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Abstract

Objective—To examine the effects of human immunodeficiency virus (HIV) on central nervous
system (CNS) function in patients receiving antiretroviral therapy (ART) who have suppressed viral
loads.

Methods—Event-related brain potentials (ERPs) were recorded from 15 virally suppressed HIV
patients and 15 age-, sex-, and education-matched controls while they performed a 3-stimulus
auditory oddball task. The amplitude and latency of the P3a, P3b, and early auditory components
were examined in HIV patients and controls.

Results—Virally suppressed HIV patients on ART were more depressed than controls, as
determined by the Beck Depression Inventory (BDI). After controlling for the effects of depression,
HIV patients had smaller P2, P3a, and P3b amplitudes and longer P3a and P3b latency than control
subjects. BDI scores correlated positively with N1 latency in HIV patients and negatively with P3b
amplitude in all subjects.

Conclusions—These electrophysiological results suggest that, even in the absence of detectable
levels of HIV in the peripheral blood, viral replication persists in the CNS and continues to cause
disease in HIV patients on ART.
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1. Introduction

Human immunodeficiency virus (HIV) can enter the central nervous system (CNS) early after
the initial seroconversion reaction. Prior to the introduction of antiretroviral therapy (ART),
numerous studies reported CNS damage and cognitive decline in patients infected with HIV
(Becker et al., 1997; Bornstein et al., 1993; Grant et al., 1987; Heaton et al., 1995; Levy et al.,
1987; Miller etal., 1990; Navia and Price, 1986; White et al., 1995; Wilkie et al., 1990). Several
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event-related brain potential (ERP) studies have documented significant HIV-related
reductions in the P300 (or P3b) (Ollo et al., 1991; Polich et al., 2000; Schroeder et al., 1994).
Because the P3b is thought to reflect neural activity related to attention and working memory
processes (Donchin et al., 1986; Johnson, 1988; Polich, 1998), these results substantiated
HIV’s impact on the CNS and cognition.

The advent ART has dramatically reduced the incidence and severity of opportunistic
infections associated with HIV. However, relatively few ERP studies have reexamined the
effects of HIV on CNS function since the widespread use of ART. One longitudinal study
compared P3b latency in HIV patients receiving zidovudine mono-therapy with HIV patients
not taking any medication. After 2 years P3b latency decreased significantly in HIV patients
on treatment while it increased significantly in untreated patients (Evers et al., 1998). Recently,
this group has extended these findings to HIV patients receiving highly active antiretroviral
therapy (HAART) in a 1 year prospective study (Husstedt et al., 2002). In a cross-sectional
study of HIV patients on antiretroviral medication, Polich and Basho (2002) reported that
patients had smaller P3a but not P3b components than control subjects. The authors interpreted
these results as suggesting that the P3a, an ERP component believed to index rapid, involuntary
attentional shift towards an unexpected, task-irrelevant stimulus (Courchesne etal., 1975), may
be more sensitive than the P3b to HIV’s effects on CNS function in the era of ART.

Most currently available antiretroviral regimens have low levels of blood-brain barrier
penetration. Therefore, the CNS may be a ‘sanctuary’ for HIV (Bukrinsky etal., 1991; Schrager
and D’Souza, 1998). Moreover, there is evidence that viral replication can persist in the CNS
and continue to cause disease even in the absence of detectable levels of HIV in the peripheral
blood (Chun et al., 2000; Schrager and D’Souza, 1998). Therefore, the goal of the current study
isto use ERPsto examine CNS functionin HIV patients on ART who have undetectable plasma
viral loads. We tested the following hypotheses: (1) virally suppressed HIV patients on ART
have reduced P3a amplitude; (2) comparable P3b amplitude; and (3) comparable P3a and P3b
latencies relative to seronegative control subjects.

