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Abstract
The development of combined antiretroviral therapy (cART) has increased the lifespan of persons living with HIV (PLWH), with
most PLWH having a normal life expectancy. While significant progress has occurred, PLWH continue to have multiple health
complications, includingHIVassociated neurocognitive disorders (HAND).While the exact cause of HAND is not known, persistent
neuroinflammation is hypothesized to be an important potential contributor. Molecular imaging using positron emission tomography
(PET) can non-invasively evaluate neuroinflammation. PET radiotracers specific for increased expression of the translocator
protein18kDa (TSPO) on activated microglia can detect the presence of neuroinflammation in PLWH. However, results from these
studies have been inconsistent and inconclusive. Future studies are needed to address key limitations that continue to persist with
these techniques before accurate conclusions can be drawn regarding the role of persistent neuroinflammation in PLWH.
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Introduction

The development of combined antiretroviral therapy (cART)
has increased the lifespan of persons living with HIV
(PLWH), with most PLWH expected to have a normal life
expectancy. In 2017, the United Nations Program on HIV/
AIDS reported 70% of PLWH know their status, 77% have
access treatment, and 82% are virologically suppressed (Joint
United Nations Programme on HIV/AIDS (UNAIDS) 2017).
Current guidelines aim to reach 90–90-90 by 2020. While
significant progress has occurred, PLWH continue to have
multiple health complications, including HIV associated
neurocognitive disorders (HAND) (McArthur et al. 2010).
Approximately 30–50% of PLWH develop HAND even in
the cART era (Heaton et al. 2010). The most common cogni-
tive impairments are seen within learning, memory, and exec-
utive function (Clifford and Ances 2013). While the exact
cause of HAND is not known, persistent neuroinflammation
has been hypothesized to be an important contributor.

Unfortunately, cART is only able to suppress the vi-
rus, not eradicate it, and remaining low levels of HIV
can persist in reservoirs. One of these reservoirs is be-
lieved to be the brain (Valcour et al. 2011). HIV enters
the brain soon after seroconversion, and because the
brain is a protected organ due to the blood brain barrier
(BBB), the virus remains despite cART. Microglia, the
primary immune cell of the central nervous system
(CNS), are a common target of viral infection and,
due to low turnover rate, may continue to harbor the
virus (González-Scarano and Martín-García 2005).
These infected cells, along with the presence of residual
virus, can stimulate the immune system. While a normal
immune response for an infection is appropriate when properly
implemented, persistent neuroinflammation can cause synaptic
dysfunction and neuronal death that could translate to neuro-
logical impairment commonly seen as HAND (Spudich and
González-Scarano 2012).

Unlike the blood, the brain is difficult to repeatedly evalu-
ate. As a result, neuroinflammation is frequently assessed by
measuring levels of CSF and blood-plasma neuroinflammatory
biomarkers, such as pro-inflammatory cytokines and
chemokines. These biomarkers, however, are peripheral mea-
sures of inflammation and do not provide a topography of
inflammatory changes within the brain. Alternatively, neuroim-
aging techniques provide a non-invasive and direct method of
assessing changes in the brain, and molecular imaging using
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positron emission tomography (PET) has been used in research
to appraise neuroinflammation (Masters and Ances 2014).
During a PET scan, individuals are injected with a radiotracer
that has a high affinity for a cellular marker of interest. After a
specific period of time, an image is acquired to determine the
location of potential increases in radioligand uptake. To study
neuroinflammation, PET imaging studies commonly use radio-
tracers specific for 18 kDa translocator protein (TSPO) (Fig. 1).

Originally known as peripheral benzodiazepine receptor
(PBR), TSPO is primarily located in the mitochondrial
matrix and was initially studied due to its role in binding
benzodiazepine. Further studies observed correlations be-
tween TSPO PET tracer binding and histochemical local-
ization of activated microglia (Banati et al. 2000)
(Kuhlmann and Guilarte 2000). Subsequent studies have
supported these findings by using both TSPO PET imag-
ing and histochemistry in human and animal models
(Gulyás et al. 2009) (Cicchetti et al. 2002). TSPO-
targeted PET tracer binding has since become the primary
molecular imaging method for researching neuroinflamma-
tion and has been used in a wide range of neurological
disorders (e.g. Alzheimer disease (Kreisl et al. 2016) and
multiple sclerosis (Rissanen et al. 2014)). Since 2005, an
increasing number of molecular imaging studies have used
TSPO PET radioligands to investigate the potential role of
neuroinflammation in the development of HAND in
PLWH despite receiving cART. This review will provide
an overview of the methods and results from these studies
and discuss future directions to better our understanding of
the neurological consequences of HIV.

