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Glial cell activation occurs in response to brain injury and is present in a wide
variety of inflammatory processes including dementia associated with human
immunodeficiency virus (HIV). HIV-infected glial cells release cytokines and
chemokines that, along with viral neurotoxins, contribute to neuronal damage
and apoptosis. The purpose of this study was to determine if glial cell activation
in HIV-positive (HIV+) patients could be detected noninvasively, in vivo, using
[11C]-R-PK11195 with positron emission tomography (PET). [11C]-R-PK11195
is a selective radioligand for the peripheral benzodiazepine receptor (PBR),
and is known to reflect the extent of glial cell activation. A subaim was to
determine if nondemented HIV+ patients could be distinguished from those
with HIV-associated dementia (HAD) on the basis of [11C]-R-PK11195 binding.
Five healthy volunteers and 10 HIV+ patients underwent PET with [11C]-R-
PK11195. Time-radioactivity curves (TACs) were generated from dynamic PET
images in nine regions of interest (ROIs) drawn on coregistered magnetic reso-
nance imaging (MRI) scans. The average radioactivity was calculated in each
ROI and was normalized to the average radioactivity in white matter. Patients
with HAD showed significantly higher [11C]-R-PK11195 binding than controls
in five out of eight brain regions (P < .05, Mann-Whitney U test). Nonde-
mented HIV+ patients did not show significantly increased binding compared
to controls. HIV+ patients overall (demented and nondemented) showed sig-
nificantly higher radioligand binding than controls in five brain regions (P <
0.05). Patients with HAD did not show significant differences in binding when
compared to HIV+ nondemented patients. The findings of this pilot study sup-
port a role for glial cell activation in HAD, and that PET with [11C]-R-PK11195
can detect the concomitants of neuronal damage in individuals infected with
HIV. Journal of NeuroVirology (2005) 11, 346–355.
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Introduction

Central nervous system (CNS) infection with human
immunodeficiency virus (HIV) is associated with
the development of neurocognitive decline involv-
ing motor function (e.g., slowed movements, abnor-
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mal gait, hypertonia), behavior (e.g., apathy, irritabil-
ity, emotional lability), and cognition (e.g., attention,
concentration, memory, information processing, lan-
guage). In that context, a more severe form of neu-
rocognitive decline is referred to as HIV-associated
dementia (HAD), whereas the milder form is des-
ignated minor cognitive motor disorder or MCMD.
The primary difference between the two is the de-
gree of impairment in daily function. Whereas all
but the most demanding aspects of daily function
are spared in MCMD, there is a greater degree of im-
pairment in HAD (American Academy of Neurology
AIDS Task Force, 1991). Over the last few decades, al-
though the incidence of HAD has fallen, the cu-
mulative prevalence has actually risen (McArthur
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et al, 2003). HAD currently constitutes about 5% of
new acquired immunodeficiency syndrome (AIDS)-
defining illnesses in the U.S. That may be due in part
to the rising age of HIV+ individuals, with approxi-
mately 11% of HIV+ patients currently being 50 years
of age or older, as well as to the influence of highly ac-
tive antiretroviral therapy (HAART), which is nearly
universally prescribed (McArthur et al, 2003).

Neurons are not believed to be infected actively
by HIV (Kaul and Lipton, 2004; Kaul et al, 2001).
It is currently believed that the majority of neuro-
logical damage in HAD is the result of glial cell ac-
tivation by HIV-infected monocytes (Garden, 2002;
McArthur et al, 2003; Gartner and Liu, 2002; Kaul
et al, 2001), inducing the release of viral neurotoxins
as well as a multitude of cytokines and chemokines,
which contribute to neuronal damage and apoptosis
(Lipton, 1993; Ilyin and Plata-Salaman, 1997; Kort,
1998; Chen et al, 1997; Conant et al, 1996). Exam-
ples of those viral proteins include, but are not lim-
ited to, Gp120 (envelope protein), Gp41, and Tat.
Each of those proteins is known to cause indirect
neuronal damage and induce apoptosis through the
production and/or activation of different neurotoxic
compounds including tumor necrosis factor (TNF)-
α, interleukin (IL)-1, arachidonic acid metabolites
of the cyclooxygenase and lipoxygenase pathways
(Ilyin and Plata-Salaman, 1997), nuclear factor-κB
(Nicolini et al, 2001), monocyte chemoattractant pro-
tein (MCP)-1, platelet activating factor (PAF) (Gelbard
et al, 1994; Jaranowska et al, 1995), a variety of exci-
tatory amino acids (Brew et al, 1995; Gelbard et al,
1994; Yeh et al, 2000), free radicals, and nitric oxide.