2. Materials and methods
2.1. Subjects

Table 1 summarizes the clinical and demographic characteristics of the study samples. Fifteen
HIV-positive patients and 15 age-, sex-, and education-matched, ELISA-verified seronegative
control subjects were studied. All HIV patients had been taking antiretroviral medication for
at least 3 months prior to participating in the study and had been seropositive for an average
of 12.9 £ 4.9 years. Specific antiretroviral medications varied; however, all patients were taking
drug regimens that included a protease inhibitor plus two nucleoside analog reverse
transcriptase inhibitors or a protease inhibitor plus a nucleoside analog reverse transcriptase
inhibitor plus a non-nucleoside reverse transcriptase inhibitor. None of the HIV patients had a
current severe acute illness or detectable levels of plasma viral loads (less than 50 copies/ml).
All subjects were screened to exclude those with a history of psychiatric and neurological
disorders and substance dependence. All subjects gave written informed consent approved by
the Institutional Review Boards of the San Francisco Department of Veterans Affairs Medical
Center and the University of California, San Francisco. All subjects received monetary
compensation for their participation.

2.2. Procedure

The experiments were conduced in a sound attenuated room. Binaural audiometric thresholds
were determined at 1000 Hz for each subject using a method of limits procedure. Auditory
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stimuli were subsequently presented binaurally through stereo headphones 55 dB above each
subject’s audiometric threshold.

Computer-generated tones (52 ms in duration; 5 ms onset and offset envelopes) served as the
target and standard stimuli for the auditory oddball task. The standard stimulus was a 1000 Hz
tone occurring with 70% frequency. The target was a 2000 Hz tone occurring with 15%
frequency. Sounds digitized from a sound effects tape served as the infrequent non-target
stimuli. These occurred with 15% frequency. The inter-stimulus interval varied randomly from
1.8t02.0s.

Throughout the experiment, subjects looked at a centrally displayed fixation point on a
computer monitor approximately 1 m from their eyes. Subjects were instructed to press a button
with the index finger of their dominant hand as quickly as possible whenever they heard the
target stimulus (i.e. 2000 Hz tone). Before the experiment, subjects were trained on 15 trial
runs to ensure accurate identification of the target stimuli. Subsequently, all subjects received
250 trials.

Electroencephalographic (EEG) activity was recorded using an Electro-Cap with 64 tin
electrodes placed according to the extended 10-20 International System. Sixty-four scalp EEG
channels and 4 electro-occulographic electrodes, placed at the outer canthus and supraorbitally
to the left eye, were referenced to linked earlobes. The impedance for all sites was kept below
10 kQ or less. The EEG was amplified (bandpass 0.1-100 Hz) and digitized (250 Hz/channel)
continuously with a Neuroscan acquisition system, together with condition codes at the onset
of each stimulus. Subsequently, peak amplitudes of the components of interest were measured
relative to a 200 ms pre-stimulus baseline.

Trials contaminated by eye movements, excessive peak-to-peak deflections (greater than 90
uV), or amplifier blocking were rejected automatically from the averaged data. Trials with
‘correctable’ blinks (i.e. uncontaminated by other artifacts) were corrected by means of a
regression analysis in combination with artifact averaging method described by Semlitsch et
al. (1986) and included in the relevant averages. Because data from many frontal and temporal
electrodes were contaminated by excessive muscle activity and/or ‘uncorrectable’ eye blinks,
we selected data from 28 electrodes (AF3, AF4, F3, Fz, F4, FC5, FC1, FCz, FC2, FC6, T3,
C3, Cz, C4, T4, CP5, CP1, CPz, CP2, CP6, T5, P3, Pz, P4, T6, O1, POz, O2) that provided
representative coverage of the brain and have commonly been reported in other ERP studies
for further analyses. ERP averages for each trial with a valid response were computed for
individual subjects. Group averages were also computed for controls and HIV patients. The
averaging epoch started 200 ms before stimulus onset and ended 760 ms after stimulus
presentation.

2.3. Statistical analysis

Average ERPs were analyzed with a semiautomatic peak detection program. P1, N1, and P2
components were identified from ERPs to standard stimuli and defined as the largest positive
or the largest negative peak in the intervals 30-60, 75-150, and 150-270 ms post-stimulus
onset, respectively. The P3a was identified from ERPs to infrequent non-target stimuli and
defined as the largest positive peak 270-400 ms post-stimulus onset. The P3b was identified
from ERPs to the target stimuli and defined as the largest positive peak 325-550 ms post-
stimulus onset. The time windows were determined by inspecting individual averages and
group superaverages. The peak amplitudes (uV) were measured relative to a 200 ms pre-
stimulus baseline and the peak latencies (ms) were measured from the time of stimulus onset.

