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Abstract
Purpose of Review We will discuss the developments in TSPO PET imaging and the contribution this technique has had to
understanding neuroinflammation in vivo, as well as the limitations inherent to the currently available radioligands and the
potential future direction.
Recent Findings Positron emission tomography (PET) imaging targeting the translocator protein 18 kDa (TSPO) has led to major
advances in understanding the pathological role played by microglia activation and neuroinflammation in a diverse range of
neurodegenerative conditions.
Summary The first-generation radioligand 11[C](R)-PK11195 has been the most widely studied and has led to considerable
advancements in defining the role of neuroinflammation in neuronal degeneration and dysfunction. However, limitations includ-
ing low signal-to-noise ratio and high nonspecific binding have led to the development of new TSPO-specific radioligands in an
attempt to improve the quality of TSPO imaging. Unfortunately, these new radioligands have not been without their own
problems, and the expected improvement in image quality has not been achieved.
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Introduction

Microglial activation has been implicated in the pathology
underlying a diverse range of neurodegenerative conditions.
Microglial cells represent approximately 10–15% of total
white cells and are the intrinsic defensive cells of the brain.

They normally exist in a quiescent state but become activated
by changes in the local milieu due to injury releasing cyto-
kines. In their activated state, microglia significantly upregu-
late the expression of the benzodiazepine receptor, now
known as the translocator protein 18 kDa (TSPO), on their
outer mitochondrial membrane [1]. TSPO has been implicated
in a number of vital cellular functions; however, its exact
function in metabolic homeostasis remains unclear [2••].

Increased microglial activation has been detected in a range
of conditions, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS) and Huntington’s disease (HD). For several years, there
has been a great deal of interest in studying microglial activa-
tion in vivo using positron emission tomography (PET) in
order to understand its role in the pathogenesis of neurodegen-
eration and determine whether altering microglial activation
can lead to modification of disease processes.

The first-generation TSPO PET tracer, 11[C](R)-PK11195
(PK), an isoquinoline carboxamide, has been used extensively
to study microglial activation. This tracer was developed in
the 1980s and represents the first non-benzodiazepine-type
compound shown to bind with high affinity to TSPO [2••].
The PET findings from PK have generally correlated well
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with pathological findings. However, the clinical usefulness of
PK is somewhat limited due to several issues including low
brain bioavailability, nonspecific binding and the relatively
short half-life of carbon-11 [3, 4].

This has led to the development of second- and third-
generation TSPO tracers over the past few years.
Hundreds of new-generation radiotracers have been syn-
thesised, and approximately 40 of these have undergone
preclinical evaluation [4]. The most promising second-
generation radioligands such as [18F]-PBR06 [5], [18F]-
FEDAA1106 [6], [18F]-FEPPA [7], [11C]-DAA1106 [8],
[11C]-DPA-713 [9], [18F]-PBR111 [10, 11], [18F]-DPA-
714 [12] and [11C]-PBR28 [13] are being evaluated in
clinical trials. While some carbon-11 radiolabelled tracers
present better kinetics than PK [13, 14], their short half-
life limits usage in PET centres without an on-site cyclo-
tron. Hence, the current focus is on the development of
fluorinated [18F] radiotracers. These exhibit superior im-
age quality and a longer half-life, thus improving acces-
sibility to researchers and clinicians, besides significantly
reduced costs [15•]. However, even some of these new
radioligands demonstrate restrictions, including the slow
accumulation of radiometabolites of [18F]-PBR06,
resulting in inaccurate estimations of TSPO [5, 6], along
with slow kinetic behaviour of [18F]-FEDAA1106 [6], ne-
cessitating longer scanning time and hereby limiting clin-
ical usage.