TSPO PET Imaging Methods

The first TSPO ligand used to measure activated microglia
was 11C-(R)-PK11195, and this first-generation tracer is still
widely used in neuroimaging studies of neurodegeneration.
However, PK11195 has high levels of nonspecific binding
and may have difficulties penetrating the blood brain barrier
(BBB) (Chauveau et al. 2009). PK11195 therefore has a low
signal to noise (SNR), and multiple second-generation radio-
tracers have been developed. These tracers, including 11C-
PBR28 and 11C-DPA713, have a greater affinity for the recep-
tor, better ability to cross the BBB, and have an overall higher
SNR (Knezevic and Mizrahi 2018). The binding affinities of
these newer molecular imaging compounds, however, are
highly dependent on the single nucleotide polymorphism
(SNP) rs6971, an alanine-threonine substitution in the TSPO
gene (Owen et al. 2014). Individuals who are homozygous for
this polymorphism show no significant ligand uptake, while
heterozygous individuals show a substantially reduced level
of uptake. As a result, a genotype analysis is performed before
scanning to determine the genotype of participants (high-af-
finity binders (HAB), mixed-affinity binders (MAB), or low-
affinity binders (LAB)). LAB individuals are typically exclud-
ed from studies. For studies including both MAB and HAB
participants, genotype is commonly defined as a fixed factor
in statistical analyses (Kreisl et al. 2013a).

While correcting for genotype accounts for the majority of
binding affinity differences, variations can still occur amongst
individuals. One method to account for this variability is to
use a metabolite-corrected plasma input function in order to
normalize the concentration of ligand in the brain tissue to the

Fig. 1 Representative standard
uptake value ratio image of
[11C]-PBR28 positron emission
tomography (PET) scan (top)
registered to magnetic resonance
image (MRI) (below), showing
distribution of translocator protein
18 kDa (TSPO) expression in
person living with HIV (PLWH)
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concentration in blood plasma. Though considered the opti-
mum for quantifying ligand uptake, this method requires the
placement of an arterial line and repeated blood sampling
(Kreisl et al. 2013b). Furthermore, plasma analysis can be
time intensive and expensive. An alternative method is to
use a reference region for normalizing binding values. A ref-
erence tissue is defined as a region that has no specific bind-
ing, but this may be difficult as TSPO is expressed throughout
the brain. Instead, many studies use a “pseudo-reference re-
gion”, a region expected to be unaffected by disease-
pathology (Kreisl et al. 2017). While it depends on the disease
being studied, common pseudo-reference regions include the
cerebellum, total white matter, and total grey matter.

TSPO PET Imaging Studies in PLWH

Methodology

To date, six studies have used PET imaging of TSPO to
look at neuroinflammation in PLWH, but significant dif-
ferences exist amongst the studies with regard to meth-
odology (Table 1). Some studies (e.g. Wiley et al.,
Hammoud et al., and Coughlin et al.) compared
PLWH with and without cognitive impairment to HIV-
uninfected controls (HIV- controls), but others only in-
cluded unimpaired PLWH. Not only have these studies
used different participant populations, they also used
different criteria for defining degree of cognitive impair-
ment. Some studies determined cognitive status based
on the older Memorial Sloan-Kettering (MSK) dementia
scale while others employed a computerized assessment
tool (CogState; CogState Ltd., Melbourne, Australia).
Only two studies (Wiley et al. and Rubin et al.), clas-
sified HAND using standards similar to the currently
recommended Frascati criteria (Antinori et al. 2007).

Each group also used a different approach to process
PET data. Regional binding in PET studies can be ana-
lyzed using a voxel-based cluster approach across the en-
tire brain or by using predefined or manually drawn
regions-of-interest (ROIs). Wiley et al. employed a voxel-
based cluster method, while Hammoud et al., Coughlin
et al., Vera et al., and Rubin et al. used an ROI method.
In one study (Garvey et al.), both methods were used.
Another important difference amongst the various studies
was the choice of pseudo-reference region used for com-
parison. Hammoud et al. used manually drawn white mat-
ter ROIs as pseudo-reference regions. In contrast, Wiley
et al. chose the pseudo-reference region to be the cluster
with normal ligand kinetics, determined using three HIV-
controls. However, Garvey et al., Coughlin et al., Vera
et al., and Rubin et al. used cortical grey matter as a
pseudo-reference region.

