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Abstract
Purpose Translocator protein 18-kDa (TSPO) imaging with positron emission tomography (PET) is widely used in research
studies of brain diseases that have a neuro-immune component. Quantification of TSPO PET images, however, is associated with
several challenges, such as the lack of a reference region, a genetic polymorphism affecting the affinity of the ligand for TSPO,
and a strong TSPO signal in the endothelium of the brain vessels. These challenges have created an ongoing debate in the field
about which type of quantification is most useful and whether there is an appropriate simplified model.
Methods This review focuses on the quantification of TSPO radioligands in the human brain. The various methods of quanti-
fication are summarized, including the gold standard of compartmental modelingwithmetabolite-corrected input function as well
as various alternative models and non-invasive approaches. Their advantages and drawbacks are critically assessed.
Results and conclusions Researchers employing quantification methods for TSPO should understand the advantages and limi-
tations associated with each method. Suggestions are given to help researchers choose between these viable alternative methods.
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Introduction

Neuroinflammation is the inflammatory response of the brain
and spinal cord. Although the physiological processes that
occur within the neuroinflammatory response depend on the
neurological pathologies involved, one common component
of the neuro-immune response is activation of glial cells, pre-
dominantly microglia [1]. The translocator protein 18 kDa

(TSPO), while being expressed ubiquitously in the body, is
used as a biomarker of neuroinflammation because its upreg-
ulation in inflammatory conditions is strongly localized to
glial cells and macrophages [2]. Over the years, a large num-
ber of positron emission tomography (PET) radioligands
targeting TSPO have been developed. The prototypical
radioligand for TSPO is [11C]-(R)-PK11195, which was first
used for human brain imaging in 1989 to study glioma [3] and
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was subsequently applied to a variety of neurological [4, 5]
and peripheral pathologies [6]. However, [11C]-(R)-PK11195
is associated with low amounts of specific binding, and new
radioligands with better binding properties have been devel-
oped [7]; these include [11C]-PBR28 [8], [18F]-DPA-714 [9],
and [11C]-ER176 [10].

The challenges associated with quantification are relat-
ed to the biology of TSPO itself as well as to the properties
of TSPO radioligands [11]. First, TSPO is present not only
in glial cells of the brain parenchyma but also in the
neurovascular unit [11], including endothelial cells,
smooth muscle cells, and red blood cells [12, 13].
Second, TSPO has a genetic polymorphism (rs6971;
Ala147Thr) that conveys different affinity profiles for
TSPO radioligands—high-affinity, mixed-affinity, or low-
affinity binders (HABs, MABs, and LABs, respectively)
[14]; this requires that individuals be genotyped in order
to stratify PET data, adding an extra blood test and analysis
step. Third, the plasma free fraction (fP) of ligand available
to enter the brain and bind to TSPO is very low for most
ligands and can be difficult to measure [11]. Fourth, pe-
ripheral immune response can affect ligand response in
blood and plasma as well as brain neuro-immune response.
Indeed, the relationship between TSPO expression in the
brain and levels of peripheral cytokines is an important
topic of research. Finally, absolute quantification of
TSPO requires invasive arterial blood sampling, which is
time-consuming, costly, requires specialized equipment
and personnel, and may not be well-tolerated, especially
by patient populations. Taken together, these methodolog-
ical challenges have created ongoing debate regarding the
best way to quantify TSPO radioligands, particularly with
regard to issues such as which kinetic model to use for
analysis, whether an appropriate simplified model can be
applied, and whether fP should be included in the analysis.

This manuscript reviews the different quantification ap-
proaches and parameter estimation methods for TSPO
radioligands, including (1) quantification of receptor density
(VT) using the “gold standard” of full compartmental model-
ing and metabolite-corrected input function, with and without
an additional compartment representing the binding of TSPO
in the endothelium of blood vessels; (2) quantification of the
non-displaceable fraction (VND), and the strategies to measure
VND without a blockade with pharmacological agents; and (3)
quantification of the input function without placing an arterial
catheter, which include techniques such as image-derived or
population-derived input function, or the use of various types
of reference regions. Finally, the manuscript also reviews
problems linked to estimating fP.

