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Abstract

Objective—To determine whether brain activation changes in clinically and neurocognitively
normal human immunodeficiency virus (HIV)—infected and in HIV-seronegative control (SN)
participants over a 1-year period.

Methods—Functional magnetic resonance imaging (fMRI) was performed in 32 SN and 31 HIV
patients (all with stable combination antiretroviral treatment) at baseline and after 1 year. Each
participant performed a set of visual attention tasks with increasing attentional load (from tracking
two, three, or four balls). All HIV and SN participants had normal neuropsychological function at
both examinations.

Results—Over 1 year, HIV patients showed no change in their neurocognitive status or in task
performance during fMRI. However, HIV patients showed significant 1-year increases in fMRI
signals in the prefrontal and posterior parietal cortices for the more difficult tasks, whereas SN
control participants showed only decreases in brain activation in these regions. This resulted in
significant interactions between HIV status and time of study in left insula, left parietal, left
temporal, and several frontal regions (left and right middle frontal gyrus, and anterior cingulate).

Interpretation—Because fMRI task performance remained unchanged in both groups, the HIV
patients appeared to maintain performance by increasing usage of the attention network, whereas
the control participants reduced usage of the attention network after 1 year. These findings suggest
improved efficiency or a practice effect in the SN participants but declined efficiency of the neural
substrate in HIV patients, possibly because of ongoing brain injury associated with the HIV
infection, despite their apparent stable clinical course.

Human immunodeficiency virus (HIV) can invade the brain and cause encephalitis,
leukoencephalopathy, axonal damage, and variable neuronal loss.1 These neuropathological
processes are accompanied by microglial and glial activation,1 which, in turn, may lead to
the release of neurotoxic substances that may further contribute to neuronal apoptosis or
neuronal dysfunction. These neuropathological alterations may ultimately lead to the clinical
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syndrome of HIV-associated dementia.2 In previous studies, the introduction of combination
antiretroviral therapy (CART) dramatically improved the survival of HIV-infected
individuals, and decreased the prevalence and the incidence of HIV-associated dementia.3™5
CART may also improve cognitive function, especially verbal memory, psychomotor speed,
and executive functioning.6 However, despite these advances in HIV treatments, 20 to 40%
of HIV-infected individuals on stable CART demonstrate HIV-associated neurocognitive
disorder (HAND), which involves cognitive impairment in at least two of six cognitive
domains commonly affected by HIV.7 One contributing factor to the progression of HIV
brain disease, despite viral control, may be the interactive effect with aging because some
cognitive domains, such as attention, are affected both by HIV8 and normal aging.9711
Furthermore, ongoing neuroinflammation in both CART-treated HIV patients12 and older
individuals may eventually lead to cognitive dysfunction. Detection of potential subclinical
brain injury in HIV patients is important for guiding future preventive treatments.

Functional MRI (fMRI) using the blood oxygen level dependent (BOLD) contrast can assess
brain activity, including subclinical alterations. Studies of normal aging have demonstrated
task and region-dependent BOLD changes.13719 fMRI studies involving attention or
working memory generally have found greater load-dependent increases in activation in
selected brain regions of HIV-positive patients with8:20 or without21 cognitive deficits
relative to controls. These findings suggest that HIV patients utilize their “brain reserve”
when performing working memory and attention tasks, to compensate for injury to the
neural substrate.

This study extends prior work by evaluating whether performance and brain activation
change after 1 year during a set of visual attention tasks. Based on prior cross-sectional
results, and our expectation that ongoing neuroinflammation and infection with HI\VV would
lead to chronic and progressive brain injury, we hypothesized that neuroasymptomatic,
cognitively stable HIV patients would show load-dependent increases in BOLD signals after
1 year to compensate for decreased neural efficiency while maintaining task performance. In
contrast, HIVV-seronegative (SN) participants with relatively unchanged neural substrate
would show no significant signal changes in fMRI signals and task performances, or
possibly signal decreases caused by increased efficiency from practice effects.