Our purpose in this study was to determine if glial
cell activation in HIV+ patients could be detected
noninvasively, in vivo, using [11C]-R-PK11195 (1-[2-
chlorophenyl]-N-[11C]methyl-N-[1-methyl-propyl]-3-
isoquinolone carboxamide) with positron emission
tomography (PET). PK11195 is an isoquinoline that
binds selectively to the peripheral benzodiazepine
receptor (PBR) in activated glial cells. [11C]-R-
PK11195 has been used as a noninvasive probe for
imaging brain inflammation in a variety of disorders
including multiple sclerosis (Vowinckel et al, 1997;
(Debruyne et al, 2002, 2003), stroke (Pappata et al,
2000), Rasmussen encephalitis (Banati et al, 1999),
herpes encephalitis (Cagnin et al, 2001b), Alzheimer
disease (Groom et al, 1995; Cagnin et al, 2001a), and
amyotrophic lateral sclerosis (Turner et al, 2004).
Recently [11C]-R-PK11195 has been used to image
nonhuman primate models of HIV (Venneti et al,
2004; (Mankowski et al, 2003). [11C]-R-PK11195
has a number of kinetic properties that permit its
use as a marker for PBR in vivo: the extraction of
[11C]-R-PK11195 from blood to brain is rapid and
high (>90%) and is unimpeded by the blood-brain
barrier (BBB); i.e., tracer delivery is similar in areas
with and without a BBB (Price et al, 1990; Banati,
2002).

The PBR is a multimeric complex localized to
the outer mitochondrial membrane of the cell. PBR

is particularly abundant in peripheral organs and
hematogenous cells, but is present in the normal CNS
only at very low levels (Banati, 2002). The cellu-
lar and subcellular localization of PBR binding has
been investigated in multiple models of neuronal
injury, including ischemia, epilepsy, dementia, and
demyelination, with occasionally conflicting results.
Earlier studies showed that the distribution pattern
of increased PBR expression more closely matched
the distribution of activated microglia than that of
reactive astrocytes (Banati et al, 1997; Myers et al,
1991; Stephenson et al, 1995; Benavides et al, 1991).
More recent studies have shown that in addition to
microglial activation there is also astrocytic activa-
tion correlated with PBR expression in the brain af-
ter injury. That was demonstrated in animal models
(Kuhlmann and Guilarte, 1999; Chen et al, 2004) as
well as in a human model of hippocampal sclerosis
(Sauvageau et al, 2002). The reason for the discrep-
ancy is probably because the earlier studies were fo-
cused on detecting changes acutely after injury with
no long-term follow up, i.e., that there may be a
temporal constraint dictating which subpopulation
of glia is activated. Two recent studies describe a
specific, temporal evolution of glial cell activation
after injury, with earlier microglial activation fol-
lowed by delayed astrocytic activation (Chen et al,
2004; Kuhlmann and Guilarte, 2000). The strength of
the latter studies resides in the colocalization tech-
nique used, i.e., the ability to perform high-resolution
[3H]-R-PK11195 emulsion autoradiography concur-
rently with astrocyte immunostaining Glial fibrillary
acidic protein (GFAP) and microglial immunostain-
ing (MAC-1or GSI-B4). That technique demonstrated
clear colocalization of PBR expression to both mi-
croglia and astrocytes (Chen et al, 2004; Kuhlmann
and Guilarte, 2000). Taken together, these data in-
dicate that [11C]-R-PK11195 (PBR expression) is a
marker for the activation of glial cells in the CNS,
with microglial and astrocytic contributions having
different temporal profiles.

