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Abstract
Objective—The apolipoprotein E (APOE) ε4 allele may accelerate the progression of HIV
disease, and increase the risk for developing HIV-associated neurocognitive disorder (HAND).
Whether APOEε4 allele(s) and age may influence brain atrophy in HIV patients is unknown and
was evaluated.

Methods—Automated morphometry on magnetic resonance images, using FreeSurfer analyses,
neuropsychological testing and APOE genotyping were performed in 139 subjects [70
seronegative controls (SN); 69 clinically-stable HIV subjects].

Results—Compared to SN, HIV subjects had smaller volumes throughout the brain regardless of
their HAND status. Compared to APOEε4− subjects, SN controls with APOEε4 had better
memory and larger global brain volumes (cerebral white matter and cortex) while HIV subjects
with the APOEε4 allele(s) had poorer cognition (verbal fluency, learning, executive function and
memory) and smaller cerebral and cerebellar white matter and subcortical structures. Further
stratification of age showed that younger (<50 years) APOEε4+SN subjects had larger putamen
and cerebral white matter, while younger APOEε4+HIV subjects had poorer performance on
verbal fluency and smaller brain volumes [3-way (HIV-status × APOEε4 × Age) interaction-p-
values=0.005 to 0.03].

Interpretation—These findings suggest that APOEε4 allele(s) may show antagonistic pleiotropy
on cognition and brain atrophy in SN controls, but may lead to premature aging with
neurodegeneration in younger HIV patients prior to the development of HAND. Potential
mechanisms for such interactions may include stronger neuro-inflammation or greater amyloid
deposition in younger HIV subjects with APOEε4 allele(s). Early screening for the APOEε4 allele
and brain atrophy with morphometry may guide neuroprotective intervention of cognitively
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normal HIV subjects prior to the development of HAND. Longitudinal follow-up studies and
larger sample sizes are needed to validate these cross-sectional results.
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INTRODUCTION
Stable antiretroviral (ARV) treatments may control viral replication and partially restore
immune function in HIV-infected individuals; however, 35–60% of patients continue to
demonstrate mild to moderate cognitive deficits characterized as HIV-associated
neurocognitive disorders (HAND) (Antinori et al., 2007). Many HIV-infected individuals
also have co-morbid conditions, such as drug abuse and possible neurotoxic effects of
antiretroviral medications (ARVs) that may contribute to cognitive deficits (Chang et al.,
2011). Furthermore, genetic vulnerabilities, such as having the apolipoprotein-E (APOE) ε4
allele(s), a well-known risk factor for the development of Alzheimer’s disease in older
individuals (Chen et al., 2002; Jorm et al., 2007), may accelerate the progression of HIV
disease (Burt et al., 2008) and double the risk for developing HAND (Corder et al., 1998;
Spector et al., 2010). However, the relationship between APOEε4 allele(s) and cognitive
deficits in HIV-infected individuals remains controversial. One study found higher
prevalence of HIV-associated dementia (HAD) only in older (≥50 years) HIV patients
(Valcour et al., 2004), several found no relationship (Dunlop et al., 1997; Joska et al., 2010;
Pomara et al., 2008), and one even found better cognitive performance on delayed memory
in HIV subjects with the ε4 allele(s) (Pomara et al., 2008).

HIV-infected individuals, especially those with HAND, also consistently showed brain
atrophy on structural MRI, using manual (Ances et al., 2006; Aylward et al., 1995; Aylward
et al., 1993) or semi-automatic analyses (Cohen et al., 2010; Jernigan et al., 2005), as well as
automated segmentation techniques (Chiang et al., 2007; Klunder et al., 2008; Thompson et
al., 2005). Brain atrophy in HIV patients occurred in the basal ganglia, the hippocampus,
various cortical regions, cerebral white matter as well as the cerebellum, and most studies
found correlations between the severity of regional brain atrophy and cognitive deficits
(Ances et al., 2006; Aylward et al., 1995; Aylward et al., 1993; Chiang et al., 2007; Cohen et
al., 2010; Jernigan et al., 2005; Klunder et al., 2008; Thompson et al., 2005).

Given the persistently high prevalence of HAND despite antiretroviral treatments,
identifying risk factors for these individuals is crucial for early intervention or
neuroprotective therapy. Since the relationship between APOEε4 genotype and brain
atrophy is unknown in HIV patients, the aims of this study are to determine: 1) whether the
presence of the ε4 allele(s) exacerbates brain atrophy or cognitive deficits in HIV patients
stable on ARVs; 2) whether age interacts with HIV and ε4 allele(s) on brain atrophy and
cognitive dysfunction. We hypothesized that HIV+ subjects with APOEε4 allele(s) would
show greater global cortical and subcortical brain atrophy and cognitive deficits, and these
abnormalities would be more pronounced in older individuals.

MATERIALS AND METHODS
Research participants

139 participants [70 seronegative (SN) subjects ages: 45.9±1.5 years, 62(89%) men,
16(23%) APOEε4+; and 69 HIV subjects ages: 47.4±1.2 years, 63(91%) men, 22(32%)
APOEε4+] were included in the study. Each subject signed an approved consent form and
completed detailed clinical and neuropsychological evaluations. SN controls were included
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based on the following criteria: 1) Fluent in English and able to provide informed consent;
2) ≥18 years of age; 3) HIV-seronegative. HIV subjects also had criteria 1 and 2 above; 3)
HIV-positive; 4) stable on ARVs for >6 months or on no ARVs; 5) had nadir CD4≤500/
mm3. Exclusion criteria for both subject groups were: 1) Any illness known to alter brain
structures; 2) history of illicit drug or alcohol dependence by DSM-IV criteria; 3) positive
urine toxicology screen; 3) head trauma with loss of consciousness >30 minutes; 4) severe
abnormalities on screening laboratory tests that might confound brain imaging measures or
function; or 5) any contraindications for MRI.