Patients and Methods

Research Participants

Sixty-three individuals (30 male and 1 female HIV-infected patients, and 28 male and 4
female SN controls) completed the study after signing a written consent form approved by
our institution and in accordance with the Declaration of Helsinki. Each participant
completed detailed clinical assessments. SN controls were included if they fulfilled the
following criteria: (1) age older than 18 years, and (2) SN for HIV type 1 and able to provide
informed consent. HIV patients fulfilled the following criteria: (1) age older than 18 years;
(2) positive for HIV infection, and stable on CART for at least 6 months; (3)
neuroasymptomatic by clinical and neuropsychological testing (specifically, none had HIV-
associated dementia or neurocognitive impairment/disorder7 at baseline and at 1 year); and
(4) nadir CD4 count less than 500/mm3. Exclusion criteria for both groups were: (1) chronic
medical or neuropsychiatric illnesses that might confound the study; (2) abnormal laboratory
studies or electrocardiogram that might confound data (eg, hematocrit <34% for women,
<42% for men, severe abnormalities on liver enzymes or renal function); (3) any
medications that might affect brain function (except HIV medications); (4) head trauma with
loss of consciousness longer than 30 minutes; (5) current, or history of, drug dependence or
positive urine toxicology screen (for cocaine, amphetamine, methamphetamine,
benzodiazepine, and opiates) that could not be explained by a medication; (6) any
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contraindications for magnetic resonance studies; (7) pregnant or breast-feeding (if female);
and (8) less than eighth-grade-level English reading skills. These 63 participants belong to a
cohort of 150 participants (75 seropositive and 75 SN) who may or may not have cognitive
deficits and are being followed longitudinally over 5 years. This small longitudinal cohort
was selected after screening more than 350 individuals.

Clinical and Neuropsychological Evaluations for Cognitive Function

At baseline, after 6 months, and after 1 year, all participants had detailed medical,
psychiatric, and drug histories in a face-to-face interview, and physical and neurological
examinations by a board-certified psychiatrist or neurologist. The participants performed a
battery of neuropsychological tests (at baseline and 1 year) sensitive for detecting cognitive
deficits in HIV-infected patients. The tests evaluated six cognitive domains: (1) visual
memory: Rey—Osterrieth Complex Figure Immediate and Delayed Recall; (2) verbal
memory: Rey Auditory Verbal Learning Test Trials 5 and 7 (20 minute-delay); (3) attention:
Stroop color, Stroop word, and Trail-Making Tests A and B, Symbol Digit Modalities; (4)
working memory: Wechsler Adult Intelligence Scale-I1l Forward, Backward, Arithmetic
and Letter-Number Sequencing; (5) fluency: Ruff Figural Fluency and Verbal Fluency
(FAS); and (6) motor function: Grooved Pegboard dominant and nondominant hands,
California Computerized Assessment Package (CalCAP) Simple Reaction Time.

In addition, two mood assessments were administered: the Center for Epidemiological
Studies Depression Scale (CES-D) and the Symptom Checklist (SCL-90). The New Adult
Reading Test Revised (NART-R) was also assessed at the initial screening visit to estimate
premorbid intellectual functioning.

An age-adjusted Z-score was derived for each cognitive domain, and a global Z-score was
generated. None of the patients had HAND according to the “Updated Research Nosology
for HIV-Associated Neurocognitive Disorders”7 at baseline or after 1 year. Specifically, no
patient had impairment in two or more domains of one standard deviation less than the
mean, or more than two standard deviations less than the mean on a single domain, or a
cognitive impairment that interfered with everyday functioning, assessed by self-report,
neurological evaluations, and by the Functional Activities Questionnaire22 and Karnofsky
score.23

