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Combination antiretroviral therapy (cART) limits human immunodeficiency
virus (HIV) replication in the central nervous system (CNS) and prevents
progressive neurological dysfunction. We examined if the degree of CNS
penetration by cART, as estimated by the CNS penetration effectiveness (CPE)
score, affects brain activity as measured by the amplitude of the blood oxygen
level�dependent functional magnetic resonance imaging (BOLD fMRI) re-
sponse. HIV� patients on low-CPE cART (n�12) had a significantly greater
BOLD fMRI response amplitude than HIV� patients on high-CPE cART (n�
12) or seronegative controls (n�10). An increase in the BOLD fMRI response
in HIV patients on low-CPE cART may reflect continued HIV replication in the
CNS leading to increased oxidative stress and associated metabolic de-
mands. Journal of NeuroVirology (2008) 14, 418�424.
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Introduction

Human immunodeficiency virus (HIV)-1 quickly
invades the central nervous system (CNS) after
infection. HIV replication in the CNS is associated
with neuronal damage (Chang et al, 2004a; Ernst
et al, 2003; Sacktor et al, 2005) and alterations in
brain metabolism (Roc et al, 2007). Morphological

changes occur in both neurons*as seen by the loss
of neuronal integrity (i.e., synaptic loss, dendritic
pruning, apoptosis)*and in astrocytes via astroglio-
sis. Functional metabolic disturbances have been
attributed to impaired glutamate regulation (Kaul et
al, 2001).
The introduction of combination antiretroviral

therapy (cART) has decreased the incidence but
not prevalence of HIV-associated neurocognitive
impairment (Tozzi et al, 2001), suggesting chronic
progression in the CNS despite viral burden reduc-
tions (Ellis et al, 2007). This development may
reflect poor penetration of antiretroviral (ARV)
medications across the blood-brain barrier, resulting
in inadequate virological control (Ances and Ellis,
2007). Recently, a practical method has been devised
to quantifiably assess the CNS penetration effective-
ness (CPE) of various ARV medications (Letendre
et al, 2008). A cART regimen is designated as either
having a low or high CPE score by algorithmically
combining individual drug rankings according to
their pharmacokinetic characteristics, cerebral
spinal fluid (CSF) concentrations, and effectiveness
in suppressing CNS viral replication.
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The utility of CPE classification scheme has
previously been validated by measuring both CSF
viral load and neuropsychological performance (NP)
testing (Letendre et al, 2008). Other complementary
measures are needed, as both lumbar punctures and
NP testing can be time-consuming and invasive.
Blood oxygen level�dependent functional magnetic
resonance imaging (BOLD fMRI) provides a non-
invasive method to assess HIV within the CNS
(Castelo et al, 2006; Chang et al, 2001, 2004b). The
amplitude of the BOLD fMRI response can be a
useful indicator of regional changes in cerebral
blood flow and metabolism (Buxton, 2002). Previous
BOLD fMRI studies of HIV� patients have shown
functional recruitment of additional brain regions
for simple cognitive tasks (Castelo et al, 2006; Chang
et al, 2001, 2004b). To determine whether BOLD
fMRI can reliably predict the efficacy of cART on
HIV in the CNS, we studied the amplitude of the
BOLD fMRI response in HIV� patients on either
low- or high-CPE cART.

Results

Twenty-four HIV� patients were classified with
either a low (n�12) or high (n�12) CPE score.
There were no significant differences amongst the

two HIV� subgroups and seronegative controls
(SNCs) in regards to age, gender, and years of formal
education (Table 1). Between the two HIV� sub-
groups, laboratory values such as CD4� cell counts,
log plasma viral load, and hematocrit were also
similar, and an equal number of patients within each
group had virological suppression within the
plasma (Table 1). None of the HIV� patients were
naı̈ve to cART. Both CPE groups had a similar
average overall duration of therapy that consisted
of at least two ARV agents (Table 1).
The degree of HIV-associated neurocognitive dis-

order in both CPE groups was similar and reflected
the diverse spectrum of the disease. However, a
significant difference in the global deficit scale
(GDS) scores was seen between SNC and each of
the HIV subgroups. Those patients on low-CPE
cARTs consisted of four neuropsychologically nor-
mal (NN), four mild neurocognitve disorder (MND),
and four HIV-associated dementia (HAD) patients,
whereas those patients on high-CPE cARTs con-
sisted of five NN, three MND, and four HAD
patients. The bilateral mean squeeze pressure (lbs/
in2) was also similar between the two CPE groups
(one-way analysis of variance [ANOVA], P�.23)
(Table 1).
The overall shape and temporal dynamics of the

BOLD fMRI responses were similar among all groups

Table 1 Demographics, laboratory values, medications, and performance measuresComp: Bottom align THs. Top align TB entries across

row. No internal rules. TB col 1: Indent overruns. Stet sublevel entry indents. TB col 5: Delete all p� and zero before decimal (see row 1)

pls.