Neuropsychological testing
Each participant performed a battery of neuropsychological tests sensitive for detecting
HAND (Antinori et al., 2007), and included tests in seven cognitive domains: memory,
learning, attention/working memory, executive function, speed of information processing,
fluency and motor skills (Appendix Table A). For each subject, a z-score adjusted for age-
and-education normalized to a database of 273 subjects was calculated for each cognitive
domain, and for a global z-score (average of all domains). In addition, depressive symptoms,
which might influence cognitive performance, were assessed using the Center for
Epidemiological Studies–depression scale (CES-D).

Twenty-nine (42%) HIV subjects had HAND (Antinori et al., 2007) [13 Asymptomatic
Neurocognitive Impairment, 15 Minor Neurocognitive Disorder, and 1 HAD]; the remaining
40 HIV subjects had normal cognition (HIV+NC). Conversely, only four SN controls (6%)
had cognitive deficits comparable to HAND.

APOE Genotyping
Genomic DNA was extracted from stored and banked blood using Quick-gDNA™ MiniPrep
(Zymo Research Corporation, Orange, CA). Extracted DNA samples were then used as
templates for PCR-based assay (Zivelin et al., 1997) to amplify the polymorphic regions of
the APOE gene. The PCR products were visualized on 2% agarose gels, agarose-extracted,
cleaned, and prepared for DNA sequencing. APOE genotypes were identified based on the
sequencing results.

MRI acquisition
Subjects were scanned on a Siemens 3.0 Tesla TIMTrio MR system using a 12-channel
phased-array radiofrequency coil. Structural imaging sequences included: 1) Magnetization
Prepared RApid Gradient Echo (MP-RAGE, TR/TE/TI=2200/4.48/1000ms; 160 slices,
1×1×1mm); and 2) axial T2-weighted fluid-attenuated inversion recovery (FLAIR) to assess
for possible brain pathology.

Image analyses
FreeSurfer 4.3.1 {http://surfer.nmr.mgh.harvard.edu} was used for automated reconstruction
and labeling of subcortical and cortical regions. Brain structures were extracted from the
skull and registered to an existing brain template prior to segmentation of each structure.
Regional volumes were determined automatically in each hemisphere for amygdala,
caudate, hippocampus, globus pallidus, putamen, thalamus, and global cerebral and
cerebellar cortex and white matter (Figure 1). All regions of interest (ROIs) were visually
inspected to ensure accurate segmentation. Segmented volumes were manually edited only
when they were identified as outliers and caused by program errors. An estimated total
intracranial volume (eTIV) was also computed based on the determinant of the
transformation matrix used to register the brain with the template (Buckner et al., 2004).
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Statistical Analyses
Statistical analyses were performed using SAS 9.1 (SAS Institute Inc., Cary, NC). One-way
analysis of variance (ANOVA) was used to compare all clinical characteristics, cognitive
domains and brain volumes between HIV and SN subjects, with and without APOEε4
allele(s), and contrasts were generated for pair-wise comparisons. All analyses of brain
volumes included age and eTIV as covariates. Two way- or three-way ANOVA was used to
test the independent and interactive effects of HIV status, APOEε4 status [at least one
APOEε4+allele] and age (<50 vs. ≥50 years) on cognitive function and brain volumes.
Relationships between age, clinical characteristics and brain volumes with significant group
differences were examined with Pearson correlations. Parametric tests were used since the
data were normally distributed. P-values<0.05 were considered significant and trends were
noted for 0.05≤p≤0.15. Simes correction for multiple comparisons (Simes, 1986) was used
for correlation analyses.

RESULTS
Clinical characteristics (Table 1)

The SN and HIV subject groups were similar in age, years of education, sex proportion
(predominantly male), and showed no difference in the proportions of APOEε4+carriers,
younger and older subjects, or in their racial or ethnic distributions. Five subjects were
APOEε4 homozygous, and all were HIV-positive (3 had HAND and 2 had no cognitive
deficits). Amongst the HIV subjects, those with APOEε4 allele had lower CD4 counts, but
similar nadir CD4 counts, and slightly lower HIV dementia scale, compared to those without
the APOEε4 allele. Other measures for HIV disease severity (viral load, duration of HIV
diagnosis, Karnofsky score) were similar in both groups. However, regardless of APOEε4
status, HIV subjects had more depressive symptoms on the CES-D than the two SN control
groups, but were not clinically depressed.

The majority of HIV subjects (55, or 80%) were taking ARVs. Specific regimens were: 16
nucleoside reverse transcriptase inhibitors (NRTIs)+non-NRTIs (NNRTIs), 29 NRTIs
+protease inhibitors (PIs), three NRTIs+NNRTIs+PIs, six NRTIs only, and one with
NNRTIs+PIs. No difference was found in the proportion of HIV subjects who were on
ARVs or NRTIs between the two groups with or without APOEε4 allele.

HIV and HAND effects on brain morphometry
The HIV subjects with or without HAND had similar Karnofsky scores, duration of HIV,
Log viral load, viral suppression, and CD4 counts. However, HAND subjects had slightly
lower education, lower scores on the HIV dementia scale, lower cognitive domain scores (by
definition), and lower nadir CD4 counts than SN and HIV+NC subjects (Appendix Table
A). Despite these differences, the HIV subjects with or without HAND did not differ in
terms of atrophy in most brain regions (Figure 1, Appendix Table B) and were combined for
further analyses. Of note, the eTIV also did not differ amongst SN controls and the 2 HIV
groups.

Compared to SN controls, HIV subjects as a group had significantly smaller (−4.4% to
−7.4%) volumes in the caudate, hippocampus, pallidum, putamen, thalamus, amygdala,
hippocampi, cerebellar cortex, cerebral white matter and cortex, even when co-varying for
age and for eTIV (Figure 1, Appendix Table B). Hence, the global cerebral volume was
smaller in HIV than SN subjects (−4.8% p<0.001).
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Relationship between brain morphometry, clinical characteristics and cognition
Correlations were found between brain volumes and various clinical variables in the HIV
subjects (p<0.05–0.001), but none were significant after Simes correction and are considered
trends for such associations. Specifically, several regional brain volumes correlated
positively with Karnofsky scale, HIV Dementia Scale, and nadir CD4 counts, but negatively
with duration of HIV diagnosis or whether viral load was detectable (see Appendix).