Magnetic Resonance Imaging and Functional Magnetic Resonance Imaging Data

Acquisition

fMRI studies were performed on a 3-Tesla Siemens Trio scanner during a set of visual-
attention tasks.24:25 All patients were trained outside the scanner to ensure sufficient task
performance. Structural imaging included a sagittal magnetization-prepared rapid gradient-
echo (TR/TE/TI = 2,200/4.91/1,000 milliseconds; 256 x 256 x 160 matrix) and an axial
fluid-attenuated inversion recovery sequence (TR/TE = 10,000/85 milliseconds; 205 x 320 x
28 matrix) to rule out focal brain abnormalities. fMRI was performed using single-shot
gradient-echo echoplanar imaging (TE/TR = 30/3,000 milliseconds, typically 42 axial 3mm
slices, 642 matrix, 20cm field of view, 126 time points), using motion26 and distortion27
corrections. The stimulus display and magnetic resonance acquisitions were synchronized
using a trigger pulse.

The fMRI tasks required mental tracking of multiple (2, 3, or 4) target balls that were
highlighted briefly among 10 randomly moving, colliding balls. Every 10 seconds, the same
or new target balls were highlighted briefly, and the participants pushed a response button if
the balls were the same as the original targets (for monitoring reaction times and
performance accuracy). Periods of tracking alternated with passive viewing of balls that
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moved in the same random motion without target highlighting (block design: 1 min/period x
2 periods x 3 blocks). Task performance during ball tracking and participant motion were
monitored in real-time during fMRI, to assure task performance accuracy more than 80%
and motion less than 1mm translations and less than 1-degree rotations.

Functional Magnetic Resonance Imaging Data Analyses

fMRI time series were analyzed with the Statistical Parametric Mapping software (SPM2;
Welcome Department of Cognitive Neurology, London, United Kingdom). After spatial
normalization and smoothing, maps of brain activation and 1-year changes in activation
were calculated for each participant and task, using a fixed-effects model. In a subsequent
random-effects analysis, group differences in the 1-year BOLD signal change were
evaluated for each task (t test). Statistical significance was based on cluster-level
significance (at p < 0.05 corrected for multiple comparisons), using a voxel-level threshold
of p < 0.05 and a cluster size greater than 300 voxels. A customized program was used to
extract regional percentage BOLD signals from cubic regions of interest (ROIs; 0.729cm3)
centered at cluster maxima.

Statistical Analyses

Results

Two-way repeated-measures analysis of variance were performed in SAS (SAS Institute,
Cary, NC) to assess group differences between baseline and 1 year in clinical,
neuropsychological, and ROI variables. Post hoc analyses using unpaired or paired t tests
were performed to evaluate group differences in clinical variables. Statistical significance
was defined as p < 0.05.

Patient Characteristics and Task Performance

SN and HIV patients had similar ages (46.9 + 2.3 vs 49.6 + 1.5 years) and education (both
15.5 £ 0.5 years), but the estimated premorbid intelligence was slightly lower in HIV
patients (Table 1). All of the patients in the HIV group were treated with CART at both time
points. Over 1 year, the Log viral loads, and CD4 and nadir CD4 counts remained
unchanged. Depressive symptom scores (CES-D) tended to be greater in HIV than SN
participants, but were unchanged over 1 year, and did not exceed a level that suggested
clinical depression (CES-D = 16). Over the study period, HIV patients had stable HIV
Dementia Scale, Memorial Sloan Kettering AIDS Dementia Complex, and Karnofsky
scores.

For both SN and HIV participants, neuropsychological testing showed a significant practice
effect (improvement over 1 year) in four of six cognitive domains and the global deficit
score (Table 2). Compared with the SN group, the HIV patients showed poorer performance
on verbal memory (p = 0.01; both time points combined). However, no significant
interactions between HIV status and time of examination were observed in any cognitive
domain.

