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Abnormal brain activation on functional
MRI in cognitively asymptomatic
HIV patients

T. Ernst, PhD; L. Chang, MD; J. Jovicich, PhD; N. Ames, BA; and S. Arnold, MS

Abstract—Background/Objectives: A previous fMRI study demonstrated increased brain activation during working mem-
ory tasks in patients with HIV with mild dementia. The current study aims to determine whether patients who are HIV-1
positive and have normal cognitive function also show increased brain activation on fMRI. Methods: Blood oxygenation
level-dependent (BOLD) fMRI was performed in 10 patients with HIV (CD <500) and 10 age-, sex-, education-, and
handedness-matched seronegative subjects. Each subject performed a battery of neuropsychological tests and fMRI with
three tasks (0-back, 1-back, and 2-back) that required different levels of attention for working memory. Results: Compared
with control subjects, patients with HIV showed greater magnitude of brain activation (BOLD signal intensity changes,
p = 0.001) in the lateral prefrontal cortex, with normal performance during fMRI and on a battery of neuropsychological
tests. The patients with HIV also showed increased activated brain volume in the lateral prefrontal cortex (p = 0.007) but
not in other activated regions, including the posterior parietal cortex, supplementary motor area, thalamus, caudate, and
occipital cortex. The increase in activated brain volume was independent of task difficulty. Conclusion: Increased brain
activation in subjects who are positive for HIV precedes clinical signs or deficits on cognitive tests. Early injury to the
neural substrate may necessitate increased usage of brain reserve to maintain normal cognitive function. BOLD fMRI
appears to be more sensitive than clinical and neuropsychological evaluations for detecting early HIV-associated brain
injury.

NEUROLOGY 2002;59:1343-1349

Cognitive abnormalities commonly occur in patients
with HIV-1 infection." Among healthy individuals
who are seropositive for HIV, cognitive deficits are
thought to be infrequent?; however, some investiga-
tors suggest that more sensitive measures may be
needed to detect the mild cognitive decline during
the asymptomatic stage.® In later stages of HIV dis-
ease, with CD4 counts <100 cells/pL, approximately
20% of patients may develop a more disabling de-
mentia syndrome directly related to HIV infection?,
this syndrome has been termed HIV cognitive motor
complex (CMC).> Early diagnosis and treatment of
HIV dementia are especially important because pa-
tients with early stages of the dementia may show

reversal of their cognitive deficits and neurochemical
abnormalities after treatment.®”

Typical neuropsychological deficits in patients
with HIV include decreased sustained attention,
mental flexibility, general motor speed, and memo-
ry®® in particular, working memory may be
affected.'*® However, little is known about the neu-
roanatomic substrate underlying these neuropsycho-
logical deficits. A variety of functional neuroimaging
techniques, including PET,* SPECT,*'¢ and MRS,7-1°
found alterations in cerebral blood flow and metabo-
lism in the brains of individuals infected with HIV.
Although the majority of these studies were performed
in patients with HIV with cognitive impairment or de-
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mentia, several MRS studies demonstrated neuro-
chemical abnormalities even in patients without
cognitive deficits or with minor cognitive motor
disorder.%-2!

One of the disadvantages of prior imaging studies
is that brain function was evaluated at rest. In con-
trast, fMRI, using the blood oxygenation level—
dependent (BOLD) contrast, allows the direct,
noninvasive observation of brain activation while
subjects are performing cognitive tasks. This ap-
proach is analogous to performing a “stress test” for
the brain. In a previous study, we observed pro-
nounced differences (increases) in brain activation on
fMRI during working memory in patients with early
HIV CMC when compared with control subjects neg-
ative for HIV.?? Because the initial findings indicated
that neural abnormalities may precede functional
deficits in patients with HIV, probably due to the
“reserve capacity” of the brain, we hypothesized that
increased brain activation on fMRI may be present
even in patients with normal cognitive function.
Therefore, we evaluated two groups of subjects, con-
trol subjects negative for HIV and patients positive
for HIV, with neuropsychological tests (to ensure
normal cognitive function) and fMRI using tasks
that required increasing cognitive load of attention
and working memory.