When all subjects were combined, their global z-scores correlated with brain volumes in
bilateral amygdalae, cerebral white matter, thalami, and hippocampi (0.22≤r≤0.28 and
0.001≤p≤0.01, co-varied for eTIV, Figure 2). Since the subjects with similar reductions in
brain volumes may show marked differences in cognitive function (e.g., HAND vs. HIV
+NC or SN), further analyses were performed to evaluate the possible contribution of
APOEε4 allele(s), and its interaction with age, on cognitive function and brain atrophy.

Relationship between APOEε4, cognitive performance, and age
HIV status and APOEε4 status showed interaction effects on several cognitive tasks and
domains (interaction-p<0.001 to 0.04; Figure 3). Specifically, HIV+APOEε4+ subjects had
poorer performance on Animal fluency, FAS fluency, Trail Making B, and in four domains
(fluency, executive function, learning and memory) compared to HIV+APOEε4− subjects
and SN controls. In contrast, APOEε4+SN controls scored higher (better) than APOEε4−SN
controls on the Auditory Verbal Learning Test Immediate Recall (p=0.01), memory domain
(p=0.03), and trends for better performance on the learning (p=0.09) and fluency (p=0.10)
domains. There were no significant differences in cognitive performance between HIV and
control subjects without the APOEε4 allele.

When the subjects were divided into younger (<50 years) and older (≥50 years) groups,
APOEε4 affected the Ruff Figural Fluency test in younger but not older subjects (3-way
interaction-p=0.05, significance remained after adjustments for education). Younger
APOEε4+SN controls performed better than younger APOEε4−SN controls (115.0±6.0 vs.
97.7±3.5, p=0.02), whereas younger HIV+APOEε4+ subjects performed worse than younger
HIV+APOEε4− (81.6±2.8 vs. 95.0±3.7, p=0.006). Conversely, there were no significant
APOEε4-associated differences in the older SN or HIV groups, and no other three-way
interactions were seen on other neuropsychological tests.

Relationships between APOEε4, brain volumes and age (Table 2, Figures 4A & 4B)
Across the 4 subject groups, significant differences were observed for all subcortical and
cerebral brain volumes (see effect size and p-values in the one-way ANCOVA, Table 2).
Specifically, the HIV+APOEε4+ subjects had the smallest brain volumes in all brain regions
evaluated, whereas the APOEε4+SN controls had the largest brain volumes in all regions,
except for the right caudate. This opposite effect of APOEε4 on brain volumes in SN versus
HIV subjects was significant (repeated measure ANCOVA-p=0.02), with significant HIV-
status × APOEε4 interactions in the right amygdala, right pallidum, left thalamus, left
cerebellar white matter, bilateral cerebral white matter, right cerebral cortex and the global
cerebral volume (see Table 2, two-way ANCOVA effect size and p-values, and Figures 4A
& 4B).

Further analyses to evaluate the additional effect of age (< or ≥50 years) showed significant
3-way interactions (age × HIV-status × APOEε4) in bilateral putamen and left cerebral
white matter volumes, as well as trends for such three-way interactions in the pallidum,
thalamus and global cerebral volumes (Table 2, three-way ANCOVA, Figure 5).
Specifically, compared to APOEε4− individuals, APOEε4+ was generally associated with
smaller brain volumes in older (≥50 years), but larger brain volumes in younger, SN
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individuals. Conversely, the presence of the APOEε4 allele(s) was associated with smaller
brain volumes in younger (<50 years), but not older, HIV subjects. In both the putamen and
the right cerebral white matter, significant atrophy was seen in the younger, but not older,
HIV+APOEε4+ subjects compared to the HIV+APOEε4− subjects, while the APOEε4+ SN
younger subjects showed larger volumes than both the younger APOEε4−SN and older
APOEε4+SN subjects (Figure 5).

On linear regression analyses, most regions studied showed age-related decreases in brain
volumes. All HIV and SN subjects were combined in the correlation analysis, since there
were no significant HIV status-by-age interactions. The greatest age-related declines were
observed in the thalamus (left/right: −6/−5% per decade, r=−0.47/−0.41, p<0.001/<0.001)
and cerebral cortex (−4% per decade, r=−0.43, p<0.001 for left and right). After Simes
correction, regions that remained significant for age-related decreases include cerebellar
cortex (left/right: r=−0.38/−0.39; −4% per decade and p<0.001 for both), putamen (left/
right: −5/4% per decade, r=−0.38/−0.31, p<0.001 for both), pallidus (left/right: −5/−3% per
decade, r=−0.37/−0.27, p<0.001/<0.002), hippocampus (left/right: −2/−3% per decade, r=
−0.25/−0.34, p=0.003/<0.001), and amygdala (left/right: r=−0.22/−0.26, p=0.009/0.002;
−3% per decade for both).

However, when the subject groups were evaluated for age-related volume decline and
stratified by presence of APOEε4 allele(s), differences in the slopes were observed
bilaterally in the putamen and thalamus (Figure 6). While both SN groups and the HIV
+APOEε4− group showed age-related volume declines in these two structures, the HIV
+APOEε4+ subjects did not show age-related declines, possibly since these structures had
already reached a lower set-point at a younger age.

DISCUSSION
This is the first study to characterize the impact of the APOE polymorphism on brain
structures of HIV-infected subjects with and without HAND. In this group of relatively
young subjects (average age < 50 years), the presence of APOEε4 allele(s) was associated
with poorer cognitive performance (verbal fluency, learning, executive function and
memory) in HIV subjects but better memory in SN controls. Similarly, HIV+APOEε4
carriers had smaller brain volumes while the SN controls had larger brain volumes than
those without the ε4 allele. Stratifying the subjects into younger (<50 years) and older (≥50
years) age groups further confirmed that APOEε4 was associated with larger putamen and
cerebral white matter in younger SN subjects, but with poorer performance on verbal
fluency and smaller volumes in the younger HIV subjects. These findings suggest the
APOEε4 allele(s) demonstrate antagonistic pleiotropy, showing a positive effect only in
younger but not older healthy SN individuals, but an earlier manifestation of the negative
impact of the allele(s) on the brain function and structures of younger HIV subjects.