Functional Magnetic Resonance Imaging Findings

fMRI task performance did not differ between patient groups or time of examination, either
on accuracy (>90% for all tasks) or reaction times (see Table 2). Activated brain regions
were similar for HIV and SN participants, and involved various regions within the attention
network (not shown), in agreement with previous studies at different magnetic field
strengths and in different cohorts.8:25 At baseline, the HIV patients showed no significant
differences in activation from SN participants on the two- or three-ball tasks, but greater
BOLD activation on the four-ball task in the right prefrontal region [cluster maximum:
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medial frontal gyrus (18, 30, 27), p corrected < 0.0001 and cerebellar tonsil/occipital (36,
—63, —33), p corrected < 0.02; see Figure 1 (left)].

After 1 year, HIV patients showed further increases in BOLD signals for all three tasks,
primarily in the right prefrontal and posterior parietal cortices, and the cerebellum bilaterally
(Figs 2 and 3, left panels, and Supplementary Table 1). However, none of the regions within
the attention network showed decreased brain activation in the HIV patients over this 1-year
period.

Conversely, SN participants showed only decreases in BOLD activation in bilateral
prefrontal and parietal cortices over 1 year, both for the three- and four-ball tasks (see Figs 2
and 3, center panels). Hence, HIV patients had greater 1-year increases in brain activation
than SN participants for both of these tasks (see Figs 2 and 3, right panels); this effect was
more pronounced for the four-ball task. This opposite effect on brain activation changes in
HIV and SN participants led to even greater group differences after 1 year (see Fig 1, right
panel). Notably, none of the 1-year activation changes was greater in SN compared with
HIV-positive patients.

ROI data from areas with group differences in the BOLD signal change (see right panels in
Figs 2 and 3; cluster maxima in Supplementary Table 1) confirmed 1-year increases in
BOLD signals in HIV-positive patients, but 1-year decreases in SN participants for the
three- and four-ball tasks (Fig 4). Significant interactions (all p < 0.005) between HIV status
and study time point were typically observed in regions that did not show greater activation
in HIV than SN at baseline. Linear regressions between 1-year changes in ROl BOLD
signals and changes in CES-D scores were not significant (p > 0.25; HIV group).

Discussion

At baseline, a group of clinically stable HIV patients with normal cognitive performance had
greater brain activation in the occipital/cerebellar and right prefrontal regions than SN
controls only on the task with the greatest attentional load. These findings are consistent
with earlier and smaller studies of HIV patients with normal cognition21 or mild
neurocognitive impairment.8 However, after 1 year, greater activation in HIV than SN
participants was observed in many regions within the attention network across all three
tasks, most prominently on the four-ball task. This pattern of load-dependent increases in
brain activation suggests a compensatory response in the HIV patients that was more evident
at 1-year follow-up. Furthermore, after 1 year, SN patients showed either no change or
decreased activation within the attention network. Because fMRI task performance remained
unchanged and all patients remained cognitively normal on neuropsychological testing,
these findings suggest that the compensatory response enabled the HIV patients to maintain
performance, whereas the SN controls appeared to be more efficient or show a practice
effect (at the neural level) during the repeat fMRI studies. If differences in brain activation
between the two groups continue to increase over longer periods, cognitive decline may
occur once the need to further increase brain activation exceeds the available reserve
capacity in the HIV patients.

More specifically, 1-year BOLD signal increases in the HIV patients commonly occurred in
the prefrontal and posterior parietal cortices, regions without group differences at baseline.
Also, these brain regions showed strong correlations between task difficulty and BOLD
signals in control participants,25 suggesting that they provide the “reserve capacity” for
visual attention.8 Therefore, these findings indicate that the HIV patients required
recruitment of the previously unused reserve brain network to maintain normal performance
1 year later. The 1-year BOLD signal increases in the HIV group are not likely driven by
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changes in depressive symptoms or viral loads, because there was no association with these
variables.

Conversely, the 1-year BOLD signal decreases in the same brain regions of the SN
participants suggest they were more efficient during the repeat fMRI, probably because of a
practice effect. Reduced BOLD activation with repeated tasks has been observed on many
attention-requiring paradigms28:29 including the same visual attention task.30 However,
prior fMRI studies typically involved relatively short training periods (days or less). A prior
neuropsychological study showed practice effects after 1 year in asymptomatic HIV
patients, but not in those who were symptomatic (with AIDS or ARC).31 Similarly, our
cognitively normal participants in both groups demonstrated significant practice effects after
1 year on four of six cognitive domains. However, fMRI task performance did not improve
over 1 year in either group, probably because of a “ceiling effect” from the practice trials
before the fMRI scanning.