Results

Simulations
Across five subjects, the average fitted K1 value in
white matter (0.032 ml/min/ml) was only 23% of the
value averaged across other brain regions (0.171 ml/
min/ml), indicating very low relative blood flow in
white matter. The average fitted k3/k4 values for the
three subjects with HIV were roughly double the val-
ues of the two control subjects (Table 1). For each
subject, the white matter k3/k4 value was comparable
to those in cortical regions, indicating that the low
activity in white matter did not reflect the absence of
glial cell activation, and was mainly due to very low
blood flow.

Simulation of white matter TACs used the follow-
ing values: K1 = 0.032 ml/min/ml, K1/k2 = 0.2 ml/
ml, k3 = 0.2 min−1, and baselevel k3/k4 = 2.11.
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Table 1 Average k3/k4 values in controls and HIV+ subjects

Region WM matter CAU CER FRO OCC PON PUT TEM THA

Controls (n = 2) 2.11 1.49 2.03 1.81 1.95 3.02 1.89 1.78 2.44
HIV (n = 3) 3.56 5.44 4.12 3.62 3.94 5.86 4.00 3.49 5.01

Note. Values are obtained from fitting regional TACs to a two-tissue, four-parameter blood input model, as described in the text. White
matter (WM), caudate head (CAU), cerebellum (CER), frontal cortex (FRO), occipital cortex (OCC), pons (PON), putamen (PUT), temporal
cortex (TEM), and thalamus (THA).

To represent other regions, time-radioactivity curves
(TACs) were simulated with K1 = 0.171 ml/min/ml,
K1/k2 = 0.2 ml/ml, k3 = 0.2 min−1, and four baselevel
values of k3/k4 (1.8, 2.3, 2.8, 3.3). Simulations were
evaluated assuming a uniform global percent increase
in activation. Thus for a TAC simulated with a k3/k4
value of 10% above baselevel, the analysis was per-
formed using the white matter TAC with k3/k4 10%
above baselevel. Table 2 shows that the relative radi-
oligand binding increases as the global level of glial
cell activation increases. The simulation results in-
dicate that an increase in regional [11C]-R-PK11195
binding is measurable even if there is increased acti-
vation in the white matter region used to normalize
the binding.

Imaging
Compared to controls, patients with HAD showed sig-
nificantly higher [11C]-R-PK11195 binding in the tha-
lamus, putamen, frontal, temporal and occipital cor-
tex (P < .05, Mann-Whitney U test) (Table 3). There
were, however, no significant differences in [11C]-R-
PK11195 binding between patients with Memorial
Sloan-Kettering (MSK)-1 (n = 2) and MSK-2 (n= 3).
Also, there was no difference in binding between
the five different regions in patients with HAD that
showed statistically greater [11C]-R-PK11195 bind-
ing in comparison to controls, as these had sim-
ilar absolute levels of increased binding (0.14 to
0.22).

HIV+ patients without dementia showed slightly
higher [11C]-R-PK11195 binding than controls in all
regions; however, the difference did not reach statisti-
cal significance. Compared to controls, HIV+ patients
as a group (nondemented and HAD) showed signifi-
cantly higher [11C]-R-PK11195 binding in the thala-
mus, putamen, cerebellum, frontal cortex, and occip-

Table 2 [11C]-R-PK11195 binding normalized to white matter

% k3/k4 above base level 0 10 20 40 60 80 100

Base level k3/k4 = 1.8 0.91 0.94 0.96 1.01 1.06 1.10 1.14
Base level k3/k4 = 2.3 1.09 1.12 1.14 1.19 1.24 1.28 1.31
Base level k3/k4 = 2.8 1.24 1.27 1.30 1.35 1.39 1.43 1.46
Base level k3/k4 = 3.3 1.38 1.41 1.44 1.48 1.52 1.55 1.57

Note. The relative binding was measured in simulated curves using white matter normalization as described in Materials and Methods.
The baselevel binding values (k3/k4) cover the range of control binding levels (Table 1). The % increase in binding reflects different
simulated levels of glial cell activation (PBR binding sites).

ital cortex (P < .05, Mann-Whitney U test) (Table 3).
HIV nondemented patients were not different from
those with HAD on the basis of [11C]-R-PK11195 bind-
ing (Table 3).