The development of the third-generation TSPO tracers
was as a consequence of the sensitivity of the second-
generation tracers to a single nucleotide polymorphism
(rs6971) in the TSPO gene [2••]. This was demonstrated
in initial studies using [11C]-PBR28, where it was ob-
served that about 10% of participants did not show any
binding to TSPO [13, 16]. This phenomenon was later
noticed with all studied second-generation radiotracers
[15•, 16, 17]. Owen and colleagues revealed that new
TSPO radioligands show three patterns of binding affinity
derived from this single polymorphism: high-affinity
binders (HABs), mixed-affinity binders (MABs) and
low-affinity binders (LABs) [18–20]. The different pat-
terns of binding affinity vary in frequency in different
ethnic groups [21]. The PET signal from MAB and LAB
patients will significantly underestimate TSPO expres-
sion; therefore, determination of TSPO binding is re-
quired. Third-generation, or rs6971-insensitive, TSPO ra-
dioligands include flutriciclamide (18[F]-GE180) and
11[C]-ER176; however, the clinical relevance of these
compounds has not been determined [2••].

The use of PET imaging to determine TSPO density and
quantify microglial activation in neurodegenerative processes
poses a number of challenges as alluded to above. In this
review, we will summarise and compare the findings of the
different TSPO radiotracers and discuss their pros and cons in

context of improving our understanding of the neuroinflam-
matory processes underlying a diverse range of neurodegen-
erative conditions.

Alzheimer’s Disease, Dementia and Mild
Cognitive Impairment

AD was the first neurodegenerative disorder where microglia
activation was detected in vivo by PET imaging. Cagnin and
colleagues reported significant increases in PK binding in the
entorhinal, temporoparietal and cingulate cortex in a group of
eight patients with AD compared with 15 age-matched con-
trols [22]. That study also included a patient with isolated
memory impairment, but no evidence of dementia, who
showed an increase of PK binding in the fusiform gyri, infe-
rior temporal gyri and parahippocampus. Since then, a number
of studies have confirmed the presence of activated microglia
in cortical areas and grey matter in patients with AD and in
patients with mild cognitive impairment (MCI). In MCI pa-
tients, increased cortical PK binding is generally observed in
patients with raised cortical amyloid load measured by [11C]-
Pittsburgh compound-B ([11C]-PIB) PET, which binds specif-
ically to fibrillar β-amyloid plaques [23, 24•]. Only one study
failed to detect any significantly raised PK binding in AD and
MCI patients compared with controls [25]. However, the
number of patients investigated was small (AD = 6, MCI =
6, control = 5), and therefore, the study was probably not
powered to detect significant intergroup differences. Another
study, performed on larger cohorts of AD and MCI patients,
also failed to detect any significant differences between
groups using the traditional region of interest (ROI) approach.
However, voxel-wise statistical parametric mapping analysis
did show small clusters of significantly increased PK binding
potential in the occipital lobe of AD patients compared with
healthy controls [26].

Several studies have also attempted to explore the relation-
ship between levels of activated microglial, clinical symptoms
and other pathological features of AD. A significant negative
correlation between mini-mental state examination (MMSE)
and PK binding in several cortical regions has been reported in
some studies [27–29], but not in others [26]. Further studies
are therefore required to clarify this issue.

In AD patients, Edison and colleagues [27] observed a
significant 20–35% increase in microglial activation in the
frontal, temporal, parietal, occipital and cingulate cortices,
and a concomitant twofold increase in fibrillar β-amyloid de-
position in these same cortical areas. More recently, in MCI
patients, Parbo and colleagues have observed a positive cor-
relation between levels of amyloid load and PK binding po-
tentials in frontal, parietal and temporal cortices [24•]. These
findings suggest that activated microglia occur in areas where
amyloid plaques co-exist. However, some MCI cases with
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increased PK binding and normal levels of [11C]-PIB retention
have been reported, suggesting that these two pathologies can
occur independently [23].

A longitudinal study in AD patients with serial PK, [11C]-
PIB and [18F]-flurodeoxyglucose PET scans demonstrated a
longitudinal increase of cortical microglial activation along
with progressive reduction of glucose metabolism in the ma-
jority of patients over a 16-month period. Additionally, voxel-
wise correlation analysis revealed that microglial activation
positively correlated with amyloid deposition and inversely
correlated with regional cerebral metabolic rate at voxel level
over time. These findings provide further evidence that neu-
roinflammation is not only associated with localised amyloid
deposition but also glucose metabolism over time [29].