Subjects and methods. Subjects. Ten men seroposi-
tive for HIV-1 (age 36.3 = 7.9 years; education 14.8 *= 2.0
years, one left-handed and nine right-handed) and 10
healthy seronegative men matched for age, education, and
handedness (age 36.1 *+ 6.8 years; education 15.6 + 2.6
years; one left-handed and nine right-handed) were
scanned with fMRI while they performed a set of working
memory tasks with varying degrees of difficulty. All pa-
tients with HIV were recruited from the Los Angeles area,
and all seronegative control subjects were recruited from
the local community by advertisements or were friends or
partners of the patients. Prior to the study, each patient
underwent a screening neuropsychiatric evaluation, in-
cluding the HIV Dementia Scale,? Karnofsky score,?* and
the Memorial Sloan—Kettering system for AIDS dementia
staging.?>?¢ The screening evaluation also included routine
chemistry, thyroid panel, syphilis serology, CD4 count, and
plasma viral load. Patients were enrolled only if they ful-
filled the inclusion criteria: HIV-1 seropositivity; history of
CD4 < 500/mL; negative urine toxicology screen (for co-
caine, cannabis, amphetamines, benzodiazepines, and opi-
ates); no other chronic medical or psychiatric illnesses;
vision 20/20; native English speaking; and MRI without
structural abnormalities. Subjects were excluded if they
had a history of illicit drug or alcohol dependence, focal
brain lesions, head trauma with loss of consciousness for
>30 minutes, seizure disorders, hypertension, diabetes, or
history of neurosyphilis. Smokers were asked not to smoke
within a 24-hour period prior to the fMRI scan. Control
subjects additionally were seronegative and on no medica-
tions. Prior to the study, each subject signed a written
consent form approved by the Institutional Review Board
at Harbor—University of California, Los Angeles, Research
and Education Institute.
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Figure 1. The sequential letter tasks (0-back, 1-back, and
2-back tasks).

To ensure normal cognitive function, all subjects were
evaluated with a battery of neuropsychological tests that
was designed to include measures most sensitive to func-
tional deficits associated with injury to the frontal lobe and
the striatum. The battery included measures of gross mo-
tor functioning: timed gait; fine motor speed: grooved peg-
board?”; psychomotor speed: Trail Making Test?® and
Symbol Digit Modalities?’; verbal memory: Rey Auditory
Verbal Learning Test®’; executive function: Stroop Color
Interference Test?'; mood: Center for Epidemiologic
Studies—Depression Scale®?; estimated verbal intelligence:
New Adult Reading Test—Revised.?® Additionally, a cus-
tomized computerized test for psychomotor speed and reac-
tion times, the California Computerized Assessment
Package (CalCAP, customized expanded version), was
performed.?*

Activation paradigms. The stimulation paradigms
were modeled after tasks on the CalCAP.* A battery of
three tasks was presented twice in the same order for each
subject. The first was a simple reaction (0-back) task: a
letter was flashed for 500 ms at random times, with fixa-
tion, 10 times per 30 seconds. The subjects’ task was to
push a low-resistance button as soon as a number ap-
peared on the screen. During the control periods of 30
seconds, only a fixation cross was displayed. For the two
working memory tasks (sequential letter tasks), random
alphabetical letters were presented sequentially at a rate
of one per second (figure 1). The subjects were instructed
to press the button as fast as possible when the current
letter was the same as the one before (1-back task) or two
before (2-back task). During each 30-second task period,
five targets were presented at random time points. During
the rest period (30 seconds), nonsense characters were ran-
domly displayed at the same size, rate, and luminance,
and the subjects were instructed not to respond but to
maintain fixation at the center cross.

Each task was performed during two scans; each scan
consisted of four stimulation and four resting intervals.
Subject motion was minimized using extensive foam sup-
port. The reaction times and accuracy were recorded dur-
ing the scans for all the tasks. Visual stimuli were
generated on a Hewlett Packard workstation (Palo Alto,
CA) and displayed on a 20-inch monitor that was visible
via a mirror mounted on the head coil inside the scanner.
The monitor was placed at the end of the patient table and
magnetically shielded to avoid geometric or chromatic dis-
tortions due to the magnetic field.