In light of the finding that depressive disorders may be more common among people with HIV
disease (Komiti et al., 2003; Valente, 2003), we assessed depressive symptomatology with the
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Beck Depression Inventory (BDI; Beck, 1967; Beck et al., 1961). Initial analyses revealed
significant group differences in BDI scores. Because previous studies have reported reduced
P300 amplitudes in depressed patients (Blackburn etal., 1990; Bruder etal., 1991; Gangadharar
etal., 1993; Hasenne etal., 1996; Urretavizcaya et al., 2003), we used BDI scores as a covariate
in analyses of the ERP and behavioral data. We also correlated ERP and behavioral results
with BDI scores using Spearman’s rank correlational analyses.

The amplitudes and latencies of the P1, N1, and P2 components were subjected to repeated
measures analysis of covariance (ANCOVA) with BDI scores as covariate, group as the
between-subject factor, and midline electrodes (Fz, FCz, Cz, CPz, Pz, POz) as the within-
subject factor. The amplitudes and latencies of the P3a and P3b were organized into 5 regional
groupings: frontal (AF3, AF4, F3, Fz, F4), central (FC1, FC2, FCz, FC5, FC6, C3, Cz, C4),
parietal (CP1, CPz, CP2, P3, Pz, P4), temporal (CP5, CP6, T3, T4, T5, T6), and occipital (POz,
01, 02). These were then subjected to repeated measures ANCOVA with BDI scores as
covariate, group as a between-subject factor, and electrode as a within-subject factor. For all
effects with two or more degrees of freedom in the numerator, the Greenhouse—Geisser
correction was applied. The corrected P values and uncorrected degrees of freedom are
reported. Accuracy, false alarms, and reaction time for correct responses on the oddball task
were analyzed with MANCOVAs, again with BDI scores as a covariate. Significance was set
at P <0.05.

3.1. Behavior

Table 2 summarizes the behavioral data for the auditory oddball task. There were no significant
differences in response time (P = 0.81), percent error (P = 0.28) or percent false positives (P
= 0.26 for standard and P = 0.20 non-target stimuli) between patients and controls.

3.2. Electrophysiology

3.2.1. Standard stimuli—Grand averaged waveforms of the ERPs elicited by standard
stimuli are shown at 6 midline electrodes in Fig. 1. Prominent P1, N1, and P2 components
characterized these waveforms. The mean (and SD) amplitude and latency these components,
averaged across 6 midline electrodes (Fz, FCz, Cz, CPz, Pz, POz), are presented in Table 3.
Both groups generated P1 components of comparable amplitude (P > 0.6) and latency (P =
0.7). There was no significant group effect for N1 amplitude (P > 0.2) or latency (P > 0.6).
However, there was a significant main effect of electrode (Fs 135 = 16.25, P < 0.0001) due to
the fact that the N1 was maximal at Cz and smaller at posterior sites. P2 amplitude was
significantly larger in controls than HIV patients (group effect: Fq 57 =4.56, P = 0.04) but there
was no significant group effect for P2 latency.

3.2.2. Infrequent non-target stimuli—The mean (and SD) amplitude and latency of the
P3a and P3b components at 6 midline electrodes are presented in Table 4. Results of the
repeated measures ANCOVA for the P3a and P3b are summarized in Table 5. Grand averaged
waveforms of ERPs elicited by the infrequent, non-target stimuli at 28 electrode sites are
presented in Fig. 2.

There were main group effects for P3a amplitude over frontal, central, and parietal regions
because the P3a was smaller in HIV patients relative to controls (Tables 4 and 5). There were
also main effects of electrode over frontal, central, parietal, and occipital regions because P3a
amplitude was largest at midline sites (e.g. the P3a was maximal at Fz in the frontal group, at
FCz and Cz in the central group, etc). There were significant group x electrode interactions at
frontal, central, parietal, and occipital regions because the difference in amplitude across
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electrodes was more pronounced in controls compared to HIV patients. Finally, there were
significant main group effects for P3a latency over parietal (F1 57 =5.15, P =0.03) and occipital
regions (F1 o7 = 7.98, P < 0.01), and a marginally significant group effects over frontal
(F127=3.19, P =0.09) and central (F1 27 = 4.22, P = 0.05) regions because P3a latency was
longer in HIV patients than controls.