Discussion

We began this study by performing simulations to
model PBR binding by [11C]-R-PK11195 in search
of a straightforward method by which to analyze
our imaging data. Because glial cells are located
throughout the brain, there is no true reference re-
gion for PK11195 binding. Given the absence of a true
anatomic reference, a cluster analysis method has
been described for extracting a reference TAC from
the image data (Banati et al, 1999). That method as-
sumes that in subjects with glial activation, a cluster
TAC can be identified with similar kinetics to corti-
cal TACs derived from normal subjects. It has been
noted, however, that such a reference TAC cannot al-
ways be identified (Banati et al, 2000). The method of
white matter normalization used here is based on the
vastly reduced blood flow in white matter relative to
other brain regions, as demonstrated in our model-
ing results. That low blood flow does not necessarily
indicate low glial activation. In fact, due to slower
radiotracer delivery, the white matter TAC integral
is much less affected by glial activation than are the
TAC integrals in other brain regions. Consequently,
with white matter normalization, regional increases
in [11C]-R-PK11195 binding can be detected even
when there is similar glial activation in white matter,
as demonstrated by the simulation results (Table 2).
Although, in theory, this method precludes measure-
ment of [11C]-R-PK11195 binding in the white mat-
ter itself, the simulations indicate that white matter
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Table 3 Mean [11C]-R-PK11195 binding measured in cortical and subcortical regions

HIV+ patients
Healthy controls HIV+ patients/ HIV+ patients/ (HAD and nondemented)

ROI (n = 5) nondemented (n = 5) HAD (n = 5) (n = 10)

Thalamus 1.60 (0.14) 1.76 (0.20) 1.81 (0.15)∗ 1.78 (0.17)∗

Frontal 1.17 (0.07) 1.32 (0.17) 1.39 (0.15)∗ 1.36 (0.15)∗

Temporal 1.22 (0.06) 1.33 (0.20) 1.39 (0.15)∗ 1.36 (0.17)
Occipital 1.28 (0.06) 1.54 (0.35) 1.47 (0.10)∗ 1.50 (0.25)∗

Putamen 1.32 (0.08) 1.49 (0.19) 1.59 (0.09)∗ 1.54 (0.15)∗

Caudate 1.15 (0.10) 1.25 (0.17) 1.21 (0.24) 1.23 (0.20)
Cerebellum 1.32 (0.05) 1.39 (0.06) 1.45 (0.13) 1.42 (0.10)∗

Pons 1.68 (0.14) 1.84 (0.23) 1.72 (0.15) 1.78 (0.20)

Note. The values represent the mean regional activity averaged from 10 to 60 min postinjection, normalized to the mean activity in white
matter. Standard deviations are shown in parentheses.
∗Significantly different from control (P < .05, Mann-Whitney U test).

normalization enables measurement of increased up-
take in gray matter regions.

We found significant differences in [11C]-R-
PK11195 binding between demented HIV+ patients
and healthy controls in multiple regions of the brain,
namely the thalamus, putamen, frontal cortex, tem-
poral cortex, and occipital cortex. That is suggestive
of brain glial cell activation in HAD, which is proba-
bly due to a higher number of glial cells as well as an
increase in the binding sites per cell (Banati, 2002;
Banati et al, 2000; Price et al, 1990). That finding is
in keeping with the idea that microglial activation is
believed to be responsible for the cascade of neuronal
injury mediated by multiple viral proteins and other
neurotoxic substances (Garden, 2002; McArthur et al,
2003; Gartner and Liu, 2002; Kaul et al, 2001; Lipton,
1993; Ilyin and Plata-Salaman, 1997; Kort, 1998;
Chen et al, 1997; Conant et al, 1996). There was,
however, no significant difference in tissue ratios
between demented and nondemented HIV+ pa-
tients, or between controls and nondemented HIV+
patients.