[MRI scans. Scans were performed on a 1.5-T system
(General Electric, SIGNA 5.8, Milwaukee, WI) with fast
gradients (SR 120), using a quadrature head coil. After



obtaining an anatomic scan (fast inversion recovery, repe-
tition time 4,500 ms, echo time 32 ms, inversion time 120
ms, 36 slices, resolution 0.9 X 0.9 X 3.5 mm?®), fMRI was
performed using a single-shot gradient-echo echo-planar
imaging sequence (relaxation time 2,500 ms, echo time 60
ms, 16 axial slices, resolution 3.125 X 3.125 X 8 mm?;
10-second dummy scans).

Data processing. fMRI data were processed on a Com-
paq XP1000 workstation (Compaq Computer Corp., Hous-
ton, TX) using the Statistical Parametric Mapping package
(SPM99b, London, UK, available at: http:/www.fil.ion.ucl.
ac.uk/spm). The first processing step was motion correc-
tion.?® Only data sets with <0.8 mm maximal displace-
ment and <1° rotation during an entire scan were used.
One of the patients with HIV had excess motion and his
data were discarded. Next, the echo-planar images were
coregistered to the high-resolution scans?®’ and trans-
formed into Talairach space, using a full affine transfor-
mation and 4 X 5 X 4 spatial cosine transformations and
spatial smoothing with a 10-mm Gaussian filter.

Activation maps were calculated for each paradigm and
group using the general linear model with fixed-effect
analysis.?® The design matrix was generated with a 6 sec-
onds’ delayed boxcar reference function, a high-pass filter
(cutoff 1/120 Hz), and intersubject scaling. The resulting
activation maps reflect the probability (¢-score) of a region
to be activated (increased BOLD signal intensity) during
the task (minimum threshold T = 3.1, or p = 0.001; cluster
size = 40 voxels). In addition, SPM difference maps com-
paring BOLD signal differences between patients with
HIV and control subjects were calculated (also with T =
3.1, cluster size = 40 voxels).

To determine regional activated brain volumes in the
individual subjects, single-subject analyses were per-
formed with SPM. For each individual, eight spherical vol-
umes of interest of 25-mm radius were defined at the
center of group activation in the left and right lateral pre-
frontal cortex (LPFC; Talairach coordinates: +50; 14; 20),
left and right posterior parietal cortex (PPC; *36; —50;
48), caudate (0; —15, 20), midline thalamus (0; —20, 8),
supplementary motor area (SMA) (0; 10; 50), and the occip-
ital cortex (0; —65; —20). For each subject, the number of
activated fMRI voxels above a T-threshold of 2.33 was then
determined in each volume of interest. For each region, the
effect of HIV infection on the activated volumes was as-
sessed with repeated-measures analysis of variance
(ANOVA), using task difficulty and hemisphere (when ap-
propriate) as “within” measures, and HIV serostatus as
“between” measure. To explore the relationship between
fMRI activation and clinical variables in the patients with
HIV, simple linear regression analyses were performed be-
tween activated volumes in regions showing a significant
HIV effect on the ANOVA, and CD4 counts, and the log
plasma and log CSF viral loads. For ANOVA main effects
and the regression analyses, statistical significance was
defined as p = 0.05 (double-sided); for the post hoc tests,
significance was defined as p = 0.05 (single-sided
increases).

Results. Subject characteristics. Although the subjects
were all native English speakers, they represented a vari-
able ethnic distribution: patients with HIV (five white,
three Hispanic, two African-American) and seronegative

controls (seven white, one Hispanic, one Asian, and one
African-American). The patients with HIV had the follow-
ing clinical characteristics (mean = SD): CD4 count 375 *
187/mL; nadir CD4 241 + 145/mL; log plasma HIV viral
load 3.36 = 1.3 copies/mL; log CSF HIV viral load 2.92 =
1.2 copies/mL; Karnofsky score 93 * 5 (normal function =
100); HIV Dementia Scale 15.6 = 0.6 (maximum 16). All
patients with HIV had normal cognitive function, i.e.,
AIDS Dementia Complex (ADC) stage 0. On the battery of
neuropsychological tests sensitive to HIV CMC,® there
were no significant differences between patients with HIV
and control subjects in any of the tasks. Patients with HIV
performed faster on the form discrimination task (617 ms
vs 714 ms; p = 0.04), but the difference was not significant
after correction for multiple comparisons.