In this group of clinically stable and mostly ARV-treated HIV subjects, we found smaller
brain volumes throughout regardless of their HAND status. This finding is somewhat
consistent with recent reports regarding presymptomatic subcortical neurodegeneration in
chronic HIV infection (Chao et al., 2003; Di Sclafani et al., 1997; Jernigan et al., 2005),
smaller total white matter volumes in HIV subjects stable on ARVs (Cardenas et al., 2009),
and smaller cerebellum in HIV patients (Elsheikh et al., 2010; Klunder et al., 2008).
However, our findings are different from those reported earlier in the epidemic, when
smaller whole brain (Aylward et al., 1995; Ge et al., 2003) and basal ganglia volumes
(Aylward et al., 1993) were primarily observed in HIV subjects with dementia, but not in
those without neurological or cognitive deficits. Possible etiologies for brain atrophy
independent of HAND status include many common factors: 1) long duration of infection

Chang et al. Page 6

Neuroimage. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(~12 years); 2) older age; 3) longer usage of potentially neurotoxic ARVs, especially NRTIs;
4) similar proportion of subjects with incomplete viral suppression in the CNS; 5) greater
prevalence of recreational drug use compared to SN controls; and 6) ongoing
neuroinflammation associated with all of these factors. However, these factors could not
explain why subjects with or without HAND showed similarly atrophic brain structures.

The APOEε4 genotype is another factor that might contribute to brain atrophy and cognitive
deficits. HIV subjects with APOEε4 allele(s) indeed performed poorer on several cognitive
domains, including verbal fluency, learning, executive function and memory, and had
smaller brain volumes, especially in terms of the global cerebral white matter, global brain
volume, and subcortical regions. The cognitive test findings are consistent with prior reports
of higher risks for HAND in those with the APOEε4 allele (Corder et al., 1998; Spector et
al., 2010), but opposite from a smaller study that found better immediate and delayed recall
in non-demented HIV subjects with the APOEε4 than those without this allele (Pomara et
al., 2008). Furthermore, compared to the corresponding SN age groups, APOEε4 was
associated with poorer performance on the Ruff Figural Fluency test in our younger, but not
older, HIV subjects.

Paradoxically, while poorer global z-scores correlated with smaller volumes in our study,
many of these regions were atrophic even in HIV+NC subjects. This suggests that overall
cognitive dysfunction is only marginally associated with brain atrophy (5–7% in terms of
variance), and that development of HAND in HIV-subjects may be due to many other
factors, such as dopaminergic deficits (Chang et al., 2008), lower nadir CD4 (Cohen et al.,
2010; Valcour et al., 2006), and APOEε4, which may lead to compromised neuronal
function. Moreover, HIV+NC subjects may have sufficient cognitive reserve to compensate
and maintain performance despite brain atrophy. Functional MRI studies indeed
demonstrated decreased brain activation in normal neural networks but increased brain
activation in contralateral or adjacent brain regions of HIV-infected individuals who were
able to maintain normal performance on a variety of cognitive tasks (Chang et al., 2001;
Chang et al., 2004b; Ernst et al., 2009; Maki et al., 2009; Melrose et al., 2008; Tomasi et al.,
2006).

Consistent with prior reports, we found that APOEε4 allele has little or in fact a positive
influence on cognition in younger SN individuals (Alexander et al., 2007; Han et al., 2007;
Mondadori et al., 2007), but a negative effect in older SN individuals (Chen et al., 2002;
Jorm et al., 2007). A recent functional MRI study also found over-activity of brain function
in young ε4-carriers that was disproportionately reduced with advancing age even before the
onset of measurable memory impairment (Filippini et al., 2011). These findings suggest that
APOEε4 has antagonistic pleiotropy, with a positive influence in younger individuals but a
negative influence in older subjects. However, this antagonistic pleiotropic effect in healthy
individuals remains controversial since a recent large study of 5,445 community dwelling
individuals across three age groups (20–24 years, 40–44 years and 60–64 years) found no
evidence of higher cognitive performance in the young ε4 carriers (Bunce et al., 2011).
Conversely, APOEε4 had negative effects on brain volumes, and on the Ruff fluency test, in
our younger but not older HIV subjects. This negative influence of ε4 allele(s) in the
younger HIV subjects suggests that the antagonistic pleiotropic effect of the ε4 allele(s) is
manifested earlier, or the ε4 allele(s) may lead to premature aging in the setting of HIV.
Several recent neuroimaging studies indeed reported lesser brain perfusion (Ances et al.,
2010) and lower brain glutamate concentrations (Ernst et al., 2010) in HIV subjects, at levels
that were equivalent to those in SN control subjects at least 10 years older.

One possible mechanism for the earlier expression of the gene may be due to a more robust
neuro-inflammatory response in younger relative to older HIV individuals. This hypothesis
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is consistent with our prior findings of greater elevations in the glial marker myoinositol and
lower neuronal marker N-acetylaspartate-to-creatine ratios in younger than older HIV
individuals (Chang et al., 2004a). Likewise, a stronger negative impact of APOEε4 on
learning and memory deficits was observed in younger patients with multiple sclerosis (MS)
(Shi et al., 2008), who typically have significant neuroinflammation. Enhanced neuro-
immune responses with increased production of microglial pro-inflammatory markers (NO,
TNF-alpha, IL-12, and IL-6) in APOEε4 genetic background also were reported in cell
culture studies (Vitek et al., 2009). The enhanced neuro-inflammatory response in younger
HIV or MS patients may be even stronger than the neuro-inflammatory changes that occur
with normal aging, which in turn may interact with the APOEε4 protein to reduce neuronal
outgrowth and sprouting (Teter et al., 1999), as seen in transgenic mouse models (Buttini et
al., 1999; Dumanis et al., 2009). APOE protein is predominantly expressed by astrocytes
(Pitas et al., 1987) and involved in the delivery of cholesterol and lipids from astrocytes to
repair injured neurons. However, glial activation associated with ongoing HIV infection may
down-regulate the APOE expression, as found in rodent studies (Arora et al., 2009), while
the decreased clearance of the neurotoxic APOEε4-protein may lead to brain injury by
enhancing β-amyloid induced oxidative damage (Lauderback et al., 2002) and by facilitating
the aggregation and deposition of β-amyloid fibrils (Ma et al., 1994), as found in
neuropathology studies of HIV patients (Green et al., 2005). All of these mechanisms may
further enhance the neuro-inflammatory response.