The expression of activated microglia in other forms of
dementia has rarely been assessed in vivo. In frontotemporal
dementia (FTD), for example, Cagnin and colleagues found
enhanced PK binding in the typically affected frontotemporal
regions [30]. Investigations using second-generation TSPO
cohorts with AD and MCI have demonstrated varying results.
While some studies found increased tracer uptake in patients
[31–36], others did not [37–39]. Kreisl and colleagues inves-
tigated the relationship between neuroinflammation and dis-
ease severity in patients with AD and MCI compared with
controls [33]. The authors revealed a consistent increase in
TSPO expression throughout the grey matter cortex in ‘PIB
positive’ AD patients compared with ‘PIB negative’ controls.
However, [11C]-PBR28 binding did not significantly differ
between MCI patients and controls. Despite high [11C]-PIB
binding in some MCI patients, no correlation with [11C]-
PBR28 binding was observed. It has been suggested that
TSPO upregulation may only occur after clinical conversion
fromMCI to AD, although, as already discussed, PET studies
using PK have demonstrated the opposite. Hence, [11C]-
PBR28 might not be sensitive enough to detect a signal in
MCI [33]. In a larger cohort, Hamelin and colleagues found
elevated TSPO binding in AD patients compared with con-
trols, as well as a positive correlation between PIB and TSPO
binding [40•].

Another PET study using [11C]-PBR28 in a cohort of AD
patients, MCI patients and controls compared outcome mea-
sures such as total distribution volume (VT), calculated using
the two-tissue compartment model with arterial input func-
tion, as well as the standardised uptake volume ratio (SUVr)
with cerebellum as pseudo-reference region [35]. The authors
did not detect any difference in VT values amongst groups, but
after correcting for the free fraction in plasma (fP), AD patients
showed increased VT/fP values in the entorhinal and combined
middle and inferior temporal cortices compared with MCI
patients and controls. The cerebellum did not show any dif-
ferences in bothVT/fP and SUV between patient groups.When
using SUVr for [11C]-PBR28, AD patients demonstrated
higher PET signal than controls and MCI patients. Lyoo and

colleagues suggested that SUVr could substitute for absolute
quantification of [11C]-PBR28 in distinguishing AD patients
from MCI patients and controls, avoiding the need for arterial
blood sampling [35]. Nevertheless, TSPO is widely expressed
in the brain, including the cerebellum [41], so that there exists
no true reference region devoid of specific binding to [11C]-
PBR28. Furthermore, the cerebellum seems to be affected in
clinical progression of AD [42]; consequently substituting VT
with SUVr would not be appropriate for all TSPO tracers.

Other studies have applied different methodological ap-
proaches to quantify TSPO in AD using the radioligand
[18F]-DPA-714 [37, 43]. Longitudinal studies detected in-
creased tracer uptake in AD patients; however, methodologi-
cal limitations including small sample sizes limit data inter-
pretation [44, 45].

In summary, there are no consistent results regarding neu-
roinflammation in AD and MCI with TSPO PET imaging
studies. This is likely due to methodological problems
concerning the quantification of TSPO, small sample sizes
and the limitations of the TSPO radioligands themselves, such
as binding in the vasculature [46].

Parkinson’s Disease

Numerous studies have supported a role for microglia activa-
tion in the pathogenesis of PD. In PD brains, increased levels
of activated microglia have been found in the substantia nigra
pars compacta (SNc) [47], putamen, hippocampus,
transentorhinal cortex, cingulate cortex and temporal cortex
[48].

Two separate PET studies have reported significant in-
creases in PK binding in the striatum of PD patients compared
with normal controls [49, 50]. An increase in PK binding was
also detected in the SNc of patients in both studies. However,
the difference with the control group was significant in only
one study, which was performed in patients with a recent
diagnosis of PD [49]. In that study, midbrain PK binding po-
tential values correlated positively with severity of motor
symptoms (measured with UPDRS-III) and negatively with
putaminal dopamine transporter availability (measured with
[11C]-CFT SPECT), supporting the hypothesis that activated
microglia may contribute to dopamine neuronal loss in PD.