All patients with HIV were on stable antiretroviral
medications (no change in medications within 2 months of
the fMRI study), except for one patient who was naive to
antiretroviral medications. Of the nine medicated patients,
four subjects were on four antiretroviral medications
[three were on stavudine (D4T)+ lamivudine (3TC) + lopi-
navir + ritonavir; one was on nelfinavir + nevirapine +
stavudine + ritonavir]; and five subjects were on three
antiretroviral medications [two of these were on d4T +
3TC + nelfinavir; one was on D4T + ritonavir + saquina-
vir; one was on zidovudine + 3TC + Capravirine; one was
on zidovudine + 3TC + indinavir]. Three subjects who
were HIV positive and two who were seronegative had a
history of smoking. No cerebral atrophy or brain lesions
were observed in any of the subjects.

fMRI results. During the fMRI scans, all subjects per-
formed slower as the tasks required increasing load on
working memory and attention (0-back: 334 ms; 1-back:
1,476 ms; 2-back: 2,468 ms). The increasing task difficulty
was confirmed by the increasing reaction times on these
tasks (repeated-measures ANOVA, p < 0.0001); post hoc
analyses showed significant differences in reaction times
between all three tasks (p < 0.0001 for all contrasts). Sub-
jects in both groups performed the 0-back and 1-back tasks
with high accuracy (>98%); accuracy on the more difficult
2-back task was slightly lower but still very high (approxi-
mately 90%). Compared with control subjects, patients
with HIV showed no significant differences in accuracy or
reaction time while performing these tasks (0-back: control
337 ms, 99.9%, HIV+ 331 ms, 99.3%; 1-back: control 1,481
ms, 99.7%, HIV+ 1,471 ms, 98.9%; 2-back: control 2,532
ms, 88.3%, HIV+ 2,404 ms, 92.6%).

On the fMRI group analyses, the subjects showed simi-
lar patterns of activation with each task. With both the
0-back and the two working memory tasks, all subjects
showed activation in the LPFC, PPC, caudate, thalamus,
SMA, and also the occipital cortex. On the SPM group
analyses, patients with HIV showed significantly greater
BOLD activation (percent signal changes) compared with
the control subjects predominantly in the LPFC (figure 2
for surface rendering of activation on the 1-back task).

The increase in brain activation on the group analyses
was supported by the findings of the volumetric single-
subject analyses, which are summarized in the table. In
the LPFC, the subjects who were positive for HIV showed
significantly increased activated brain volume in compari-
son with the control subjects (p = 0.007; HIV effect on
repeated-measures ANOVA; figure 3). This increase was
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Figure 2. Group activation data (T-score maps) for the 1-back task in patients with HIV (top row) and seronegative control
subjects (middle row). Note significantly greater activation in the lateral prefrontal cortex (LPFC) of the patients with HIV
compared with the control subjects in the direct statistical parametric mapping (SPM) group comparison (bottom row). The
color scale indicates T-scores; only activated areas with a threshold T =3.1 (p = 0.001) are displayed on the surface views.

independent of task or hemisphere, because there was no
significant interaction between group status and task diffi-
culty or hemisphere. In contrast, the other brain regions
(PPC, caudate, thalamus, SMA, and occipital) showed no
main effects of HIV serostatus on the activated volumes or
interactions of HIV status with the other variables (hemi-
sphere or task difficulty). In the patients with HIV, the left
LPFC volume activated during the 1-back task showed a
trend for correlation with the log plasma viral load (r =

+0.73; p = 0.06) but not with the CSF viral load (r =
+0.56, p = 0.25). In addition, there was a trend for corre-
lation between the CD4 count and the right LPFC activa-
tion during the 0-back task (r = —0.61; p = 0.08).

The volumetric single-subject analyses also revealed
main effects in several variables other than HIV serosta-
tus. Increasing task difficulty was associated with signifi-
cantly increased activated brain volumes (subjects with
HIV and control subjects combined) in the PPC (p = 0.007;

Table Activated brain volumes and the logarithm of the number of activated voxels on fMRI in HIV-seropositive subjects (ADC = 0) and

healthy control subjects

Right

Caudate

Thalamus

SMA

Occipital

PPC LPFC
HIV status Left Right Left
Positive
0-back 0.52/1.81 = 0.33  0.82/2.01 = 0.30  0.87%/2.04 + 0.24
1-back 0.75/1.97 = 0.31  1.01/2.10 = 0.23  1.317/2.22 + 0.36
2-back 2.05/2.41 = 0.32 4.31/2.73 = 0.11  3.58%/2.65 = 0.18
Negative
0-back 0.23/1.46 = 0.37  0.21/1.42 = 0.39 0.08/1.01 + 0.28
1-back 0.20/1.39 = 0.36  1.19/2.17 = 0.32 0.13/1.22 + 0.28
2-back 0.85/2.02 = 0.33  1.59/2.30 = 0.33 0.70/1.94 + 0.33