Our results concur with the findings of two ear-
lier studies that evaluated glial activation in animal
models of HIV encephalitis using simian immunode-
ficiency virus (SIV) infected macaques (Mankowski
et al, 2003; Venneti et al, 2004). In both studies,
SIV-infected macaques that developed encephali-
tis (SIVE) demonstrated elevated levels of [3H]-R-
PK11195 binding in frontal cortex (Mankowski et al,
2003) and in frontalwhite and gray matter, basal gan-
glia, and hippocampal areas (Venneti et al, 2004).
In contrast, in an SIV-infected macaque without en-
cephalitis, [3H]-R-PK11195 binding to frontal cor-
tex was not elevated over control animal values
(Mankowski et al, 2003).

Our results are also in concordance with published
neuropathologic studies evaluating the cellular lo-
calization of HIV in the human brain. Using poly-
merase chain reaction with in situ hybridization for
the detection of HIV DNA, and immunocytochem-
istry to identify the HIV-expressing cells, Takahashi
et al found that the majority of infected cells were

macrophages and microglia with a substantial mi-
nority of cells harboring HIV DNA identified as as-
trocytes. Neurons, oligodendrocytes, and endothelial
cells were not found to be infected with HIV, even in
cases with HAD (Takahashi et al, 1996). Similar re-
sults favoring microglia/macrophages as the cellular
targets of HIV infection in the brain were reached in
other studies (Kure et al, 1990; Rottman et al, 1997;
Vallat et al, 1998; Ward et al, 1987; Wesselingh et al,
1997). As for the topographical localization to dif-
ferent regions of the human brain, the putamen and
thalamus were found in one study to be involved
in the majority of cases, independent from the stage
of disease (Neuen-Jacob et al, 1993). This is in con-
cordance with our finding of significant differences
in [11C]-R-PK11195 binding in patients with HAD
and in HIV-infected patients (demented and nonde-
mented) compared to controls in those two regions.
Similarly, in another study, although there was no
global quantitative correlation between cortical neu-
ronal apoptosis and HIV encephalitis or microglial
activation, there was still some topographical corre-
lation between these changes (Adle-Biassette et al,
1999).

Three out of the 10 participating HIV+ subjects
were not on antiretroviral (ARV) therapy at the time
of the study, two of whom were demented. We do
not know whether ARV therapy affected the results
of the PET studies in those patients, as there were
no significant differences in [11C]-R-PK11195 bind-
ing between those patients and their corresponding
groups. However, in view of our small sample size, it
will be difficult to define with certainty the effect of
ARV therapy on [11C]-R-PK11195 binding.

Only one patient in this study (MSK-2) was under-
going treatment with benzodiazepines. However, we
do not expect this to affect our measurements because
the agent used, clonazepam, binds to the central ben-
zodiazepine receptors and not to PBR.

Our results are also in concordance with find-
ings on magnetic resonance (MR) spectroscopy (MRS)
in HAD, as described in the literature. Several re-
cent studies demonstrated altered metabolite levels
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Figure 1 Scatter plot of the mean [11C]-R-PK11195 binding in correlation to the three groups of subjects: controls, HIV+ nondemented
(HIV-ND), and HIV+ demented [HAD] patients in different brain regions (thalamus [THA], frontal lobe [FRO], temporal lobe [TEM],
putamen [PUT], caudate [CAU] and cerebellum [CER]).