Results

Each of the molecular imaging studies that used TSPO con-
centrated on potential differences between PLWH compared
to HIV- controls. Varying results were observed when com-
paring unimpaired participants to HIV- controls. Both
Hammoud et al. and Wiley et al. did not observe significant
differences between asymptomatic PLWH (cognitively nor-
mal) and HIV- control participants. Garvey et al. also observed
no differences between these two groups when a ROI based
analysis was used. However when using a whole brain voxel-
based analysis, Garvey and colleagues observed that asymp-
tomatic PLWH had increased inflammation within the corpus
callosum, anterior and posterior cingulate, temporal cortex,
and frontal cortex compared to HIV- controls. Coughlin
et al. observed increased inflammation in the white matter,
cingulum, occipital cortex, and temporal cortex when a more
lenient false discovery rate q-value of 10% was applied.
However when the false discovery rate threshold was reduced
to 5%, these relationships were no longer seen. Vera et al.
showed increased tracer uptake in the parietal lobe, occipital
lobe, and globus pallidus of asymptomatic PLWH compared
to HIV- controls.

Three studies performed further analyses comparing im-
paired and unimpaired PLWH, but results varied greatly
amongst studies. Both Hammoud et al. and Wiley et al. saw
no significant differences, while Coughlin et al. saw greater
inflammation within the frontal cortex of impaired PLWH.
Hammoud et al. and Wiley et al. also compared impaired
PLWH to cognitively normal HIV- controls. The results from
Hammoud et al. showed increased binding in the thalamus,
putamen, frontal cortex, temporal cortex, and occipital cortex,
but Wiley et al. observed no significant differences between
impaired PLWH and HIV- controls.

Instead of comparing PLWH and controls, Rubin et al.
reanalyzed an existing PLWH cohort (Coughlin et al.).
Rubin and colleagues studied the correlation between tracer
binding and different cognitive domains. Similar analyses
were performed by Garvey et al. and Vera et al., but results
from these studies vary. Garvey et al. noted correlations be-
tween executive function and increased uptake in the anterior
cingulate, posterior cingulate, and corpus callosum. Rubin
et al. observed significant correlations between executive
function and the frontal cortex and hippocampus. However,
Vera et al. saw no correlations between binding and executive
function. Conversely, Vera et al. observed significant correla-
tions between global cognition and increased binding in mul-
tiple regions, while Rubin et al. did not detect a correlation
between global function and binding potential. Overall, these
studies found correlations between certain cognitive domains
and tracer uptake in various brain regions, but the findings
were not consistent. For instance, Rubin et al. found increased
tracer binding in the occipital region correlated with working
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memory and processing speed. However, Vera et al., identified
increased uptake within the occipital lobe correlating with
composite accuracy and visual learning performance.

Limitations of TSPO Studies in PLWH

Although all six PET neuroimaging studies of inflammation
have similar aims, the results and conclusions have varied.
Differences exist in criteria for defining cognitive impairment.
Not only did this result in varying participant selection, it
prevents comparisons to be made amongst studies. Only
Garvey et al. and Vera et al. showed statistically significant
increases in inflammation when comparing HIV- controls to
asymptomatic PLWH. Other studies showed potential trends
towards significance when more liberal thresholds were used.
Overall, these results suggest that there may be mild increases
in neuroinflammation within asymptomatic PLWH, but fur-
ther studies are needed. However, no overlapping regions of
increased binding were observed, which may reflect the pres-
ence of more global inflammation. The lack of significant
results may also be due to small sample sizes. Most studies
included less than ten unimpaired HIV+ participants, and
when demographic data was provided, it showed the partici-
pants were predominately male.

Another important limitation is the variety of TSPO ligands
used. Only three studies used PK11195 ligand while the other
studies used different second-generation ligands. Choice of
ligand can significantly affect the results. Two key disadvan-
tages of PK1195 are the ligand’s high levels of nonspecific
binding and its low permeability across the BBB. Each of
these factors contribute to the generally low SNR for
PK11195. While second generation tracers such as PBR28
and DPA-713 have greater SNR, they are also affected by
genotype. Potential differences observed amongst the various
studies may reflect inherent differences in these tracers.
Additional studies in PLWH using a consistent tracer will
allow for more confident conclusions to be drawn.