SNC (n�10) Low CPE cART (n�12) High CPE Cart (n�12) P value

Demographics
Age (years old) 4694 4492 4792 p�0.24
Education (Years) 1491 1491 1591 p�0.78
Males (%) 60 67 75 p�0.42
Caucasian (%) 40 33 42 p�0.56

Laboratory values
Median CD4 (cells/ml) NA 386977 350931 p�0.11
Median log plasma viral load (IQRs) NA 2.88 (1.70�3.65) 2.33 (2.15�2.67) p�0.13
% Virological suppression NA 25% 25% p�0.92
Hematocrit (%) NA 4091 4091 p�0.98
Hematocrit (%) NA 4091 4091 p�0.97

Medications
Composition: NA
% PI 50 42 p�0.53
% NRTI 66 83 p�0.21
% NNRTI 33 42 p�0.47

Duration of therapy (months) NA 1893 2294 p�0.10

Performance measures
Global deficit score 0.390.1 1.090.3 0.990.3 *p�0.02
Composition: NA
% NN 33 42 p�0.59
% MND 33 25 p�0.42
% HAD 33 33 p�0.88

Mean squeeze pressure (lbs/in2) 0.8590.06 0.9190.03 0.8990.03 p�0.67

Note. cART, combination antiretroviral therapy; CNS, central nervous system; CPE, CNS penetration effectiveness; HAD, HIV-associated

dementia; IQR, interquartile values; NA, not available; NN, neuropsychologically normal; NNRTI, non-nucleoside reverse transcriptase

inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; MND, mild neurocognitive disease; PI, protease inhibitor; SNC, seronegative

controls. Mean9standard error. *A significant difference in GDS was seen for SNCs compared to low- or high-CPE cART groups.
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(data not shown). However, the amplitude of the
BOLD fMRI response was significantly greater in the
low-CPE group in comparison with the high-CPE
group and SNCs (Figure 1; one-eay ANOVA with
Sidak correction for multiple correction, F(2, 31)�
4.4, PB.03). This difference was observed even after
correcting for possible differences in task perfor-
mance as reflected by bilateral squeeze pressure
(analysis of covariance [ANCOVA], F(2, 30)�4.8,
PB.03). However, when all HIV� patients were
combined, there was no significant difference in the
amplitude of the hemodynamic response function
(HRF) in comparison to SNCs (P�.56).

Discussion

In this cross-sectional observational study, poor
ARV penetration, as estimated by low CPE scores,
was associated with a significant increase in the
amplitude of the BOLD fMRI response. This rela-
tionship was independent of current CD4 count,
systemic potency, and duration of the regimen (as
estimated by plasma viral loads).
Although no significant changes in motor task

performance were observed among the low- and
high-CPE groups and SNCs, a significant correlation
was found between motor squeeze pressure and the
degree of HIV-associated neurocognitive disorder.
Specifically, HAD patients in both CPE groups
demonstrated a significant reduction in squeeze
ball pressures in comparison with SNCs (data not
shown). This motor dysfunction within our HAD
patients is consistent with previous studies that
demonstrated psychomotor slowing as a character-

istic feature of advanced neurocognitive disorders
(Juengst et al, 2007; Sacktor et al, 1996). The overall
lack of task performance differences between CPE
groups likely reflects the relatively equal distribu-
tion of various degrees of HIV-associated neurocog-
nitive disorder.
Observed differences in the BOLD fMRI re-