A third study found that PD patients demonstrated higher
PK binding in the putamen contralateral to the most affected
side and midbrain compared with controls [51]. These in-
creases were larger in patients with more advanced disease
(N = 8) than in patients with symptom duration less than 1 year
(N = 6). However, the differences were not statistically signif-
icant as there was a large overlap between PD patients and
healthy controls. It should be noted that several binding po-
tential values had to be discarded due to fitting errors resulting
in negative or unrealistically high values. This could have had
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an impact on the results. Additionally, nigrostriatal dysfunc-
tion was not assessed in these patients to confirm diagnosis of
PD.

In addition to the analysis of nigrostriatal structures, some
studies have used a voxel-by-voxel analysis to assess the
levels of PK binding in other brain regions. Gerhard and col-
leagues detected areas of significant increase in PK binding in
the frontal and temporal cortices of PD patients compared
with controls, suggesting that neuroinflammation also occurs
in cortical areas in PD patients [50].More recently, Edison and
colleagues observed significant increases in microglial activa-
tion in temporal, parietal and occipital regions of non-
demented PD patients compared with controls [52]. In the
same study, PD patients with dementia presented more wide-
spread cortical distribution of activated microglia, including
anterior and posterior cingulate, striatum, frontal, temporal,
parietal and occipital cortical regions. There was a large over-
lap between areas of microglial activation and areas of re-
duced glucose metabolism in several cortical regions, and
both increased microglial activation and glucose
hypometabolism correlated with MMSE score. Microglia ac-
tivation could therefore be involved in the development of
dementia in PD.

There are only a small number of PET studies using
second-generation TSPO ligands in PD [53•, 54, 55••].
Terada and colleagues recruited 11 PD patients and 12 con-
trols to undergo two [11C]-DPA-713 scans 1 year apart [53•].
Binding potential (BPND), estimated by simplified reference
tissue model (SRTM), was used to measure microglial activa-
tion and voxel-wise, as well as ROI analyses were conducted
to compare regional BPND amongst groups. Analyses revealed
a significant increase in [11C]-DPA-713 BPND extrastriatally
including the occipital, temporal and parietal cortices in PD
patients. The degree of BPND increased 1 year later, predom-
inantly in the temporal and occipital cortices. However, ele-
vated [11C]-DPA-713 BPND in the ROI analysis during
follow-up could not be detected. The study presents several
limitations, including small sample size, a short follow-up
duration and the estimation of [11C]-DPA-713 BPND with
SRTM. The second-generation TSPO radiotracer [18F]-
FEPPA, which has shown high affinity for TSPO, a suitable
metabolic profile, high brain penetration and good pharmaco-
kinetics [7, 56], was used in two other studies investigating
microglial activation in the striatum [54], cortical and subcor-
tical brain regions [55••]. Both studies detected a significant
effect of genotype on [18F]-FEPPA VT values, with a trend
towards elevated TSPO binding predominantly in the PD-
HAB group. However, there was no TSPO overexpression
in PD patients or distinct correlations between disease sever-
ity, duration and VT values [54, 55••].

So far, only one study has reported a longitudinal assess-
ment of the levels of activated microglia in PD. Eight PD
patients were examined with serial PET scans over a 2-year

period and PK binding remained stable in all patients [50],
suggesting that microglial activation occurs early in the dis-
ease process. Unfortunately, longer follow-ups in large co-
horts of patients are lacking.