3.2.3. Frequent target stimuli—Grand averaged waveforms of ERPs elicited by the target
stimuli at 28 electrode sites are presented in Fig. 3. There were main group effects for P3b
amplitude over frontal, central, and parietal regions because the P3b was smaller in HIV
patients relative to controls (Tables 4 and 5). There were main electrode effects over frontal
and parietal regions because P3b amplitude was largest at Fz and Pz. There were significant
interactions between group x electrode over frontal and occipital regions because the difference
in amplitude across electrodes in these regions were more pronounced in controls than HIV
patients. Lastly, there was a significant group effect for P3b latency over the central region
(F1,27 = 6.30, P = 0.02) because P3b latency was longer in HIV patients than controls.

3.2.4. Relationship between BDI scores and ERPs—We examined the relationship
between BDI scores and ERP amplitudes and latencies. The Spearman rank correlation
coefficients are summarized in Table 6. In HIV patients, but not in controls, N1 latency
correlated positively with BDI scores over several fronto-central electrodes. In both patients
and controls, P3b amplitude correlated negatively with BDI scores over multiple frontal
electrodes.

4. Discussion

The main finding of this study is that virally suppressed HIV patients on ART had impaired
CNS function, as detected by ERPs. Specifically, virally suppressed HIV patients on ART
generated smaller P2, P3a, and P3b amplitudes and longer P3a and P3b latencies than controls.
We also found HIV patients more depressed than controls, and that depression in HIV patients
correlated with increased N1 latency and decreased P3b amplitude.

The first finding of this study is that virally suppressed HIV patients receiving ART generated
smaller P2 components than seronegative control subjects. There is evidence that the P2 ERP
component may be related to attention. Johnson (1989) observed larger P2 amplitudes in a
reaction time task compared to a simple counting task, suggesting that the P2 may be sensitive
to tasks that require more attention. Larger P2 amplitudes have also been associated with phasic
changes in attention. For example, Holcomb et al. (1986) found that P2 amplitude was larger
to stimuli that captured more attention. Thus, virally suppressed HIV patients on ART may
have generated smaller P2 components than controls because HIV affected the patients’ ability
to attend to the stimuli. Evidence corroborating this comes from the slightly higher error rates
and false positives to standard and non-target stimuli in HIV patients relative to controls.

The second finding of this study is that virally suppressed HIV patients on ART had smaller
P3aamplitude and longer P3a latency than control subjects. This is consistent with the findings
of Polich and Basho (2002). Lesion (Knight, 1984) and intracranial ERP studies in pre-surgical
epilepsy patients (Halgren et al., 1995a) have shown that the frontal lobe contributes to the
scalp-recorded P3a. Thus, HIV may have affected P3a amplitude and latency via its negative
impact on the frontostriatal system (Barker et al., 1995; Kure et al., 1990; Power et al., 1993,;
Rottenberg et al., 1987). The basal ganglia contain some of the brain’s highest viral burden as
well as HIV-infected macrophages and multinucleated giant cells during active HIV infection
(Kure et al., 1990). Because outputs from the basal ganglia are transmitted to regions of the
frontal lobe via the frontostriatal system (Goldman-Rakic and Porrino, 1985; Matelli et al.,
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1989; Schell and Strick, 1984), this may be one mechanism by which HIV reduces P3a
amplitude and prolongs P3a latency.