sponses due to high or low CPE could reflect one
or more direct or indirect effects of cARTwithin the
brain including: (a) alterations in metabolic de-
mand associated with suppression of HIV replica-
tion (Rottenberg et al, 1996); (b) toxic effects of
cART on cellular integrity (Schweinsburg et al,
2005); and (c) direct vascular effects of cART on
cerebral blood flow (Grubb et al, 2006; Solages et al,
2006; Stein et al, 2001). When a task is performed,
increased neural activity is associated with meta-
bolic demands that are coupled with a compensa-
tory delivery and consumption of glucose and
oxygen. The BOLD fMRI signal reflects this com-
plex combination of changes in cerebral blood flow,
cerebral metabolic rate of oxygen consumption, and
cerebral blood volume (Buxton, 2002). HIV replica-
tion within the CNS occurs primarily in parench-
ymal microglia and perivascular macrophages (Kaul
et al, 2001). Such replication is associated with
immune activation of both infected and nonin-
fected cells, resulting in the release of cellular
factors including cytokines, chemokines, reactive
oxygen species, and excitotoxins. These molecules
can stimulate an excessive release of glutamate
from neurons as well as reduce its reuptake by
astrocytes. Excessive glutamatergic neurotransmis-
sion could stimulate signaling pathways and aug-
ment cerebral blood flow to meet regional metabolic
demands (Rottenberg et al, 1996).
HIV replication in the brain may continue in

reservoirs within perivascular macrophages and
resident parenchymal microglia despite the intro-
duction of cART. Low levels of viral replication may
persist in parenchymal microglia due to the rela-
tively slow turnover of these cells compared with
perivascular macrophages (Wiley et al, 1986). In
addition, cART may differentially affect viral levels
within various reservoirs. Recently, Letendre and
colleagues demonstrated that HIV� patients on
low-CPE cART had nearly double the odds (dds
ration [OR] 1.88) of having detectable CSF HIV RNA
viral loads compared to patients on high-CPE cARTs
despite comparable plasma viral loads between
groups. Thus, high-CPE cARTs may have increased
specificity for semiprotected HIV reservoirs in the
CNS, resulting in decreased metabolic demands and
a greater normalization of the BOLD fMRI response
(Letendre et al, 2008).
It is less likely that high-CPE cARTs could reduce

the amplitude of the HRF due to direct cellular
toxicity on target cells. A previous magnetic reso-
nance spectroscopy (MRS) study has shown that
nucleoside reverse transcriptase inhibitors (NRTIs)

Figure 1 The amplitude of the blood oxygen level dependent
functional magnetic resonance imaging (BOLD fMRI) response for
seronegative controls (SNCs) and HIV� patients on either low or
high central nervous system penetration effectiveness (CPE)
combination antiretroviral therapy (cART). *�a significant dif-
ference was observed between HIV+ patients on low CPE cART
and SNCs (PB0.03), **�a significant difference was observed
between HIV� on low and high CPE cART (pB0.03). Error bars
signify the standard error from the mean.
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can induce mitochondrial dysregulation and impair
cellular respiration (Schweinsburg et al, 2005). N-
acetylaspartate (NAA), a neuronal marker sensitive
to alterations in mitochondrial integrity, was dimin-
ished in the frontal white matter of HIV� patients
taking NRTIs compared to SNCs. Although MRS was
not used in this BOLD fMRI study, similar propor-
tions of patients in both low-CPE and high-CPE
cART groups were on NRTIs (Table 1). This small
observational study does not have enough power to
determine the extent to which NRTIs can affect the
BOLD HRF. However, compared to SNCs. the high-
CPE subject group had similar amplitude of the
BOLD signal (P�.65) and squeeze ball pressure (P�
.67).
More recently, a few studies have demonstrated

that protease inhibitors (PIs) may cause endothelial
dysfunction (Grubb et al, 2006; Solages et al, 2006;
Stein et al, 2001). These studies have concentrated
on the vasculature outside of the cranium and have
typically investigated arteries with diameters much
greater than those typically studied by BOLD fMRI.
In an attempt to elucidate possible contributing
effects from PIs, we classified our HIV� patients
according to this medication subtype. No significant
differences in the BOLD HRF were observed be-
tween HIV� patients on PI therapy compared to
those on non-PI therapy (data not shown). Larger
longitudinal BOLD fMRI studies of HIV� patients
both prior to and after starting cART are required.
Although we cannot state with certainty the