in HIV patients with or without dementia (Chang
et al, 2004; Ernst et al, 2003; von Giesen et al, 2001),
namely increases of metabolites reflective of glial ac-
tivation such as myo-inositol (MI) and choline (ChO)
and decreases of markers of neuronal viability such
as N-acetylaspartate (NAA). In one large multicen-
ter in vivo MRS study, the authors concluded that
their results suggest that glial activation occurs dur-
ing the asymptomatic stage of HIV-infection, whereas
further inflammatory activity in the basal ganglia
and neuronal injury in the white matter is associ-
ated with the development of cognitive impairment
(Chang et al, 2004). Similarly, in another study, HIV-
demented patients exhibited higher Cho/Cr (crea-
tine) and MI/Cr in the basal ganglia, significantly
reduced NAA/Cr, and significantly increased MI/Cr
in the frontal white matter compared to controls
(Lee et al, 2003).

Our findings suggest that although HIV infection
of the CNS occurs soon after the initial infection,
HAD occurs only later once significant neuronal in-
jury has occurred. The delayed activation of the
microglia and secondary neuronal injury are re-
lated both to the viral load and the immunologi-
cal status of the patient. In fact, it was found that
the brains of asymptomatic HIV+ individuals con-
tain no, or very little, viral DNA (Donaldson et al,
1994; Bell et al, 1993). It is well known that as
HIV/AIDS progresses, the proportion of circulating,
activated monocytes increases (Pulliam et al, 1997;
Gartner, 2000), leading to more trafficking of these
cells into the CNS. The peripheral activation of cir-
culating monocytes is probably a critical step that

permits their ingress to the brain (Gartner, 2000). Our
findings support the theory that early in the disease, a
limited infection occurs with some microglial activa-
tion but not enough neurotoxicity to produce symp-
toms. The lack of a difference in [11C]-R-PK11195
binding between nondemented HIV+ patients and
individuals with HAD is suggestive of a spectrum of
pathology that starts around the time of infection and
progresses slowly (Figure 1). It appears that reseed-
ing of the CNS by activated monocytes later in the
disease, after the development of immunosuppres-
sion, induces a productive CNS infection (Gartner
and Liu, 2002), with secondary onset of neurolog-
ical signs consistent with HAD. That pathophysio-
logic mechanism is further supported by the fact that
the incidence of HAD has markedly decreased with
the use of HAART. Because many antiretroviral med-
ications do not penetrate the BBB (McArthur et al,
2003), the reduction of HAD incidence must be re-
lated in part to the peripheral effect of HAART on
the viral load and state of immunosuppression.

By using [11C]-R-PK11195, a selective PBR ligand
believed to reflect glial cell activation in the brain,
we were able to demonstrate a significant difference
in binding between demented HIV+ patients and
healthy controls as well as between HIV+ patients
in general (with or without HAD) and healthy con-
trols. That supports the theory advocating the role
of glial cell activation in HAD. Both early and late
activation of glial cells should be measurable with
[11C]-R-PK11195, as PBR overexpression is present
at both times, although in different subsets of cells
(Chen et al, 2004). However, this is a pilot study with
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a limited number of patients. The small sample size
likely accounts for the lack of significant differences
between HIV+ nondemented and HAD patients and
between HIV+ nondemented patients and controls.
The small sample size also likely accounts for the
lack of significant differences in some brain regions
between patients with HAD and controls. However,
we still detected trends of incremental increased up-
take, with HAD patients having the highest uptake,
followed by nondemented HIV+ patients followed
by controls (see Figure 1). Therefore, we suspect that
a larger study would enable differentiation between
the three groups and assessment of the effect of ARV
therapy on [11C]-R-PK11195 binding and will likely
validate further the usefulness of [11C]-R-PK11195
PET imaging in HAD for diagnosis and therapeutic
monitoring.