The review aims to help researchers better understand the
problems related to quantification of TSPO with PET and the
advantages and drawbacks associated with the different pub-
lished techniques.

Compartmental modeling

Classical compartmental modeling

Full compartmental modeling using a metabolite-corrected
arterial input function (AIF) is considered the gold standard
quantification method for PET data. For TSPO, it was first
employed in [11C]-(R)-PK11195 studies using a reversible
two-tissue compartment model (2TCM) (Fig. 1) [16]. The
2TCM includes compartments that account for radioactivity
concentration of non-displaceable radioligand as well as spe-
cifically bound radioligand in brain tissue. Across all TSPO
PET imaging studies, reversible 2TCM has been the most
commonly applied model because it is usually preferred by
fitting criteria [17–24].

The 2TCM is used to estimate kinetic rate constants (K1–
k4) and macro-parameters that are made up of a combination
of these constants [25]. The most often reported parameters
for TSPO ligand binding are volume of distribution (VT = (K1/
k2)*(1 + k3/k4)) and binding potential (BPND = k3/k4). VT in-
cludes specifically bound radioligand (VS) and free plus non-
specifically bound or non-displaceable radioligand (VND),
where VT = VS + VND. BPND is a composite measure of the
affinity of the radioligand for the target and the density of the

Fig. 1 Compartmental models commonly used for parameter estimation
of translocator protein 18-kDa (TSPO) radioligands when arterial input
function (AIF) is available. a The two-tissue compartment model
(2TCM). b The 2TCM with an extra compartment representing the
radioligand specifically bound to vascular TSPO (2TCM-1K), as pro-
posed by Rizzo and colleagues [15]. Each compartment represents a pool
of radioligand concentration.K1 to k4 represent the rate constants between
the compartments, and kb represents the rate of binding to vascular TSPO.
The dotted line indicates the concentrations captured by the PET scan and
the hatched area indicates the vascular fraction. Abbreviations: CA,
radioligand free in arterial plasma; CND, non-displaceable ligand made
up of free and nonspecific binding; CS, specifically bound ligand; CVASC,
specifically bound ligand to vascular TSPO
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available target in vivo. BPND estimated from compartmental
modeling alone is often unstable and therefore is generally
only reported if a reference region or estimate of VND is avail-
able (BPND = (VT − VND)/VND). For a complete list of kinetic
parameters and their definitions, please see Innis et al. [25].

Accounting for vascular TSPO via compartmental
modeling

Histological data show that TSPO is expressed not only in
activated glial cells but also in the vasculature (endothelial
and smooth muscle cells) [26–31] to a degree that depends
on tissue type and pathological status. The proximity of free
radioligand in plasma to TSPO sites in the vasculature com-
pared to TSPO sites in the brain parenchyma conveys different
binding kinetics. Therefore, a compartmental model with only
one specific binding compartment may not be adequate [11],
and models accounting for TSPO binding in the vasculature
have been proposed [15, 26].

Rizzo and colleagues introduced an additional irreversible
compartment to the 2TCM for [11C]-PBR28, known as
2TCM-1K [15] (Fig. 1b). When the model was applied to
PET data from healthy volunteers, parsimony criteria showed
that 2TCM-1K described the data better than the standard
2TCM. In addition, TSPO mRNA levels from the Allen
Human Brain Atlas [32] correlated better with VT estimated
from the 2TCM-1K than from the standard 2TCM. TSPO
mRNA levels also correlated, albeit more weakly, with regional
parameters related to vascular binding (Kb) estimates from
2TCM-1K. Wimberley and colleagues largely reproduced these
findings with [18F]-DPA714 in healthy volunteers and reported
that 2TCM-1K fitted the data better than conventional 2TCM;
they also found that TSPOmRNA levels strongly correlated not
only with Kb but also with mRNA markers of endothelial cells
[33]. This suggests that, in healthy brains, the regional variation
of vascular TSPO appears to be stronger than the regional var-
iation of TSPO expressed in glial cells (potentially due to differ-
ences in vascular density). Subsequently, Rizzo and colleagues
extended these results by comparing models with and without
the vasculature component for three TSPO radioligands with
different affinities—[11C]-(R)-PK11195 had the lowest affinity,
[18F]-DPA714 had middle affinity, and [11C]-PBR28 had the
highest affinity. They found that models that accounted for vas-
cular binding were preferred for all three ligands using the par-
simony criteria [34]. Notably, these findings showed that the Kb