mechanism(s) of action of cART on the BOLD fMRI
response, we favor the hypothesis that more effi-
cient suppression of CNS HIV replication by high-
CPE cART most likely reduces the metabolic de-
mand in brain microenvironments where HIV is
replicating, thereby leading to a greater normal-
ization of the BOLD fMRI response. An inherent
limitation of the present study is a direct confirma-
tion of HIV viral levels in the cerebral spinal fluid of
HIV� patients and its application to CPE scores,
which are based on limited available information
about ARV penetration into the CNS. In lieu of
directly measuring ARV drug concentrations and
virological suppression in brain tissue, we used the
amplitude of the BOLD fMRI as a surrogate marker
to assess the efficacy of cART in the CNS. Larger
prospective studies that correlate the amplitude of
the BOLD HRF with CSF HIV RNA viral loads,
neuroimmune markers, and specific neurological
performance measures are necessary to define the
potential predictive value of the BOLD fMRI re-
sponse for neurological outcomes in HIV� indivi-
duals on cART (Castelo et al, 2006; Juengst et al,
2007).
In summary, we observed a significant increase in

the amplitude of the BOLD HRF within the motor
hand area (MHA) of HIV� patients on low-CPE
cART in comparison with those on high-CPE cART
or SNCs. This difference remained even after cor-

recting for performance effects or for possible effects
due to an ARV class. An increase in the amplitude of
the BOLD fMRI response in patients on low-CPE
regimens may reflect continued low levels of HIV
replication within the CNS causing increased meta-
bolic demands. These results suggest the comple-
mentary addition of BOLD fMRI to the existing
armamentarium to evaluate the efficacy of cART
regimens in HIV� patients.

Materials and methods

Subjects
Twenty-four HIV� patients and 10 seronegative
controls (SNCs) from the community were evaluated
by neuropsychological testing and neurological ex-
amination (Sacktor et al, 1996). Serological status of
all HIV� patients was confirmed by Western blot
and/or plasma HIV detection. Laboratory screening
evaluations were performed within 6 weeks of fMRI
scanning and included basic metabolic panel, com-
plete blood count, thyroid panel, rapid plasma
reagin, CD4� lymphocyte count, and HIV RNA
level or viral load in plasma (Roche Amplicor
v.1.5; lower limit of quantification 50 copies/ml).
Patients were recruited using the following inclu-

sion criteria: history of HIV infection for greater than
1 year; history of CD4� count B500 cells/ml;
negative urine toxicology screen to cocaine, amphe-
tamines, marijuana, benzodiazepines, barbiturates,
and opiates; no other chronic medical or psychiatric
illnesses; MRI without major structural abnormal-
ities (e.g., cortical infarcts, arteriovenous malforma-
tions, tumors); absence of head trauma with loss of
consciousness for more than 30 min; and lack of
seizure disorder, hypertension, diabetes, and active
neurosyphilis. HIV� patients spanned a range of
HIV-associated neurocognitive impairment, with all
on either low- or high-CPE regimens that had been
selected by their health care providers. All HIV�
patients had been on a cART for at least 3 months
prior to neuroimaging to ensure adequate virological
suppression (Langford et al, 2006). Healthy SNCs
matched by age and education and who were not on
medications and had no history of substance abuse
were also recruited. Prior to enrollment, all partici-
pants were verbally informed of the study protocol
and provided informed and written consent. The
Human Subjects Institutional Review Board at the
Hospital of the University of Pennsylvania approved
this protocol.

Neuropsychological testing
Enrolled individuals were assessed by published
neurobehavioral methods (Marder et al, 2003).
Raw scores from standardized NP testing of
verbal memory and recall, psychomotor skills,
motor skills and praxis, and executive functioning

cART CPE modulates BOLD amplitude in HIV� patients

421BM Ances et al



were converted into T-scores by applying demo-
graphic corrections for age, gender, and education. A
global deficit scale (GDS) rating, which provides a
summary index of cognitive dysfunction by combin-
ing multiple neuropsychological tests (Carey et al,
2004), was calculated for each participant. In addi-
tion, a detailed standardized neurological examina-
tion of cranial nerve function, motor strength and
coordination, reflexes, gait and sensation, as well as
an interrogative assessment of mood, bowel/bladder
dysfunction, and difficulties with activities of daily
living was performed. Subjects were classified by
neurological examination, ability to perform every-
day activities, and GDS rating as either neuropsy-
chologically normal (NN) (GDSB0.5), mild
neurocognitve disorder (MND) (0.55GDSB1), or
HIV-associated dementia (HAD) (GDS]1) (Antinori
et al, 2007).