Materials and methods

Human subjects
Fifteen subjects, including 5 healthy volunteers and
10 patients diagnosed with HIV (HIV+) were in-
cluded in this study. All subjects were males ex-
cept for one healthy female volunteer. Using full
neuropsychological testing, the patients were strat-
ified based on the Memorial Sloan-Kettering demen-
tia (MSK) scale. The MSK scale is a commonly used
method of HAD clinical staging, based on functional,
intellectual, and motor impairment. The scores range
from 0 (normal) to 4 (end stage). Five of the 10
HIV+ patients were diagnosed with dementia (2 pa-
tients with severity scale of 1 (MSK-1) and 3 patients
with MSK-2). The three-patient subgroups were age-
matched: healthy controls (41 ± 10 years), HIV
nondemented (45 ± 8 years), HIV demented (HAD)
(44 ± 6 years). There were no significant age differ-
ences between any subgroups (P > .45, two-tailed
t test).

Three of the HIV+ subjects were not on ARV ther-
apy at the time of the study, two of whom were de-
mented. Only one demented patient was treated for
assumed intracranial toxoplasmosis 6 months before
the PET scan, with complete response to therapy
and resolution of abnormal contrast enhancement on
magnetic resonance imaging (MRI) by the time the
PET study was performed. None of the other patients
was documented to have an opportunistic infection
over at least 2 years prior to the PET scan and none of
them had any evidence of intracranial opportunistic
infection at the time of the study.

The Johns Hopkins Joint Committee on Clinical In-
vestigation approved the protocol, and all subjects
provided signed, informed consent prior to entry into
the study.

Simulations
Simulations of [11C]-R-PK11195 kinetics were based
on a two-tissue four-parameter (K1, k2, k3, k4)

receptor-ligand model, plus a blood volume term (Vb)
to account for vascular radioactivity. To derive appro-
priate parameter values, cerebral TACs for the five
subjects (two controls, one HIV nondemented, two
HIV with dementia) that had arterial blood sampling
were fit to the receptor-ligand model. Based on pre-
viously reported parameter values (Kropholler et al,
2004), and assuming a constant plasma-to-blood ra-
tio of 1.66, nonspecific binding (K1/k2) was set to
0.2 and blood volume was set to 0.04 ml/ml. The
three remaining parameters (K1, k3, k3/k4) were de-
termined from curve fitting. For simulations, an in-
put function and total plasma curve from a control
subject were used, along with mean fitted values
of K1 in white matter and other brain regions. It
was assumed that controls had minimal glial cell
activation, thus baselevel values of k3/k4 were se-
lected to encompass the range of values measured
in the two control subjects. To simulate glial ac-
tivation, baselevel values of k3/k4 were increased
by 10%, 20%, 40%, 60%, 80%, and 100%, which
roughly covered the range of k3/k4 values measured
in the three HIV+ subjects. The binding of [11C]-R-
PK11195 was measured from the simulated curves as
described above, i.e., by integrating the curves from
10 to 60 min and normalizing to the white matter
TAC integral. The effects of specific binding level
(k3/k4) on the measured [11C]-R-PK11195 binding are
reported.

Image acquisition
A thermoplastic mask was fitted to each subject’s face
for the purpose of immobilization and positioning
during scanning. For 12 of the 15 subjects, magnetic
resonance images were acquired using a 1.5-T Signa
Advantage system (GE Medical Systems, Milwau-
kee, WI, USA) and a three-dimensional (3D) SPGR
(spoiled gradient recalled acquisition in the steady
state) sequence with the following parameters: rep-
etition time 50 ms, echo time 5 ms, flip angle of
45 degrees, number of excitations 1, field of view =
24 × 24 cm, slice thickness = 1.5 mm, and recon-
struction matrix of 256 × 256, yielding an in-plane
pixel size of 0.93 × 0.93 mm. For the PET studies, a
10-min transmission scan was obtained prior to ra-
dioligand administration. An intravenous bolus of
19.7 ± 1.4 mCi (17 to 22 mCi; 0.629 to 0.814 MBq)
of [11C]-R-PK11195 at high specific activity (>5000
Ci/mmole) was administered intravenously in a so-
lution of 0.9% sodium chloride. PET data were ac-
quired on a GE Advance scanner (General Electric,
USA) in 3D mode, which acquires 35 simultane-
ous slices with an interslice separation of 4.25 mm
(DeGrado et al, 1994). Twenty-four sets of scans were
acquired over 60 min (4 × 15 s, 4 × 30 s, 3 × 60 s,
2 × 120 s, 5 × 240 s, 6 × 300 s). PET images were
reconstructed using a ramp reconstruction filter and
a 25.6 cm by 25.6 cm field of view into a 128 × 128
pixel matrix. The final resolution at full width half
maximum (FWHM) with these parameters is 5 mm
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in-plane. Images were decay corrected to the time of
injection.