There are some limitations to the current study. First, despite the use of a well-validated
automated brain segmentation technique, FreeSurfer, to evaluate brain morphometric
changes in of a group of HIV patients without other major co-morbid neurological
conditions or illicit drug or alcohol dependence, we relied on an eTIV to normalize the brain
volumes. However, the eTIV may not be as accurate as using a three-dimensional T2-
weighted image to determine the ICV. Second, the lack of further decline in brain volumes
in our older HIV subjects, and the inconsistent result with some of the studies regarding
antagonistic pleiotropy on cognition in healthy subjects, with the ε4 allele(s) may be due to a
sample bias since the sample sizes for these subgroups were relatively small, leading to
trend effects only in many brain regions measured. Third, our findings are based on a cross-
sectional study; a longitudinal study is needed to verify the age-dependent pleiotropic effect
of APOEε4 allele(s) on cognition and brain atrophy.

In conclusion, our finding of smaller brain volumes in HIV subjects with normal cognition
suggests presymptomatic neurodegeneration in these individuals, who appeared to have
compensatory processes or cognitive reserve to maintain normal cognitive performance. The
brain atrophy seen in the younger HIV subjects with APOEε4 allele(s), with no further
atrophy in the older HIV subjects, suggests that the neurotoxic effect of APOEε4 is
manifested early in HIV subjects, which may be related to the more robust
neuroinflammation in these younger subjects. Early screening for the APOEε4 allele and
brain atrophy with morphometry may guide neuroprotective intervention of cognitively
normal HIV subjects prior to the development of HAND. Longitudinal studies and larger
sample sizes for each subgroup are needed to validate these cross-sectional findings on the
effects of APOEε4 allele(s) on the progression of brain atrophy in these individuals.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Chang et al. Page 8

Neuroimage. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Acknowledgments
Studies were supported by the National Institutes of Health (2R01-MH61427; 2K24-DA16170; K02-DA16991;
5P20-RR11091; G12-RR003061, 1U54NS56883) and the ONDCP. We thank our research participants, our clinical,
technical and administrative staff, Fernando DeHoyos for subject recruitment, and Drs. Cyril Goshima, Drew
Kovach, and Jennifer Frank for subject referrals. We also thank Dr. Anders Dale for advice on data analyses.

References
Alexander DM, Williams LM, Gatt JM, Dobson-Stone C, Kuan SA, Todd EG, Schofield PR, Cooper

NJ, Gordon E. The contribution of apolipoprotein E alleles on cognitive performance and dynamic
neural activity over six decades. Biol Psychol. 2007; 75:229–238. [PubMed: 17433528]

Ances BM, Roc AC, Wang J, Korczykowski M, Okawa J, Stern J, Kim J, Wolf R, Lawler K, Kolson
DL, Detre JA. Caudate blood flow and volume are reduced in HIV+ neurocognitively impaired
patients. Neurology. 2006; 66:862–866. [PubMed: 16567703]

Ances BM, Vaida F, Yeh MJ, Liang CL, Buxton RB, Letendre S, McCutchan JA, Ellis RJ, HNRC.
HIV Infection and Aging Independently Affect Brain Function as Measured by Functional Magnetic
Resonance Imaging. The Journal of Infectious Diseases. 2010; 201:336–340. [PubMed: 20047503]

Antinori A, Arendt G, Becker JT, Brew BJ, Byrd DA, Cherner M, Clifford DB, Cinque P, Epstein LG,
Goodkin K, Gisslen M, Grant I, Heaton RK, Joseph J, Marder K, Marra CM, McArthur JC, Nunn
M, Price RW, Pulliam L, Robertson KR, Sacktor N, Valcour V, Wojna VE. Updated research
nosology for HIV-associated neurocognitive disorders. Neurology. 2007; 69:1789–1799. [PubMed:
17914061]

Arora S, Husain M, Kumar D, Patni H, Pathak S, Mehrotra D, Reddy VK, Reddy LR, Salhan D,
Yadav A, Mathieson PW, Saleem MA, Chander PN, Singhal PC. Human immunodeficiency virus
downregulates podocyte apoE expression. Am J Physiol Renal Physiol. 2009; 297:F653–661.
[PubMed: 19553347]

Aylward EH, Brettschneider PD, McArthur JC, Harris GJ, Schlaepfer TE, Henderer JD, Barta PE,
Tien AY, Pearlson GD. Magnetic Resonance Imaging Measurement of Gray Matter Volume
Reductions in HIV Dementia. American Journal of Psychiatry. 1995; 152:987–994. [PubMed:
7793469]

Aylward EH, Henderer JD, McArthur JC, Brettschneider PD, Harris GJ, Barta PE, Pearlson GD.
Reduced basal ganglia volume in HIV-1-associated dementia: results from quantitative
neuroimaging. Neurology. 1993; 43:2099–2104. [PubMed: 8413973]

Buckner RL, Head D, Parker J, Fotenos AF, Marcus D, Morris JC, Snyder AZ. A unified approach for
morphometric and functional data analysis in young, old, and demented adults using automated
atlas-based head size normalization: reliability and validation against manual measurement of total
intracranial volume. Neuroimage. 2004; 23:724–738. [PubMed: 15488422]