parameter was related to ligand affinity (i.e., Kb for [
11C]-(R)-

PK11195 < [18F]-DPA714 < [11C]-PBR28). Finally, a study
using [11C]-PBR28 and partial pharmacological blockade
showed that 2TCM-1K described the data better than the
2TCM in two cohorts of young and old healthy volunteers,
respectively. This model choice was supported by ex vivo evi-
dence of endothelial TSPO, which showed that TSPO-positive
vessels accounted for 30% of vascular volume in cortical and

white matter [29]. In studies where vascular TSPO may change
and thusmask parenchymal TSPO changes, bothmodels should
be tested, and the reliability of the parameter estimates should be
evaluated. Appropriate simulations should be conducted to ex-
plore the ability of the model to separate vascular from paren-
chymal TSPO. In addition, changes in vascular and parenchy-
mal TSPO binding as estimated by the 2TCM and 2TCM-1K
models in vivo should be correlated to immunohistological data
in patients with underlying pathologies.

Limitations of compartmental models that include
vascular uptake

The question of whether 2TCM or 2TCM-1K is the “best”
model for investigating TSPO radioligands remains an unre-
solved topic within the PET imaging field. Indeed, multiple
reports implementing analyses of both models indicate a pref-
erence for 2TCM over 2TCM-1K, in contrast to the studies
discussed above. This preference has been noted for both
[11C]-DPA713 scans acquired in patients with recent-onset
schizophrenia [35] as well as [11C]-PBR28 scans conducted
under both baseline conditions and after an endotoxin stimulus
[36]. One may speculate that the 2TCM-1K may be preferable
when the density of TSPO in the endothelium is relatively high
compared to that in the glia, such as in healthy subjects, and
when vascular manifestations are expected to play a prominent
role in the disease. Conversely, the conventional 2TCMmay be
preferred in diseases where the density of parenchymal TSPO is
increased more than that of the vascular TSPO. In either case, it
is necessary to analyze the goodness of fit parameters and the
stability of the parameter estimates.

Interestingly, 2TCM-1K assumes an irreversible binding to
the vascular compartment even though TSPO radioligands are
clearly reversible in the parenchyma. Use of an irreversible
compartment is necessary given the difficulties associated
with reliably estimating more parameters via a single-
injection experiment. Indeed, additional parameters render
the model parameter estimates less stable, and whether it is
truly possible to separate different binding parameters remains
controversial. This was demonstrated in the work of Hagens
and colleagues [37], where parameter estimates were deemed
too unreliable even though 2TCM-1K gave a better result in
terms of fitting criteria than the 2TCM. In addition, while
histology data clearly show co-localization of TSPO with en-
dothelial cells that can be altered in disease states, the field
lacks pharmacological data to support the dramatically differ-
ent binding kinetics of TSPO on endothelial cells implied by
the extra compartment in the 2TCM-1K model. More param-
eters also make 2TCM-1Kmore sensitive to noise, which may
contribute to some conflicting results as regards model choice.
De-noising or noise-reduction techniques can increase the sta-
bility of the model and investigators’ ability to determine the
best model [33]. One way to test the validity of 2TCM-1K
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could be with a multiple-injection study, which would allow
the separation of more parameters and the quantification of the
bias generated by the simpler use of an irreversible compart-
ment. As the evidence reviewed above suggests, however, the
field currently lacks consensus regarding the optimal kinetic
model to use when quantifying TSPO. Models that include a
vascular compartment can allow separation of binding parame-
ters related to vascular and parenchymal TSPO but the identifi-
cation of the individual parameters will be less robust. The ad-
vantages and limitations of the different models, reviewed
above, should be considered when choosing an analytic method.