Idiopathic REM Sleep Behaviour Disorder

Over the last decade, there has been growing scientific interest
in idiopathic rapid eye movement sleep behaviour disorder
(iRBD), which seems to represent a prodromal phase of PD
and other Parkinsonian disorders including dementia with
Lewy bodies (DLB) and multiple system atrophy (MSA).
Longitudinal follow-up studies of these patients have shown
that the majority of them develop PD or DLB later in life, with
a smaller number developing MSA [57]. Several imaging
studies have clearly shown that most of these patients, despite
having no clinical evidence of parkinsonism and/or cognitive
impairment, already demonstrate brain abnormalities typical
of Parkinsonian syndromes. Using PK PET, Stockholm and
colleagues have investigated the occurrence of activated mi-
croglia in a cohort of 21 patients with polysomnography-
confirmed iRBD [58••]. They found that compared with
age-matched controls, iRBD patients had increased levels of
microglia in the SN, and to a lesser extent, in the putamen and
caudate nuclei. Increased nigral PK binding correlated posi-
tively with increased binding of PK in the putamen and cau-
date nucleus. These changes occurred alongside the presence
of nigrostriatal dysfunction measured with 18F-DOPA PET.
However, no significant correlations were found between
PK and 18F-DOPA uptake within the striatum. Activated mi-
croglia were also found in the visual associate cortex of the
occipital lobe of these patients. The latter finding could ex-
plain the difficulties that iRBD patients seem to have
performing tests of visuospatial skills.

These findings strongly support the presence of dopami-
nergic dysfunction and early inflammation in both subcortical
and cortical areas in iRBD patients, providing further evi-
dence that most iRBD patients are in a prodromal phase of a
Parkinsonian disorder and microglial activation occurs early
in the pathogenesis of PD. However, it remains to be deter-
mined if these imaging biomarkers can be used as early pre-
dictors of the clinical subtype of Parkinsonian disorders in
iRBD patients. Interestingly, a PK PET study by Iannaccone
and colleagues directly compared brain levels of activated
microglia in PD patients and patients with DLB [59]. While
PD patients had evidence of increased activated microglia
only in the SN and putamen, patients with DLB had extensive
additional increases in several associative cortical regions
[59].

It remains to be understood if the presence of activated
microglia at these early stages is detrimental and contributes
to further neurodegeneration [60], or if it can have
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neuroprotective properties as suggested by some recent stud-
ies [40•]. The latter knowledge is essential to help rationalise a
role for anti-inflammatory agents as neuroprotective strategies
in iRBD patents with high risk of developing Parkinsonism.

Atypical Parkinsonism

Activated microglia have been found in the brains of patients
with MSA [49], progressive supranuclear palsy (PSP) and
corticobasal degeneration (CBD) [61]. Gerhard and col-
leagues found an increase in PK binding in the caudate, puta-
men and palladium of a small number (N = 5) ofMSA patients
compared with normal controls [62]. MSA patients also pre-
sented increased PK binding in extrastriatal regions such as
the thalamus, pons, SNc and dorsolateral prefrontal cortex.
These findings indicate that MSA patients have increased
levels of neuroinflammation in brain areas typically involved
in this condition and are in line with the distribution of
microglial activation detected in the brains of MSA patients
[63].

Minocycline is a tetracycline derivative with anti-
inflammatory properties which appears to inhibit microglia
activation. The effect of minocycline in MSA patients has
been investigated with a prospective, randomised, double-
blind, multinational clinical trial [64]. A small subgroup of
patients received serial PK PET to assess the effect of
minocycline on activated microglia. Unfortunately, the study
failed to show a clinical effect of minocycline on motor func-
tion. However, in the PET subgroup, the three patients in the
minocycline group showed an attenuated mean increase in
microglial activation as compared with the placebo group (5
subjects, P = 0.07), and in two of them, PK binding was ef-
fectively decreased. This suggests that minocycline may inter-
fere with microglial activation. These findings deserve further
investigation.

PSP patients have also been reported to have high levels of
activated microglia in several brain regions. In one study, a
small group of four PSP patients demonstrated significantly
increased mean PK binding in the basal ganglia, midbrain,
frontal lobe and cerebellum compared with age-matched con-
trols. Two of these patients underwent a follow-up scan after
6–10months. The level of activated microglia remained stable
over that time [57].

A more recent study utilised PK PET to assess levels of
activated microglia in nine patients with PD, seven with MSA
with parkinsonism, four PSP and 11 controls [61]. The aim
was to explore the relationship between microglial activation
and regional apparent diffusion coefficient (rADC, measured
with diffusion-weighted MRI). The study was not powered to
assess differences in levels of activated microglia amongst
groups. Nevertheless, compared with controls, PK binding
was increased in the striatum, midbrain and pons in patients

with atypical parkinsonian syndromes, and in the pons of pa-
tients with PD. Putaminal binding was greater in atypical par-
kinsonian syndromes compared with PD. The main finding of
this study, however, was that PK binding and rADC in the
pons were positively correlated in the group of patients with
atypical parkinsonism, suggesting that microglial activation
may contribute to the changes in water diffusivity observed
in the brainstem of these patients.