Blood sampling
Arterial blood samples were taken from five subjects
(two controls, one HIV nondemented, two HIV with
dementia) during PET scanning. Following bolus in-
jection of [11C]-R-PK11195, blood was sampled from
a radial arterial catheter as fast as possible for the first
90 s, then at times of 2, 2.5, 3, 5, 10, 15, 20, 25, 30,
45, and 60 min post injection. The sampling volume
was 1.0 ml, with larger samples (4 ml) taken at 3, 10,
20, 30, 45, and 60 min to provide additional blood
for assay of radioactive metabolites. To measure total
plasma radioactivity, whole blood samples were cen-
trifuged, and 0.5 ml of plasma was counted for 1 min
in a NaI well counter (CompuGamma CS by Wallac
Oy, Turku, Finland). The assay for plasma radioac-
tive metabolites employed a column switch high-
performance liquid chromatography (HPLC) method
(Hilton et al, 2000).

Data analysis
For 12 of the 15 subjects, MRI images were coreg-
istered to a mean PET image using the mutual in-
formation algorithm in SPM2 (Wellcome Department
of Cognitive Neurology, London, UK) in MATLAB
(MathWorks, MA). For the three subjects who did
not have MRI scans, the Montreal Neurological In-
stitute (MNI) Atlas was applied to obtain an anatom-
ical reference for region drawing. To create an ap-
propriate template, the MRI scans of five subjects

Figure 2 (A) PET image of a patient with HAD; (B) TACs from three different regions of the brain in a patient with HAD and control,
normalized to the injected dose. Note that the white matter (WM) activity in both patients is similar with less binding and relatively stable
clearance relative to the other ROIs. The putamen (PUT) and thalamus (THA) show slower clearance in the HAD patient, compared to
the control.

were normalized to the MNI Atlas, and the normal-
ization was applied to the corresponding mean PET
images. The five normalized PET scans were then
averaged and smoothed (8 × 8 × 8 cm) to generate
a PET template in the same space as the MNI At-
las. For the three subjects who did not have MRI,
their mean PET images were normalized to the PET
template. The inverse normalization was then ap-
plied to the MNI Atlas, which effectively produced
a substitute MRI scan in the same space as the origi-
nal PET scan. Processing of regions-of-interest (ROIs)
was performed using Analyze software (Mayo foun-
dation, Rochester, MN) (Robb, 2001). ROIs were hand
drawn on the coregistered MRI images, with three
image slices used for each of the following struc-
tures: caudate head (CAU), putamen (PUT), thala-
mus (THA), frontal cortex (FRO), occipital cortex
(OCC), temporal cortex (TEM), pons (PON), cerebel-
lum (CER), and white matter (WM). The ROIs were
then applied to the dynamic PET images to gener-
ate TACs. To evaluate [11C]-R-PK11195 binding, the
average activity (10 to 60 min) in gray matter re-
gions was divided by the average activity in white
matter (10 to 60 min). The white matter was used
to normalize radiotracer binding because it showed
the lowest overall activity (Figure 2), and provided a
stable reference value; the mean coefficient of vari-
ation of the white matter TAC from 10 to 60 min
was only 6.4%. Because white matter is not a true
reference region for glial cell activation, simulations
were applied to examine the effects of specific bind-
ing in white matter on the measured binding of
[11C]-R-PK11195.
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