1.164/2.16 = 0.37
2.35/2.47 + 0.34

3.17/2.60 + 0.31

0.11/1.13 = 0.38
1.06/2.12 = 0.31

1.30/2.21 * 0.25

0.06/0.88 + 0.41
1.26/2.20 = 0.32

0.37/1.66 + 0.43

0.03/0.56 * 0.34
0.09/1.06 + 0.48

0.50/1.80 + 0.41

0.08/1.02 + 0.39
1.03/2.11 = 0.33

0.30/1.58 * 0.44

0.03/0.61 * 0.33
0.15/1.29 + 0.45

0.32/1.61 = 0.43

0.41/1.71 *+ 0.40
0.27/1.52 + 0.47

3.23/2.61 = 0.18

0.33/1.62 + 0.44
0.45/1.75 + 0.47

0.30/1.57 = 0.51

0.12/1.17 = 0.39
0.46/1.76 + 0.43

0.27/1.54 + 0.39

0.07/0.96 + 0.31
0.22/1.44 + 0.44

0.83/2.02 = 0.42

Values are expressed as activated brain volumes (mL)/logarithm of the no.

* p = 0.007 (HIV+ vs control subjects; single-sided).

T p = 0.02 (HIV+ vs control subjects; single-sided).
% p < 0.05 (HIV+ vs control subjects; single-sided).

of activated voxels = SE.

PPC = posterior parietal cortex; LFPC = lateral prefrontal cortex; SMA = supplementary motor area.
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Figure 3. Activated brain volumes (log of number of acti-
vated voxels) on fMRI in the left and right lateral prefron-
tal cortices (LPFC) of subjects positive for HIV (shaded
bars) and subjects who were seronegative (open bars). The
patients with HIV show increased activated volume
throughout the n-back tasks (p = 0.007 on analysis of
variance). The p values above the individual columns in-
dicate significant increases between patients and control
subjects on post hoc tests (single sided). There was no sig-
nificant interaction between HIV status and hemisphere or
task difficulty.

main effect of task difficulty on repeated-measures
ANOVA), the LPFC (p = 0.01), the thalamus (p = 0.01),
and the caudate (p = 0.002). Furthermore, across both
subject groups, the PPC as well as the LPFC showed
greater activated volumes in the right (»p = 0.01) as com-
pared with the left hemisphere (main effect on ANOVA).

Discussion. This preliminary study compares
brain activation in patients positive for HIV without
cognitive deficits to that in healthy seronegative con-
trol subjects. The two groups were carefully matched
for age, education, handedness, and sex, because
each of these variables might cause differences in the
pattern and extent of brain activation.?**' As with
previous fMRI studies of working memory, the fMRI
activation paradigms used in this study produced
robust and consistent activation of the LPFC, the
PPC, and the SMA,** as well as caudate activa-
tion® across subjects. In both the control subjects
and the patients with HIV, brain activation in-
creased with task difficulty, from 0-back to the
2-back task. Similar results of increased brain acti-
vation with increased task difficulty have been re-
ported.?*474% These findings imply a relationship
between the cognitive load and the signal changes on
fMRI, probably due to task-related attentional mod-
ulation of neuronal activity, i.e., the influence of at-
tention on brain function.