Finally, in CBD patients, increased PK binding has been
found in the striatum, thalamus and SN reflecting the typical
pathological pattern of this condition [65, 66].

Amyotrophic Lateral Sclerosis

Cerebral microglial activation has been detected with PK PET
during the evolution of ALS. Turner and colleagues observed
significantly increased PK binding in the motor cortex, pons,
dorsolateral prefrontal cortex and thalamus in ALS patients
compared with controls [67]. These findings are in line with
previous post-mortem observations and suggest that cerebral
pathology is widespread in this condition. Interestingly, PK
binding in the motor cortex correlated well with the clinical
burden of upper motor neuron signs. The same authors have
reported increased PK binding in the cortical motor areas of
patients with clinically isolated upper motor neuron syn-
dromes [68].

Studies using the second-generation TSPO tracers in ALS
patients revealed a significant increase of tracer uptake in cor-
tical [69], as well as corticospinal tracts, compared with con-
trols [70]. Furthermore, disease severity correlated with tracer
binding, suggesting clinical relevance of brain inflammation
quantified in vivo [70].

Huntington’s Disease

In a post-mortem study, Sapp and colleagues found a signifi-
cant and widespread accumulation of activated microglia in
HD brains. This was particularly evident in the areas known to
be targets such as the striatum, globus pallidus and frontal
cortex [71]. The density of activated microglia correlated with
the severity of neuronal loss. The pathological findings are
replicated in a PK PETstudy by Pavese and colleagues, which
found significant microglial activation in the striatum, cortex
and other basal ganglia structures in HD patients [72]. The
degree of microglial activation in the striatum also correlated
with the severity of striatal dysfunction as measured with
Unified Huntington’s Disease Rating Scale motor scores.

Extending the study to premanifest HD (preHD) gene car-
riers, Tai and colleagues found elevated PK binding in the
striatum and cortex of preHD carriers, and the striatal PK
binding correlated with the likelihood of disease onset in
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5 years [73]. This indicated that microglial activation is an
early process in the pathogenesis of HD and that PK PET
may play a role as a marker of disease progression, especially
in preHD carriers. Elevated PK binding in the hypothalamus
of HD patients and preHD carriers was also found in another
study, and the extent of microglial activation correlated with
the degree of hypothalamic D2 receptor loss as measured by
raclopride [74]. The hypothalamic dysfunction in turn may
contribute to the altered metabolism and circadian rhythm
observed in HD [75]. Furthermore, Politis and colleagues
demonstrated increased peripheral cytokine IL-1ß in preHD
compared with healthy controls [76]. Increased PK binding in
the somatosensory cortex of preHD carriers correlated with
the levels of several peripheral cytokines, suggesting an asso-
ciation between peripheral and central inflammatory re-
sponses in preHD.

Second-generation TSPO radioligands have not yet been
fully explored in HD. A recently published study investigated
the specificity and sensitivity of the [18F]-PBR06 radiotracer
in the HD mouse model, R6/2. The authors demonstrated that
the [18F]-PBR06-PET signal was increased in the striatum,
cortex and hippocampus at late stages in the disease process
compared with wild-type mice [77]. As already discussed,
human TSPO PET studies using the PK ligand have shown
microglial activation in the striatum, cortex, thalamus and hy-
pothalamus, however not in the hippocampus. The authors
postulate that [18F]-PBR06 affords a greater signal-to-noise
ratio compared with PK, which may account for the difference
observed [77]. Further studies examining the utility of this
TSPO ligand, as well as other second- and third-generation
TSPO ligands, are required to define their role in HD.