CPE score determination
For the HIV� patients, cART CPE scores were
characterized using a hierarchical approach. Each
antiretroviral agent was assigned a CPE score of 0
(low CNS penetration), 0.5 (intermediate CNS pene-
tration), or 1 (high CNS penetration). A composite
CPE score for a cART regimen was determined by
summing individual CPE scores for each antiretro-
viral agent. A cART regimen was further dichoto-
mized as being either a low or high CPE score using
the median (1.5) as a cut-off (Letendre et al, 2008).

Stimulus presentation
The stimulus paradigm followed an event-related
BOLD fMRI design of 24 stimulus presentation trials;
a trial consisted of a black-and-white checkerboard
that flickered at 10 Hz, followed by 17 s of a black
field (rest condition). Study participants were in-
structed to quickly squeeze a rubber ball within each
hand when the flickering stimulus appeared. The
squeeze-ball apparatus was locally constructed and
consisted of two rubber balls connected by semirigid
plastic tubing to a battery-driven pressure-transdu-
cer (Honeywell 185PC15DT). Behavioral data was
sampled every 20 ms. Voltages from the pressure-
transducer were digitized using an A-D card (Na-
tional Instruments, Austin, TX). Squeeze pressure
was calculated as the integrated voltage per trial.
Voltage was proportional to the ball pressure except
for negligible losses through the connective tubing.
In an attempt to eliminate motion artifacts associated
with squeezing, all participants were trained prior to
scanning and foam padding was placed around the
head to reduce possible head movements.

BOLD fMRI protocol
A 3.0-T Trio Siemens whole body scanner (Erlangen,
Germany) was used to acquire three-dimensional
(3D) axial T1-weighted anatomical images (TR/TE/
TI�1620/3.9/950 ms, 192�256 matrix size, 160
slices, 1 mm slice thickness, 5 min in duration) and

echo-planar images (EPIs; single-shot T2*-weighted,
TR/TE�2000/50 ms, flip angle of 908, 24 mm field of
view, 5 mm slice thickness, 64�64 matrix size, with
a resolution of 3.75�3.75 mm2). A total of 21 axial
slices were acquired during each repetition.

Data analysis
For each participant, a region of interest (ROI)
analysis was performed on the motor hand area
(MHA) of the parietal cortex. This ROI was chosen
as both morphometric and BOLD fMRI studies have
shown cortical involvement by HIV (Juengst et al,
2007; Thompson et al, 2005). The MHA is a broad
precentral structure with an inverted omega shape
that lies posterior to the junction of the superior
frontal sulcus with the precentral sulcus and ex-
tends posterior and laterally to the central sulcus
(Yousry et al, 1997). It was manually segmented on
T1-weighted images using anatomical landmarks
and guided by a MRI atlas. Anatomical scans were
reviewed by a trained neuroradiologist (R.W.)
blinded to the diagnosis of the participant in order
to confirm that no structural abnormalities were
visualized within the MHA.
Preprocessing and statistical analysis of BOLD

signal were performed using VoxBo (http://
www.voxbo.org). Physiological measurements such
as cardiac rate were not obtained for these experi-
ments (Shmueli et al, 2007). A modified general
linear model (Friston et al, 1995) that included head
movement correction was used after which the time
course of the hemodynamic response function
(HRF) was extracted from the ROI of each partici-
pant. The time course within the ROI was expressed
as a percentage of the BOLD signal change from the
rest condition. The mean event-related BOLD fMRI
response within the MHA reflected the average
across all voxels within the ROI and stimulus
presentation trials.

Statistical analysis
The amplitude of the BOLD fMRI response for each
participant was determined by averaging over the
second prior to and after the maximal mean of the
response.Aone-way analysis of variance (ANOVA)of
group (SNC, low CPE, and high CPE) on the ampli-
tude of BOLD fMRI response was performed. This
was followed by a post hoc set of three pairwise t test
comparisons using a Sidak correction (PB.03). In an
attempt to control for task performance effects, the
mean squeeze pressure was added as a covariate in a
one-way analysis of covariance (ANCOVA) of group
(SNC, low CPE, and high CPE) on the amplitude of
BOLD fMRI response followed by post hoc pairwise t
test comparisons using a Sidak correction (PB.03).
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