Bunce D, Anstey KJ, Burns R, Christensen H, Easteal S. Does possession of apolipoprotein E
varepsilon4 benefit cognitive function in healthy young adults? Neuropsychologia. 2011; 49:1693–
1697. [PubMed: 21396385]

Burt TD, Agan BK, Marconi VC, He W, Kulkarni H, Mold JE, Cavrois M, Huang Y, Mahley RW,
Dolan MJ, McCune JM, Ahuja SK. Apolipoprotein (apo) E4 enhances HIV-1 cell entry in vitro,
and the APOE epsilon4/epsilon4 genotype accelerates HIV disease progression. Proc Natl Acad
Sci U S A. 2008; 105:8718–8723. [PubMed: 18562290]

Buttini M, Orth M, Bellosta S, Akeefe H, Pitas RE, Wyss-Coray T, Mucke L, Mahley RW. Expression
of human apolipoprotein E3 or E4 in the brains of Apoe−/− mice: isoform-specific effects on
neurodegeneration. J Neurosci. 1999; 19:4867–4880. [PubMed: 10366621]

Cardenas VA, Meyerhoff DJ, Studholme C, Kornak J, Rothlind J, Lampiris H, Neuhaus J, Grant RM,
Chao LL, Truran D, Weiner MW. Evidence for ongoing brain injury in human immunodeficiency
virus-positive patients treated with antiretroviral therapy. J Neurovirol. 2009; 15:324–333.
[PubMed: 19499454]

Chang, L.; Feger, U.; Ernst, T. Brain Imaging (CT, SPECT, PET, functional MRI & MRS) Studies in
HIV-Associated Brain Disorders. In: Gendelman, H.; Grant, I.; Everall, I.; Lipton, S.; Swindells,
S., editors. The Neurology of AIDS. Oxford University Press; Oxford, GB: 2011.

Chang et al. Page 9

Neuroimage. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Chang L, Lee P, Yiannoutsos C, Ernst T, Marra C, Richards T, Kolson D, Schifitto G, Jarvik J, Miller
E, Lenkinski R, Gonzalez G, Navia B, Consortium HM. A multicenter in vivo proton-MRS study
of HIV-associated dementia and its relationship to age. Neuroimage. 2004a; 23:1336–1347.
[PubMed: 15589098]

Chang L, Speck O, Miller E, Braun A, Jovicich J, Koch C, Itti L, Ernst T. Neural Correlates Of
Attention And Working Memory Deficits In HIV Patients. Neurology. 2001; 57:1001–1007.
[PubMed: 11571324]

Chang L, Tomasi D, Yakupov R, Lozar C, Arnold S, Caparelli E, Ernst T. Adaptation of the attention
network in human immunodeficiency virus brain injury. Annals of Neurology. 2004b; 56:259–
272. [PubMed: 15293278]

Chang L, Wang GJ, Volkow ND, Ernst T, Telang F, Logan J, Fowler JS. Decreased brain dopamine
transporters are related to cognitive deficits in HIV patients with or without cocaine abuse.
Neuroimage. 2008; 42:869–878. [PubMed: 18579413]

Chao LL, Cardenas VA, Meyerhoff DJ, Rothlind JC, Flenniken DL, Lindgren JA, Weiner MW.
Abnormal contingent negative variation in HIV patients receiving antiretroviral therapy.
Neuroreport. 2003; 14:2111–2115. [PubMed: 14600507]

Chen JG, Edwards CL, Vidyarthi S, Pitchumoni S, Tabrizi S, Barboriak D, Charles HC, Doraiswamy
PM. Learning and recall in subjects at genetic risk for Alzheimer’s disease. J Neuropsychiatry Clin
Neurosci. 2002; 14:58–63. [PubMed: 11884656]

Chiang MC, Dutton RA, Hayashi KM, Lopez OL, Aizenstein HJ, Toga AW, Becker JT, Thompson
PM. 3D pattern of brain atrophy in HIV/AIDS visualized using tensor-based morphometry.
Neuroimage. 2007; 34:44–60. [PubMed: 17035049]

Cohen RA, Harezlak J, Schifitto G, Hana G, Clark U, Gongvatana A, Paul R, Taylor M, Thompson P,
Alger J, Brown M, Zhong J, Campbell T, Singer E, Daar E, McMahon D, Tso Y, Yiannoutsos CT,
Navia B. Effects of nadir CD4 count and duration of human immunodeficiency virus infection on
brain volumes in the highly active antiretroviral therapy era. J Neurovirol. 2010; 16:25–32.
[PubMed: 20113183]

Corder EH, Robertson K, Lannfelt L, Bogdanovic N, Eggertsen G, Wilkins J, Hall C. HIV-infected
subjects with the E4 allele for APOE have excess dementia and peripheral neuropathy. Nat Med.
1998; 4:1182–1184. [PubMed: 9771753]

Di Sclafani V, Mackay RD, Meyerhoff DJ, Norman D, Weiner MW, Fein G. Brain atrophy in HIV
infection is more strongly associated with CDC clinical stage than with cognitive impairment.
Journal of the International Neuropsychological Society. 1997; 3:276–287. [PubMed: 9161107]

Dumanis SB, Tesoriero JA, Babus LW, Nguyen MT, Trotter JH, Ladu MJ, Weeber EJ, Turner RS, Xu
B, Rebeck GW, Hoe HS. ApoE4 decreases spine density and dendritic complexity in cortical
neurons in vivo. J Neurosci. 2009; 29:15317–15322. [PubMed: 19955384]

Dunlop O, Goplen AK, Liestol K, Myrvang B, Rootwelt H, Christophersen B, Kvittingen EA,
Maehlen J. HIV dementia and apolipoprotein E. Acta Neurol Scand. 1997; 95:315–318. [PubMed:
9188909]

Elsheikh BH, Maher WE, Kissel JT. Cerebellar atrophy associated with human immunodeficiency
virus infection. Arch Neurol. 2010; 67:634–635. [PubMed: 20457966]