Estimation of VND

As noted above, VT encompasses both VS and VND. PET stud-
ies typically seek to detect group differences in specific signal
(i.e., VS). VT traditionally provides the most stable outcome
measure but usually underestimates the true difference in VS.
Furthermore, such an approach assumes that group differ-
ences in VT stem from group differences in VS and VND values
that are comparable across groups or individuals. However,
this may not be true due, for example, to metabolic differences
in the pathological brain. VND is obtained through pharmaco-
logical blockade to generate an occupancy plot. Because phar-
macological blockade is not a viable option for regular clinical
protocols, two approaches that estimate VND of TSPO
radioligands without pharmacological blockade have been
proposed: (1) the polymorphism plot [22] and (2) the simul-
taneous estimation of VND (SIME) [38].

Polymorphism plot

The polymorphism plot [22] estimates VND at the population
level, so that population differences in VND (between healthy
and pathological cohorts) can be removed from group com-
parisons. The approach leverages the two-site binding pattern
of MAB tissue, assuming equal expression of high-affinity
and low-affinity binding sites [39] to generate the following
relationship:

VHAB
T −VMAB

T ¼ Δ∙ VHAB
T −VND

� � ð1Þ

whereΔ is related to the ratio of the binding potentials of low-
affinity sites to that of high-affinity sites. This relationship is
analogous to the classic graphical relationship used to calculate
receptor occupancy [40, 41]. This plot was used to estimate
plausible VND values for [18F]-DPA714 [21] as well as for
[18F]-PBR111, comparable to VND values estimated using the
2TCM [22]. However, application to data acquired with [11C]-
ER176 yielded poor results, likely because the VT of MABs is
only slightly smaller than that of HABs [42, 43]. To our knowl-
edge, this approach has not been applied to studies comparing

group differences between populations. If such an approach
were implemented, separate polymorphism plots for each study
group would be required to account for possible group differ-
ences in VT (and potentially VND), although it remains unclear
whether the polymorphism plot would yield statistical improve-
ments (i.e., increase effect size).

Simultaneous estimation of VND (SIME)

SIME estimates VND at the individual level. VND is obtained
using data from multiple regions and coupling parameters
across all regions. The SIME approach first assumes that
VND is uniform throughout the brain, which is a standard as-
sumption in modeling PET neuroimaging data (e.g., in refer-
ence region approaches). In the operational 2TCM equation,
SIME replaces K1 with k2 VND. Optimization of the cost func-
tion is then performed simultaneously on all the brain regions,
in contrast to conventional independent optimization for each
distinct brain region. Because VND is assumed to be uniform
across regions, this parameter coupling reduces the number of
estimated parameters from 4r to 3r + 1 (where r is the number
of brain regions analyzed), improving micro-parameter esti-
mates enough to reliably estimate both VND and VS [38, 44].

Both simulations and human PET scan data have been used
to evaluate SIME performance for [11C]-PBR28 [45].
Simulations demonstrated unbiased estimation of VND with
reasonable precision, and human data suggested good test-
retest variability [45]. Human studies with [11C]-PBR28 scans
acquired after pharmacological blockade with the selective
TSPO agonist XBD173 confirmed good agreement in VND

estimation with conventional analysis approaches, although
data were acquired only in HABs [41, 46]. Interestingly, dif-
ferent VND values were reported for MABs. If this finding is
confirmed by blocking experiments, it would indicate that the
rs6971 genotype may also affect VND. When the SIME ap-
proach was used with [11C]-PBR28 to analyze data from
Alzheimer’s disease patients and age-matched controls, VND

values were found to be comparable between groups, and
effect sizes calculated with BPND were larger than effect sizes
calculated from conventional VT estimates [44]. Although
these studies demonstrate the statistical benefits of using
BPND as an outcome measure over VT, it should be noted that
the reliability of BPND is poor because uncertainty from both
VS and VND estimates is incorporated when calculating this
outcome measure. Thus, VS is the recommended outcome
measure for use with SIME [45].

Non-invasive input functions

The main practical obstacle to performing full quantitative
PET studies is the need for an AIF. Although the rate of
serious complications is exceedingly small in expert hands
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[47], placing a catheter in the radial artery and measuring the
concentration of parent and radiometabolites in plasma are
complex procedures that involve specialized personnel and
equipment, require careful logistical planning, and increase
the cost of PET scans considerably. These considerations have
prompted the search for alternative methods of obtaining non-
invasive proxy measures of the input function; some of the
alternative approaches applied to TSPO PET imaging include
image-derived input function (IDIF), population-based input
function (PBIF), and SIME using a PBIF.