The brain activation in regions associated with load effects (tracking more balls) increased
in the HIV patients over 1 year but was relatively unchanged or decreased in the SN
participants, leading to even greater group differences at 1-year follow-up. This finding
further supports the proposed model that the SN, but not the HIV, participants had more
efficient neural processing and required less usage of the reserve capacity after 1 year.

The findings of this study also suggest premature aging of the HIV-infected brain. Although
age-dependent decreases in brain activation were reported in many fMRI studies, including
paradigms evaluating primary sensory13+32:33 motor (finger-tapping)14 working and
episodic memory,15:16 greater brain activation was observed in older compared with
younger individuals in the frontal and parietal regions on a visual-attention task,34 and in
the hippocampi on attention-requiring working memory tasks.17:18 Furthermore, normal
aging is generally associated with a shift of brain activity from posterior (occipital or
parietal) to anterior (frontal) regions.35 Therefore, greater activation in our HIV patients at
baseline and 1-year BOLD signal increases in brain regions with normal activation at
baseline (especially prefrontal areas) are consistent with premature brain aging in the HIV
patients.

Although the exact mechanisms underlying BOLD signal increases in the HIV patients are
unclear, our findings suggest ongoing brain injury despite well-controlled viral load and
CD4 counts. First, increased activation may have resulted from continued
neuroinflammation, with glial activation, which may be present even in patients treated with
CART for long periods and who had well-controlled systemic immune status, although some
had comorbid disorders (eg, hepatitis C or drug abuse).36 In a prior study, we indeed
observed greater BOLD activation in HIV patients with higher neurometabolites that are
located primarily in glia.37 Second, increased BOLD signals may be mediated by ongoing
injury to the dopaminergic system, which plays a major role in regulating attention and has
been implicated in HIV-associated dementia.38:39 Patients with HIV-associated dementia
had lower dopamine transporter availability,39 and those with lower dopamine transporters
had poorer performance on several attention-requiring neuropsychological tests.40 The
possible role of dopaminergic deficit-mediated increased BOLD signals is further supported
by an fMRI study of Parkinson patients who showed greater activation of the working
memory network during a hypodopaminergic state.41 Another pathway to brain injury with
ongoing HIV infection is oxidative stress-mediated neuronal apoptosis or
neurodegeneration,36:42 which could damage the attention network. Collectively, all of
these mechanisms may progressively reduce the efficiency of the neural substrate,
necessitating HIV-positive patients to compensate by increasing brain activation. With
further progression of neuroinflammation and neurodegeneration (including dopaminergic
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neuronal injury), HIV-infected patients may ultimately become unable to compensate and
manifest HAND, particularly if aging, illicit drug use, or other comorbidities are
superimposed.

The longitudinal intrasubject design, the requirement that all participant had normal
cognitive function and were on stable CART at both time points, and the relatively large
sample size minimized various potential confounds that occur in cross-sectional studies,
such as differences in patient characteristics, differences in viral strains, or the variable
treatment responses across patients. We also carefully excluded participants with a history of
illicit drug dependence, which can cause neuroinflammation, neurodegeneration,36 as well
as BOLD signal abnormalities.43:44 However, because all of our HIV-positive patients
were on CART, it is possible that fMRI changes were due to the HIV medications rather
than the viral infection itself. Future longitudinal fMRI studies45 of larger groups of patients
before and after CART may help to clarify this possibility.