As previously discussed, a more consistent image process-
ing approach will be important for future studies. Differences
in the choice of pseudo-reference region can greatly affect
results. Although grey matter was the defined pseudo-
reference region for three molecular imaging studies, a num-
ber of studies have identified increased uptake within this
same region. If grey matter is in fact affected, using it as a
pseudo-reference region could skew the results and cause oth-
er affected regions to not be identified. A potentially more
accurate pseudo-reference region could be the cerebellar grey
matter, which is often not affected by HIV. This same region is
also a commonly used pseudo-reference region for molecular
imaging studies in other neurodegenerative (including
Alzheimer disease (Lyoo et al. 2015)). Additional analyses
using multiple pseudo-reference regions should be explored.

Finally, recent studies have challenged the reliability of
TSPO as a marker of neuroinflammation. While TSPO has
been linked with a variety of cellular processes, such as ste-
roidogenesis and inflammation, the exact function of TSPO is
not known, and extensive research has produced conflicting
results (Notter et al. 2018). Initial studies hypothesized that
TSPO was necessary for transport of cholesterol across the
outer mitochondrial membrane and, therefore, was vital for
steroidogenesis (Krueger and Papadopoulos 1990). More re-
cent studies, have challenged this claim and have shown no
changes in steroid synthesis in TSPO knock-out mice (Tu
et al. 2014). TSPO has also been linked to apoptosis via mi-
tochondrial permeability transition, but this too has been chal-
lenged by recent TSPO knock-out mice studies (Veenman and
Gavish 2012). Most importantly for this review, the function
of TSPO in the inflammatory process and the proteins that are
activated by microglia have not been well characterized.
TSPO has been shown to correlate with both pro-
inflammatory and anti-inflammatory processes (Bae et al.
2014). A recent study noted a decrease in TSPO expression
in pro-inflammatory activated microglia (Owen et al. 2017).
The uncertainty regarding the definitive function and expres-
sion of TSPO has caused some to question the reliability of
using TSPO tracer binding as a measure of microglial activity
and, therefore, a secondary measure of inflammation.

Future Directions

While cART has improved the quality of life for PLWH, this
population still faces considerable cognitive challenges. Many
studies have used PET imaging of TSPO to investigate the
potential role of neuroinflammation with regard to HAND,
but the current findings are inconsistent. Additional studies
with a larger sample size that uses the Frascati HAND criteria
are necessary. A significant obstacle that also needs to be
addressed is the lack of a common and decisive methodology
for this research, and a test-retest analysis would help resolve
this issue. Using the various analysis methods, a test-retest
study would compare each methods’ results and evaluate their
repeatability. This is important to determine a reliable standard
methodology, ensuring the results arise from disease patholo-
gy and not due to differences in analyses.

So far neuroinflammation in PLWH has only been studied
cross-sectionally, but a longitudinal study could be an insight-
ful next step. Previous studies have shown that most asymp-
tomatic PLWH remain cognitively stable over time, but some
individuals experience neurocognitive deterioration despite
viral suppression with cART (Sanford et al. 2018). A longitu-
dinal study using TSPO PET imaging could evaluate if ob-
served changes in cognitive status correlate to changes in li-
gand binding. In addition to cognitive status, future studies
could analyze the correlation between TSPO PET imaging
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measurements and HIV biomarkers, as Vera et al. briefly test-
ed. Cerebrospinal fluid (CSF) and plasma measurements in-
cluding CD4/CD8 ratio, CSF HIV RNA, sCD14, sCD163,
and plasma 16 s rRNA can provide important biomarkers for
evaluating the effects of HIV throughout the body. Comparing
these measures to molecular imaging markers of neuroinflam-
mation would provide valuable insight into the relationship
between neuroinflammation and HIV.

Future TSPO PET studies in PLWH should address con-
cerns regarding the reliability of TSPO as a marker of neuro-
inflammation. Due to these concerns and complications
caused by genetic effects on TSPO tracer binding, there has
been an increasing interest in investigating alternative, more
reliable PET radiotracers that measure microglial activation.
One such alternative PET tracer target is the P2X7 receptor
(P2X7R), a ligand-gated cation receptor that plays a vital role
in pro-inflammatory processes in microglia (Beaino et al.
2017). Multiple PET radiotracers targeting P2X7R have been
developed, and a few, such as [3H]A-740003 and
[11C]SMW139, are undergoing clinical evaluation (Janssen
et al. 2018).

Overall, the six studies using TSPO PET imaging show
some could allow us to understand the role of neuroinflamma-
tion in PLWH, but to date the results are not able to provide a
clear conclusion. Additional PET studies of neuroinflamma-
tion in PLWH are needed in order to better understand and
improve treatment.
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