Limitations of TSPO Radioligands

Overall, the exploration and quantification of TSPO expres-
sion remain a challenge in spite of the development of new
TSPO radiotracers. PK remains the most widely used and its
sensitivity means that it is useful in clinical trials for new
therapeutic agents targeting microglia. Despite this, its wide-
spread use has been restricted for several reasons. The first
challenge concerns the affinity of PK binding to a number of
sites in the blood, such as plasma proteins, monocytes and
platelets [78]. This in combination with a relatively low brain
permeability results in a low signal-to-noise ratio, limiting its
specificity and rendering it unable to detect subtle changes in
neuroinflammation. Furthermore, the necessity for on-site cy-
clotron can render it an inaccessible ligand for many re-
searchers and clinicians. As discussed, this consideration
was a driving force in the development of the longer half-
life 18F radioligands, which do not require an on-site cyclo-
tron, thus, improving accessibility, cost-effectiveness and
signal-to-noise ratio.

However, second- and third-generation TSPO radiotracers
are not without their own drawbacks, highlighted by three
main confounding factors alluded to earlier [78]. The first
factor concerns the rs6971 polymorphism. Although binding
status can be easily identified and considered into data analy-
sis, there remains no ideal TSPO PET radiotracer for LAB.
The result is that the TSPO PET images obtained for LAB are
of lower quality, thus limiting clinical usefulness. The second
factor is the disproportion between the high signals from
TSPO in the endothelial cells of the blood brain barrier
(BBB) compared with that of the tissue, requiring appropriate
kinetic correction [79]. The final factor is the difficulty in
obtaining exact estimates of free plasma concentrations for
appropriate quantification. The large and widespread TSPO
component bound at the BBB masks various brain tissues
such as grey matter, white matter and inflamed tissue.
Hence, the identification of a suitable reference region is re-
stricted and invasive arterial blood sampling is required [78].

Further challenges include the lack of specificity of TSPO
binding for activated microglia, since TSPO is also expressed
on astrocytes [80]. Furthermore, microglia exhibit pro- and
anti-inflammatory properties, yet there is no suitable PET ra-
diotracer for either phenotype of microglia [81•].

Alternatives to Second-Generation TSPO
Radiotracers

The development of more targeted biomarkers of other in-
flammatory components, such as monocytes, B cells, T cells
and astrocytes, as well as molecular mediators of neuroinflam-
mation, may offer greater insights into neuroinflammatory
processes [13]. For instance, 11C-ketoprofen methyl ester spe-
cifically targets cyclooxygenase 1 and has been found to be
safe with favourable imaging characteristics; however, addi-
tional investigations are necessary to evaluate its future use
[82]. Likewise, 11C-RSR-056 and 11C-A-836339 may be
promising radiotracers for the cannabinoid type 2 receptor,
which is expressed mainly on immune cells and elevated ex-
pression is linked to neuroinflammatory conditions [83]. For
more details about alternative neuroinflammation targets in
PET imaging, please see recent reviews [80, 84••].

Another recent development is flutriciclamide ([18F]-
GE180), a third-generation TSPO radiotracer, which has
previously been evaluated for optimum scan duration and
kinetic modelling strategies in 10 healthy controls [85••].
This study cohort showed relatively low VT values; how-
ever, the authors noted that the tracer may be less sensi-
tive to TSPO binding affinity status. Nonetheless, due to
the small sample size and exclusion of low-affinity
binders, further investigations are needed to evaluate this
tracer for future use [85••].
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Conclusion

Despite numerous research studies and the development of
new TSPO radiotracers, the exact role of neuroinflammation
and the presence of activated microglia in neurodegenerative
conditions remain unclear. For in vivo TSPO PET imaging,
new radiotracers have been developed to overcome the limi-
tations of PK. However, these have not beenwithout their own
obstacles, and we are yet to develop the ideal TSPO PET
radiotracer to deliver on the promise of improved image qual-
ity compared with TSPO PET using the PK tracer.

Nonetheless, experience to date has confirmed TSPO as a
sensitive and potent biomarker of microglial activity in the
central nervous system. PK, in the absence of a more suitable
candidate, continues to be the most reliable radioligand and
facilitates the acquisition of TSPO PET imaging with the ad-
ditional vantage that new data can be reliably compared with
previously published studies.
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