IDIF

IDIF obtains the input function directly from a blood pool
visible on PET images acquired dynamically. Even without
considering the challenges posed by correcting partial volume
effects in small brain vessels [48], the main obstacle to using
IDIF in TSPO studies is the presence of radiolabeled metabo-
lites in blood. All currently available TSPO ligands result in
radiolabeled metabolites, and because PET scanners cannot
distinguish photons emitted by the parent compound from
those emitted by its radiometabolites, only the radioactivity
concentration of whole blood can be obtained from the im-
ages. To perform radiometabolite correction, at least a small
number of arterial blood samples are necessary, thus defeating
the primary purpose of avoiding arterial catheterization.
Mabrouk and colleagues calculated IDIF from the carotid ar-
teries of individuals injected with the TSPO ligand [18F]-
FEPPA, obtained with a modified independent component
analysis algorithm [49]. However, despite sophisticated anal-
yses, arterial blood was still necessary to reduce the variability
and errors generated by the IDIF algorithm, to calculate the
radiometabolites and the blood-to-plasma ratio, and to cali-
brate the blood curve. Zanotti-Fregonara and colleagues [50]
used a high-resolution tomograph to calculate IDIF in [11C]-
PBR28 brain scans from the carotid artery. The IDIFs
remained very inaccurate even after scaling with blood sam-
ples, probably due to the difficulties associated with estimat-
ing the rapid peak and low concentrations of parent
radioligand after the peak from the noisy voxels.

PBIF

PBIF relies on the assumption that the shape of the bolus is
constant among individuals and that only its amplitude chang-
es. Thus, a predetermined template curve is scaled at the right
amplitude using individual scaling factors, most often one or
more blood samples. Aswith IDIF, this is as invasive as taking
the full input function and necessarily yields less accurate
results [51]. Mabrouk and colleagues evaluated the accuracy
of a PBIF scaled with one arterial sample on a dataset of
patients imaged with the TSPO ligand [18F]-FEPPA and

found that PBIF increased the variability of the measurements
without reducing invasiveness [52].

SIME using PBIF

The SIMEmethod, described above, can also be applied using
a population-based input function to estimate BPND [44].With
this method, VT and VND are simultaneously estimated for all
regions—as in the SIME with AIF—but the AIF is replaced
with a PBIF (no scaling). The error that comes from an inac-
curate amplitude of the PBIF is assumed to be present in both
VT and VND estimates equally; thus, it is thought to cancel out
in the calculation of the outcome parameter BPND

((α*VT-α*VND)/α*VND where “α” is the error term induced
by the difference in the amplitude of the PBIF compared to the
true AIF). However, this technique has been described in only
a single study that used [11C]-PBR28 [44] and has not been
used with other TSPO ligands. The study examined a popula-
tion of healthy volunteers and patients with Alzheimer’s dis-
ease and found good correlation between regional BPND mea-
surements estimated using SIME with AIF and SIME with
PBIF. As with the standard PBIF described above, the main
assumption of this method is that the shape of the PBIF is
identical between participants, though this will not always
be the case, especially because pathology or other factors
can alter metabolism.

Reference and pseudo-reference regions

Given the limitations of non-invasively estimating the plasma
concentration in blood vessels (i.e., the AIF), quantification
has been attempted using a reference or pseudo-reference re-
gion. A reference region is defined as a region devoid of the
target receptor but with a similar non-displaceable ligand pro-
file (i.e., K1/k2 should be the same for the target and the ref-
erence region). However, because TSPO is ubiquitously
expressed in the brain, a proper reference region does not exist
[11]. As a result, the reference region for TSPO should be
more properly referred to as a pseudo-reference region, de-
fined as a region that contains the target under study but where
its concentration does not change during disease.