In conclusion, temporally increased BOLD activation in HIV patients suggests decreased
neural efficiency, possibly because of progressive injury to the neural substrate, despite their
asymptomatic clinical and neuropsychological status. These findings may explain why many
HIV-infected individuals ultimately experience development of cognitive and functional
abnormalities even with continued antiretroviral treatment and viral control. With the longer
survival of an increasing number of HIV patients, it is important to understand and detect
such ongoing subclinical brain injury, and develop preventive treatments to minimize the
number of patients who will experience development of HAND.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

Statistical parametric maps showing significantly greater brain activation in human
immunodeficiency virus (HIV) than seronegative (SN) participants (unpaired t test) for the
two- (top), three- (middle), and four-ball tasks (bottom) at the baseline examination (left)
and 1-year follow-up (right). Compared with SN participants, the HIV group showed
significantly greater activation only with the 4-ball task at baseline [cluster maxima: medial
frontal gyrus (MFG: 18, 30, 27), p corrected < 0.0001, 2,149 voxels; cerebellar tonsil/
occipital (36, —63, —33), p corrected < 0.02, 1,446 voxels)], but with all 3 tasks at the 1-year
time point [2 balls: large cluster with maximum at claustrum (=21, 24, 9), p corrected <
0.0001, 6,416 voxels (only cerebellar activation visible); 3 balls: MFG (6, —3, 60), p
corrected < 0.002, 1,813 voxels; insula (—36, —27, 21), p corrected < 0.008, 1,403 voxels;
and cerebellar semilunar lobule (0, —63, —36), p corrected < 0.0001, 1,894 voxels; 4 balls:
large cluster with maximum at superior frontal gyrus (SFG, —9, 6, 69), p corrected < 0.0001,
16,612 voxels]. Z-scores shown in the red-yellow color bars indicate significance (p < 0.05)
at the voxel level. Labeled clusters are significant after correction for multiple comparisons
(cluster level, p < 0.05), whereas unlabeled clusters were significant at the voxel level (p <
0.05), all clusters greater than 300 voxels.
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Fig 2.

Statistical parametric maps of changes in brain activation over the course of 1 year for
human immunodeficiency virus (HIV)—positive (left) and seronegative (SN) controls
(center) for the three-ball tracking task. Significant blood oxygen level dependent (BOLD)
signal increases are indicated by Z-scores shown in the red-yellow scale and decreases by Z-
scores on the blue-white scale. The HIV group shows only increases in brain activation,
whereas the controls show only signal decreases after 1 year. The opposite changes led to
significant interactions in brain activation between HIV status and time, with greater 1-year
BOLD signal increases in HIV patients compared with SN controls (right). These findings
suggest a practice effect in the controls but neural compensation in the HIV group to
maintain performance. Clusters with greater than 300 voxels and p corrected < 0.05 (voxel
level) are shown.
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Statistical parametric maps of changes in brain activation over the course of 1 year for
human immunodeficiency virus (HIV)-positive (left) and seronegative (SN) participants
(center) for the four-ball tracking task. HIV patients showed greater BOLD signal increases
at 1 year compared with SN participants (right). Clusters with greater than 300 voxels and p
corrected < 0.05 (voxel level) are shown.
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Fig 4.

(top) Extracted blood oxygen level dependent (BOLD) signal amplitudes centered at 3 major
cluster maxima that showed interaction effects for human immunodeficiency virus (HIV)
status and time for the 3-ball tracking task: left insula (—36, —27, 21), left claustrum (—20, 3,
18), and left postcentral gyrus (=57, —21, 24). (bottom) Extracted BOLD signal amplitudes
centered at three major cluster maxima that showed an interaction effect of HIV status and
time for the 4-ball tracking task: left middle frontal gyrus (L MFG: —51, 30, 24), right
middle frontal gyrus (R MFG: 33, 6, 63), and left temporal subgyral (—48, —48, —6). The
extracted data confirm the findings of the Statistical Parametric Mapping analysis, with
significant (p corrected < 0.005) HIV status x time interactions, using repeated-measure
analysis of variance. Post hoc paired t tests were used to compare baseline and 1-year data in
each group.
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