The patients with HIV showed greater brain acti-
vation (BOLD signal changes) compared with control
subjects while performing these tasks, most notably
in the LPFC, where the activated volume was also
larger in the patients. Our study also indicates a

trend that poorer immune status (higher viral loads
and lower CD4) may be associated with increased
activation in some brain regions. Due to a relatively
large intersubject variability on fMRI brain activa-
tion, a larger sample size will be needed to further
evaluate these relationships. Increased brain activa-
tion in the patients with HIV may be surprising con-
sidering the patients demonstrated normal cognitive
function on a battery of neuropsychological tests
shown to be sensitive for early cognitive abnormali-
ties in patients with HIV.® Additionally, the perfor-
mance (reaction times and accuracy) of the
seropositive subjects during fMRI was indistinguish-
able from that of the control subjects. Working mem-
ory deficits have been reported and observed in
patients with HIV dementia'®'?; however, as ob-
served in the current study, patients with HIV who
were asymptomatic were found to have normal work-
ing memory.*® Therefore, the increased brain activa-
tion in the patients with HIV may be interpreted as
increased usage of brain reserve capacity in order to
maintain normal working memory and other cogni-
tive functions. Our findings also suggest that the
injury due to HIV in the neural substrate may have
to reach a threshold before cognitive abnormalities
can be detected clinically or on cognitive testing.
Furthermore, our data indicate that fMRI may be
more sensitive than clinical evaluations for detecting
early neural deficits associated with HIV brain
injury.

This study suggests increased neural processing
in the frontal brain regions of the patients with HIV
compared with the control subjects. Two factors may
contribute to this regional increase in neural pro-
cessing. First, attention-requiring tasks are associ-
ated with greater activation in the frontal cortex
compared with the parietal cortex even in healthy
subjects. This has been demonstrated in an fMRI
study of visual attention in healthy subjects, in
which moderate attentional modulation (moderate
increase of the fMRI signal with greater attentional
load) was observed in the PPC, but very strong mod-
ulation (large increase of fMRI signal) was found in
the LPFC and SMA.**5° Second, injury to the fronto-
striatal circuits in the patients with HIV may neces-
sitate greater attentional modulation of these
circuits, with recruitment of additional neural pro-
cesses and greater frontal activation in the patients
compared with control subjects, to perform these
working memory tasks. The frontostriatal brain re-
gions are often most severely affected in patients
with HIV dementia based on neuropathologic and
neuroimaging studies.'”5'53 In particular, the dopa-
minergic system, which has a major role in regulat-
ing working memory function in the prefrontal
cortices,’ may be affected in HIV dementia.5>5¢

The fMRI abnormalities in this study generally
resemble those we previously observed in a group of
11 subjects positive for HIV with mild cognitive ab-
normalities (mean ADC 0.5).22 Compared with sero-
negative individuals, those patients had greater
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activation in the parietal regions on the 0-back task
(on SPM group analyses), but with the more difficult
tasks, they had greater activation additionally in the
frontal lobes. Overall, increases in brain activation
in the patient group appeared to be larger in the
previous study (mean ADC = 0.5) compared with
this study (ADC = 0); therefore, fMRI abnormalities
may reflect disease severity. However, activated
brain volumes were not analyzed in the previous
study. Increases in brain activation on fMRI have
also been reported in other brain disorders, including
children with attention deficit disorder,’” adults with
mild traumatic brain injury,’® patients with PD 5
and people at risk for AD.®® Therefore, the concept
that brain injury leads to increased usage of brain
reserve capacity appears to be supported by fMRI
studies of other brain disorders.

One potential confound in the current study is
that all but one of the patients were on antiretroviral
medications. The BOLD fMRI signal may be affected
by medications, as has been observed in patients
with schizophrenia who were placed on typical anti-
psychotic medications.®* However, unlike typical an-
tipsychotic medications that affect the dopaminergic
system, antiretroviral medications are not known to
affect cerebral perfusion. Another potential confound
is that altered cerebral blood flow might influence
the BOLD response. Prior studies in patients with
HIV have demonstrated alterations in cerebral per-
fusion at rest,'¢%263 which may contribute to the ab-
normal BOLD signals. However, the relationship
between altered cerebral perfusion and BOLD signal
changes is unknown. Therefore, future fMRI studies
should evaluate both perfusion and BOLD signal
changes in patients with HIV before and during an-
tiretroviral treatment in order to understand the re-
lationships between perfusion abnormalities and
BOLD signal changes and to exclude the possibility
that these medications might affect cerebral perfu-
sion or the BOLD signal.

The presence of brain activation abnormalities in
patients with HIV with normal cognitive function
indicates that fMRI is exquisitely sensitive for de-
tecting injury to the neural substrate in patients
with HIV. Future studies in a different cohort are
needed to validate this study and to determine
whether fMRI can be used to monitor the efficacy of
antiretroviral medications.
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