The third finding of this study is that virally suppressed HIV patients on ART generated smaller
P3b components than control subjects. Prior to the widespread use of ART, many ERP studies
reported similar findings (Ollo et al., 1991; Polich et al., 2000; Schroeder et al., 1994).
However, Polich and Basho (2002) recently found no reliable P3b amplitude differences
between HIV patients on antiviral medication and control subjects. One reason for the
discrepant findings may be different patient populations. Nine patients in the present study had
AIDS and 5 had CD4 nadirs that were lower than 20. Although, there were no significant
correlations between P3a or P3b amplitude and CD4 nadir and no significant differences
between P3a and P3b amplitudes in HIV patients with or without AIDS, it is possible that our
patients’ CNS were more severely compromised by long-term HIV-infection than the patients
studied by Polich and Basho. Polich and Basho did not provide information about the duration
of HIV disease in their HIV patients; however, the average length of infection of the patients
in the current study was 12.9 years. Polich and Basho speculated that they might not have
observed any significant P3b amplitude differences between HIV patients and controls because
antiviral medication had improved attention and memory functions thought to underlie P3b
generation in the HIV patients. Therefore, another possible reason for the discrepant findings
may be that the HIV patients in the present study had poorer attention and memaory functions,
possibly due to long-term HIV-infection, than the HIV patients studied by Polich and Basho.
This explanation is in accordance with our interpretation of the HIV-related P2 amplitude
reduction. Lastly, task/stimuli differences may also account for the discrepant findings as the
relative perceptual distinctiveness among stimuli in the oddball task can determine P3a and
P3b amplitudes (Katayamaand Polich, 1998). The current study employed a 3-stimulus oddball
task with highly discrepant non-target stimuli (sound effect noises) and easily distinguished
target and standard stimuli. In contrast, Polich and Basho utilized a 3-stimulus oddball task
with difficult target/stimulus discrimination. However, it is noteworthy that Polich and Basho
also failed to detect significant P3b amplitude differences between HIV patients and controls
with a 2-stimulus oddball task with easily discriminated target/standard stimuli.

Lesions studies have shown that damage to the temporo-parietal junction including posterior
hippocampus, posterior temporal plane, superior temporal sulcus, anterior and medial temporal
lobe all result in significant reductions of the scalp-recorded P3b (Knight, 1996; Knight et al.,
1989; Onofrj et al., 1992; Verleger et al., 1994). Intracranial recording studies have also
implicated similar regions in generation of the scalp-P3b (Halgren et al., 1995a,b; McCarthy
et al., 1989; Smith et al., 1990). Thus, HIV-associated atrophy in temporal limbic gray matter
and posterior cortex (Aylward et al., 1995; Jernigan et al., 1993; Patel et al., 2002) may have
contributed to P3b amplitude reductions and P3b latency increases in HIV patients in the
current study.

It is interesting to note that, despite generating smaller amplitude and longer latency P3b
components than controls, there were no significant differences in the response time to target
stimuli between patients and controls. This is consistent with the idea that P3b latency is
unrelated to response selection processes (McCarthy and Donchin, 1981; Pfefferbaum et al.,
1986) and therefore independent of behavioral relation time (Duncan-Johnson, 1981; Verleger,
1997). It is also consistent with growing literature documenting the longitudinal benefit
provided by potent ART for neuropsychological function, particularly psycho-motor
processing speed, in patients with HIV (Ferrando et al., 2003).

Consistent with previous studies that have found depressive disorders common among people
infected with HIV (Komiti et al., 2003; Valente, 2003), HIV patients in the present study had
higher BDI scores than control subjects. Furthermore, BDI scores correlated positively with
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N1 latency in HIV patients and negatively with P3b amplitude in all subjects. Other reports
have noted significant relationships between depression and ERP measures (Blackburn et al.,
1990; Bruder et al., 1991; Gangadharar et al., 1993; Hasenne et al., 1996; Urretavizcaya et al.,
2003). Although none of the HIV patients in the present study were clinically depressed, the
tendency for more depressed HIV patients to generate longer latency N1 and smaller amplitude
P3b components may be related to the alteration of information processing in melancholic
patients during depressive episode.

In conclusion, the current data suggest that there are disturbances in the cognitive potentials
of virally suppressed HIV patients on ART. The current P2 findings suggest that there may be
decreased arousal in HIV patients relative to seronegative controls. With regard to cognitive
activity involved in stimulus evaluation, discrimination, and decision-making processes, the
reduced P3a and P3b amplitudes are suggestive of cognitive decline in HIV patients, in
accordance with previous reports in the literature (Polich et al., 2000; Schroeder et al., 1994).
One interpretation of these results is that, even in the absence of detectable levels of HIV in
the peripheral blood, viral replication persists in the CNS and continues to cause disease in
HIV patients on ART. An alternative explanation is that alterations in the CNS structures of
HIV patients on ART occurred after the initial virus impact. The cross-sectional nature of this
study, and the significant group differences in BDI scores, make it difficult to distinguish
between these alternatives and whether the ERP differences observed between HIV patients
and controls reflect factors in the patients” medical history preceding the onset of HIV-infection
and/or the adverse effects of ART. Future longitudinal studies will be able to better resolve
this issue. Nevertheless, these findings highlight the importance of developing antiretroviral
regimens with better levels of blood-brain barrier penetration.
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Fig. 1.
Grand averaged ERPs to the standard stimuli for controls (thick solid line) and HIV + patients
(thin dashed line) at 6 midline electrodes.