Ernst T, Jiang C, Nakama H, Buchthal S, Chang L. Lower Brain Glutamate Is Associated With
Cognitive Deficits in HIV Patients: A New Mechanism for HIV-Associated Neurocognitive
Disorder. J Magn Reson Imaging. 2010; 32:1045–1053. [PubMed: 21031507]

Ernst T, Yakupov R, Nakama H, Crocket G, Cole M, Watters M, Ricardo-Dukelow ML, Chang L.
Declined neural efficiency in cognitively stable human immunodeficiency virus patients. Ann
Neurol. 2009; 65:316–325. [PubMed: 19334060]

Filippini N, Ebmeier KP, MacIntosh BJ, Trachtenberg AJ, Frisoni GB, Wilcock GK, Beckmann CF,
Smith SM, Matthews PM, Mackay CE. Differential effects of the APOE genotype on brain
function across the lifespan. Neuroimage. 2011; 54:602–610. [PubMed: 20705142]

Ge Y, Kolson DL, Babb JS, Mannon LJ, Grossman RI. Whole brain imaging of HIV-infected patients:
quantitative analysis of magnetization transfer ratio histogram and fractional brain volume. AJNR
Am J Neuroradiol. 2003; 24:82–87. [PubMed: 12533331]

Chang et al. Page 10

Neuroimage. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Green DA, Masliah E, Vinters HV, Beizai P, Moore DJ, Achim CL. Brain deposition of beta-amyloid
is a common pathologic feature in HIV positive patients. Aids. 2005; 19:407–411. [PubMed:
15750394]

Han SD, Drake AI, Cessante LM, Jak AJ, Houston WS, Delis DC, Filoteo JV, Bondi MW.
Apolipoprotein E and traumatic brain injury in a military population: evidence of a
neuropsychological compensatory mechanism? J Neurol Neurosurg Psychiatry. 2007; 78:1103–
1108. [PubMed: 17287237]

Jernigan T, Gamst A, Archibald S, Fennema-Notestine C, Mindt M, Marcotte T, Heaton R, Ellis R,
Grant I. Effects of methamphetamine dependence and HIV infection on cerebral morphology.
American Journal of Psychiatry. 2005; 162:1461–1472. [PubMed: 16055767]

Jorm AF, Mather KA, Butterworth P, Anstey KJ, Christensen H, Easteal S. APOE genotype and
cognitive functioning in a large age-stratified population sample. Neuropsychology. 2007; 21:1–8.
[PubMed: 17201525]

Joska JA, Combrinck M, Valcour VG, Hoare J, Leisegang F, Mahne AC, Myer L, Stein DJ.
Association between apolipoprotein E4 genotype and human immunodeficiency virus-associated
dementia in younger adults starting antiretroviral therapy in South Africa. J Neurovirol. 2010;
16:377–383. [PubMed: 20825268]

Klunder AD, Chiang MC, Dutton RA, Lee SE, Toga AW, Lopez OL, Aizenstein HJ, Becker JT,
Thompson PM. Mapping cerebellar degeneration in HIV/AIDS. Neuroreport. 2008; 19:1655–
1659. [PubMed: 18806691]

Lauderback CM, Kanski J, Hackett JM, Maeda N, Kindy MS, Butterfield DA. Apolipoprotein E
modulates Alzheimer’s Abeta(1-42)-induced oxidative damage to synaptosomes in an allele-
specific manner. Brain Res. 2002; 924:90–97. [PubMed: 11743999]

Ma J, Yee A, Brewer HB Jr, Das S, Potter H. Amyloid-associated proteins alpha 1-antichymotrypsin
and apolipoprotein E promote assembly of Alzheimer beta-protein into filaments. Nature. 1994;
372:92–94. [PubMed: 7969426]

Maki PM, Cohen MH, Weber K, Little DM, Fornelli D, Rubin LH, Perschler P, Gould F, Martin E.
Impairments in memory and hippocampal function in HIV-positive vs HIV-negative women: a
preliminary study. Neurology. 2009; 72:1661–1668. [PubMed: 19433739]

Melrose RJ, Tinaz S, Castelo JM, Courtney MG, Stern CE. Compromised fronto-striatal functioning in
HIV: an fMRI investigation of semantic event sequencing. Behav Brain Res. 2008; 188:337–347.
[PubMed: 18242723]

Mondadori CR, de Quervain DJ, Buchmann A, Mustovic H, Wollmer MA, Schmidt CF, Boesiger P,
Hock C, Nitsch RM, Papassotiropoulos A, Henke K. Better memory and neural efficiency in
young apolipoprotein E epsilon4 carriers. Cereb Cortex. 2007; 17:1934–1947. [PubMed:
17077159]

Pitas RE, Boyles JK, Lee SH, Foss D, Mahley RW. Astrocytes synthesize apolipoprotein E and
metabolize apolipoprotein E-containing lipoproteins. Biochim Biophys Acta. 1987; 917:148–161.
[PubMed: 3539206]

Pomara N, Belzer KD, Silva R, Cooper TB, Sidtis JJ. The apolipoprotein E epsilon4 allele and
memory performance in HIV-1 seropositive subjects: differences at baseline but not after acute
oral lorazepam challenge. Psychopharmacology (Berl). 2008; 201:125–135. [PubMed: 18668226]

Shi J, Zhao CB, Vollmer TL, Tyry TM, Kuniyoshi SM. APOE epsilon 4 allele is associated with
cognitive impairment in patients with multiple sclerosis. Neurology. 2008; 70:185–190. [PubMed:
17460153]

Simes RJ. An improved Bonferroni procedure for multiple tests of significance. Biometrika. 1986;
73:751–754.

