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In summary, we observed that brain morphological variability in the CHARTER cohort is
related to several indicators of HIV disease severity. Low CD4 nadir, possibly indicating
prior exposure to HIV in the brain or other immunological abnormalities, was the most
consistent predictor of less gray and white matter, more ventricular and sulcal CSF, and
abnormalities in the remaining white matter. After controlling for CD4 nadir, higher CD4
was associated with lower subcortical volumes and larger CSF spaces, perhaps because of
the transient inflammatory alterations of the tissues or because immune reconstitution in
some individuals gives rise to increased neurodegeneration. Finally, HCV coinfection was
associated with more abnormal white matter, consistent with proinflammatory effects.
Future studies examining the relationship between neuroimaging markers and
neurocognitive performance, particularly over time, will explore potentially dynamic
episodes of injury and repair related to HIV and HAND.
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Fig. 1.

Multi-channel morphometry. Coronal T2 (/ef?), T1 (middle), and segmented (right) images
for anterior (Zop) and posterior (botfom) sections. Volumes include: ventricular (red) and
subarachnoid (b/ack) CSF, abnormal (orange) and total (white + orange) white matter,
cortical (blue) and subcortical (furquoise) gray matter

J Neurovirol. Author manuscript; available in PMC 2013 July 06.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Jernigan et al.

Page 14

0
°

g
S 5
§ o
2
b
= o
E o
e
2
g3
B
EX
2 & %
-1 °
-15 -10 -5 0 5 10
Adjusted Square Root Nadir CD4 (residuals)
o
]
3
g
E
2
s
s
2
3
2
&
3
g

15 -10 -5 0 s 10

~
S -
T

-0.3

Adjusted Log Subcortical Gray Volume (residuals)
~0.4

T T

-15 -1‘0 -5 0 5 16
Adjusted Square Root Nadir CD4 (residuals)

Fig. 2.

Nadir CD4 and morphometric volumes. Partial correlation scatterplots (plots of partial
residuals) show the relationship between square root transformed CD4 nadir and log-
transformed morphometric volumes, after adjusting for all other variables in the regression
models

J Neurovirol. Author manuscript; available in PMC 2013 July 06.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Jernigan et al.

Adjusted Log Cerebral White Volume (residuals)

Adjusted Log Subcortical Gray Volume (residuals)

Fig. 3.

-0.3

=03 =02 -~01 00 04 02

-04

Page 15

-10

5 0 5 10 15
Adjusted Square Root Current CD4 (residuals)

-10

5 0 5 10 15
Adjusted Square Root Current CD4 (residuals)

Current CD4 and morphometric volumes. Partial correlation scatterplots show the
relationship between square root transformed current CD4 and log-transformed
morphometric volumes, after adjusting for all other variables in the regression models
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Cohort characterization (/7=251)

Table 1

Mean (SD) Range  Proportion of Cohort (%)
Age (years) 44.1(7.9) 23-67
Education (years) 13.0 (2.3) 7-18
Global Deficit Score (GDS%) 0.39(0.5) 0-35
CD4 nadir (per mmd) 190.2 (183.3) 0-1104
Current CD4 (per mm3) 479.0 (262.0) 7-1716
Estimated Months Seropositive 132 (74) 7-285
Estimated Cumulative Months on ART 67 (55) 0-215
Ethnicity Caucasian 42
African American 45
Hispanic 10
Other 3
Sex 82 (male)
Neurocognitively Impaired 37
Detectable HIV RNA in CSF 29
Detectable HIV RNA in Plasma 49
ART History Currently Using 76
Past Use 14
Never Used 10
CDC Stage
CDC-A 34
CDC-B 28
cDC-C 38
AIDS 66
HCV Coinfection 25

a. . . . . . .
Criterion for Neurocognitive Impairment is a Global Deficit Score of greater than 0.5
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