Clin Neurophysiol. Author manuscript; available in PMC 2008 May 5.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chao et al.

Page 12

VEOG HEOG

—— Control

‘UuV|:l—H—'—H—0—H—0— il = [ \V4
-200 O 200 400 600
Fig. 2.

Grand averaged ERPs to the infrequent, non-target stimuli for controls (thick solid line) and
HIV + patients (thin dashed line) at 28 electrodes.
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POz

Fig. 3.
Grand averaged ERPs to correctly detected frequent, target stimuli for controls (thick solid
line) and HIV + patients (thin dashed line) at 28 electrodes.
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Table 2
Behavioral performance on auditory oddball task
Control HIV

Response time to target stimuli (ms) 463.3 (59.0) 446.1 (89.8)
Error rate (%) 0.9 (1.6) 2.0(3.2)
False positives (%)
Standard 0.2 (0.3) 0.5(0.7)
Non-target 1.0(2.1) 1.1(1.7)

Values are mean (sd)
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Mean (SD) amplitude and latency of P1, N1, and P2 components for control and HIV

Table 3

Page 16

Control HIV P-value?

P1

Amplitude (mV) 2.23(3.22) 2.31 (1.68) NS
Latency (ms) 44.4 (7.5) 43.0(7.2) NS

N1

Amplitude (mV) —6.50 (4.02) —4.43 (2.8) NS
Latency (ms) 90.9 (13.8) 94.0 (11.3) NS

P2

Amplitude (mV) 6.31(3.52) 3.57 (2.95) 0.04
Latency (ms) 205.2 (13.7) 197.9 (15.1) NS

Mean amplitude averaged across 6 midline electrodes.

%vith BDI as covariate.
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Table 5

Summary of F-ratios from repeated measures ANCOVA for P3a and P3b amplitude

P3a P3b
Frontal electrodes
Group F,r=651"" Fi, =597
1,27 = 0- e 127 =290
Electrode Fy108 =16.34 F4.108 =399
Group x electrode Fyi08 = 4.36** Fyi08 = 4,29**
Central electrodes
Group Fip =976 Fipr=371"
127 =900 1,27 = 9
Electrode Fr180 = 4,92** F7 180 = 1.54
Group x electrode F; 180 = 3.93 F7180=1.15
Parietal electrodes . .
Group Fi7=796 Fio7 =453
Electrode F5.135 = 2_93** Fs 135 = 3.61
Group x electrode Fs 135 = 3.88 Fs 135 =1.81
Temporal electrodes
Group Fy07=3.80 x F107=178
Electrode Fs 135 = 5.72 Fs135=1.25
Group x electrode Fs 135 = 2.02 Fs135 = 0.61
Occipital electrodes
Group F17=311 - F127=034
Electrode Fy54=10.35 Fy54=3.06
Group x electrode Fpss = 8.83"" Foss = 4.08"

*
P <0.05,

*:

£
P <0.01,

Fok

3
P <0.001 with BDI as covariate.
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Table 6
Spearman’s rank correlation coefficients between BDI scores N1 latency and P3b amplitude at fronto-central
electrodes
Electrode N1 latency P3b amplitude
Control HIV Control HIV
AF3 0.51 0.56 —0.56* —0,52*
AF4 0.09 0.00 069" -0.70™"
F3 0.39 0.35 052" -0.45
Fz 0.14 0.31 052" -0.45
F4 0.13 0.34 —0.52* —0.62*
FC5 0.27 054" -0.47 -0.41
FC1 0.31 0.66" -0.22 -0.46
FCz 0.10 052" -0.33 -0.39
FC2 0.19 058" -0.37 -0.47
FC5 0.01 0.42 -0.14 ~0.60"
*
P < 0.05,
**
P <0.01.
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