Spector SA, Singh KK, Gupta S, Cystique LA, Jin H, Letendre S, Schrier R, Wu Z, Hong KX, Yu X,
Shi C, Heaton RK. APOE epsilon4 and MBL-2 O/O genotypes are associated with neurocognitive
impairment in HIV-infected plasma donors. Aids. 2010; 24:1471–1479. [PubMed: 20442634]

Teter B, Xu PT, Gilbert JR, Roses AD, Galasko D, Cole GM. Human apolipoprotein E isoform-
specific differences in neuronal sprouting in organotypic hippocampal culture. J Neurochem.
1999; 73:2613–2616. [PubMed: 10582625]

Chang et al. Page 11

Neuroimage. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Thompson PM, Dutton RA, Hayashi KM, Toga AW, Lopez OL, Aizenstein HJ, Becker JT. Thinning
of the cerebral cortex visualized in HIV/AIDS reflects CD4+ T lymphocyte decline. Proc Natl
Acad Sci U S A. 2005; 102:15647–15652. [PubMed: 16227428]

Tomasi D, Chang L, de Castro Caparelli E, Telang F, Ernst T. The human immunodeficiency virus
reduces network capacity: acoustic noise effect. Ann Neurol. 2006; 59:419–423. [PubMed:
16437575]

Valcour V, Shikuma C, Shiramizu B, Watters M, Poff P, Selnes OA, Grove J, Liu Y, Abdul-Majid
KB, Gartner S, Sacktor N. Age, apolipoprotein E4, and the risk of HIV dementia: the Hawaii
Aging with HIV Cohort. J Neuroimmunol. 2004; 157:197–202. [PubMed: 15579298]

Valcour V, Yee P, Williams AE, Shiramizu B, Watters M, Selnes O, Paul R, Shikuma C, Sacktor N.
Lowest ever CD4 lymphocyte count (CD4 nadir) as a predictor of current cognitive and
neurological status in human immunodeficiency virus type 1 infection--The Hawaii Aging with
HIV Cohort. J Neurovirol. 2006; 12:387–391. [PubMed: 17065131]

Vitek MP, Brown CM, Colton CA. APOE genotype-specific differences in the innate immune
response. Neurobiol Aging. 2009; 30:1350–1360. [PubMed: 18155324]

Zivelin A, Rosenberg N, Peretz H, Amit Y, Kornbrot N, Seligsohn U. Improved method for
genotyping apolipoprotein E polymorphisms by a PCR-based assay simultaneously utilizing two
distinct restriction enzymes. Clin Chem. 1997; 43:1657–1659. [PubMed: 9299950]

Chang et al. Page 12

Neuroimage. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Research Highlights

• APOEε4 allele is associated with greater brain atrophy in HIV+ individuals.

• HIV subjects with APOEε4 allele(s) performed worse on most cognitive tests.

• Younger but not older HIV+ individuals are affected by having the ε4 allele(s).

• APOEε4 allele(s) may contribute to neurodegeneration in younger HIV patients.
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Figure 1.
Center panel: Top, medial and lateral views of averaged MRIs from all subjects, with an
overlay of colorized, three-dimensionally rendered subcortical brain structures evaluated
(see corresponding color blocks shown in the vertical axes of the bar-graphs). The bar-
graphs show smaller subcortical volumes in both left and right hemispheres of the HIV
subjects compared to seronegative (SN) controls in each of the 8 brain regions. P-values and
% difference values above bar-graphs indicate differences between all HIV and SN subjects.
The asterisks indicate differences (p<0.05) between SN subjects and either HIV-positive
subjects with normal cognition (HIV+NC, gray bars) or with HIV-associated neurocognitive
disorder (HAND, black bars). All p-values are corrected for eTIV and age.
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Figure 2.
Representative correlations between global cognitive z-score and subcortical brain volumes.
Significant correlations were found in the amydala (left: r=0.22, p=0.01; right: r=0.23,
p=0.01, not shown), cerebral white matter (left: r=0.28, p=0.001; right: r=0.24, p=0.005, not
shown), thalamus (left: r=0.23, p=0.006, not shown; right: r=0.24, 0=0.005) and
hippocampus (left: r=0.21, p=0.01, not shown; right: r=0.24, p=0.005). Note that HIV
subjects with or without HAND had similarly smaller range of brain volumes relative to SN
subjects, but only HAND subjects had poorer global z-scores than the other two groups. SN
subjects had similar volumes and cognitive z-scores as the HIV+NC subjects. However, for
each region, the slopes of the trend lines in relation to morphometric measures were similar
across the 3 groups. Similar trends were observed in other brain structures. All p-values and
partial correlations are adjusted for eTIV.
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Figure 3.
Two-way interactions (APOEε4 allele × HIV status) show that the presence of APOEε4 is
associated with poorer performance in HIV subjects but not in SN controls in each of 4
cognitive tasks (top 4 bar-graphs) and 4 cognitive domains (bottom 4 bar-graphs). White
bars=APOEε4−; Black bars=APOEε4+
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Figure 4.
Figure 4A & B. Two-way interactions (APOEε4 allele × HIV status) show that SN subjects
with APOEε4 allele(s) had similar volumes in the amydala, pallidum and thalamus (4A) or
larger volumes in the cerebellar white matter, cerebral white matter and global brain volume
(4B) compared to the SN subjects without the ε4 allele. However, HIV subjects with the ε4
allele(s) had smaller volumes than HIV subjects without the ε4 allele or the SN subjects. All
p-values are adjusted for age and eTIV.
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Figure 5.
Three-way interactions (APOEε4 allele × Age × HIV status) show that the presence of
APOEε4 allele (black bars) has a positive effect on the putamen and left cerebral white
matter in the younger (<50 years) APOEε4+SN subjects, but a negative effect on these brain
volumes in the younger HIV+APOEε4+ subjects, with little or no further effect in the older
(≥50 years) HIV+APOEε4+ subjects. All p-values are adjusted for eTIV.
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Figure 6.
Linear regressions showing age-related decline in bilateral putamen and thalamus volumes
in HIV subjects without the ε4 allele, and in SN subjects with or without ε4 allele(s). The
steepest decline is seen in the SN APOEε4+ subjects. Conversely, little or no further age-
related decline in these two brain structures is observed in the HIV+APOEε4+ subjects
(solid red line), possibly since their brain volumes are already smaller at younger ages, as a
result of HIV infection.
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