Using a (pseudo)reference region is more accurate than
measuring the simple concentration of radioactivity (such as
that measured with standardized uptake value (SUV)), which
may be influenced by cerebral blood flow and peripheral
changes. When using another region of the same brain as a
reference region, partial volume effects are less important than
those affecting radioactivity concentrations in the vessels be-
cause the brain regions are usually bigger. In addition,
radiometabolites and fP are implicitly accounted for, thus re-
ducing variability in the outcome measurements. This may
increase the sensitivity of the study, as shown by Lyoo and
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colleagues, who were able to identify an additional patholog-
ical region in Alzheimer’s disease patients when using a ref-
erence region approach compared to full kinetic modeling
[53].

To estimate TSPO binding parameters, uptake in the target
regions can be normalized to the act ivity of the
(pseudo)reference region using a simple SUV ratio (SUVr),
or the reference curve can be used in a kinetic model such as
the simplified reference tissue model (SRTM) [52, 54, 55] or
graphical Logan reference plot [9]. These approaches have
been used in clinical studies that used TSPO images to explore
a variety of disorders, including Alzheimer’s disease [53, 55,
56], Parkinson’s disease [57], amyotrophic lateral sclerosis
[58], psychosis [59], and glioma [60].

It should be noted that the properties of the appropriate
(pseudo)reference region, such as the absence of target change
under disease, should be demonstrated beforehand. For in-
stance, the use of the cerebellum as a pseudo-reference region
to quantify TSPO binding in Alzheimer’s disease patients was
justified by histological proof that this region is largely spared
from inflammatory changes occurring over the course of the
disease and by previous confirmation with full kinetic model-
ing that its binding potential did not change in the populations
under study [53].

Importantly, when using the SUVr, validating the appropri-
ate timing of themeasurement is critical; the ratio should ideally
be taken when, and if, radioligand concentrations reach a rela-
tively stable transient equilibrium. For this reason, previous
validation against plasma input models to define the optimal
time window is required. This point is particularly important
when the reference region used is the white matter. Because the
gray and white matter exhibit differences in radioligand kinet-
ics, a transient equilibrium in gray matter regions may be
reached at a different time point than with white matter.

The cerebellum, used as whole or gray or white matter, has
been the most frequently used anatomical (pseudo)reference
region for TSPO ligands, even though the presence of specific
TSPO binding in this region has been demonstrated by several
studies. For instance, in a human TSPO blocking study that
used the radioligand [11C]-PBR28 antagonist XBD173 in
healthy volunteers, Owen and colleagues found that about half
of the VT in the cerebellum was attributable to specific binding.
Another study of 35 healthy volunteers found increased binding
of [11C]-(R)-PK11195 associated with aging in cortical and
sub-cortical regions as well as in the cerebellum [61].
Furthermore, even when cerebellar gray matter is a valid
pseudo-reference region for a particular disease, it still contains
non-negligible levels of TSPO binding. Therefore, BPND values
derived from the SRTM or Logan reference plot using these
regions will not reflect the “true” binding potential but rather a
pseudo-binding potential. For instance, Plavén-Sigray and col-
leagues [62] reported that [11C]-(R)-PK11195 BPND values
from the 2TCM using plasma input function were much higher

than pseudo BPND values from the SRTM with cerebellum as
the pseudo-reference region. In addition, signal in the cerebel-
lum may, in some cases, be higher than that in other regions
[63], and the BPND value will be negative, which is physiolog-
ically meaningless. To avoid negative results in these cases,
some researchers choose to present results in terms of DVR
(distribution volume ratio = BPND + 1) instead of BPND.

The occipital cortex has also been used for normalization
using [11C]-PBR28, specifically in subjects with chronic low
back pain, amyotrophic lateral sclerosis [64], and fibromyal-
gia [65]. The pathological regions that were identified by
using a (pseudo)reference region were similar to those identi-
fied by VT estimated with compartmental modeling, but the
SUVr was poorly correlated with VT values [64].

In some studies, radioactivity concentrations are normal-
ized to the value of the whole brain. This is a straightforward
approach when there is a localized neuroinflammatory re-
sponse and can be useful for detecting regional differences.
For instance, after whole brain normalization, Zurcher and
colleagues demonstrated increased TSPO binding in the mo-
tor cortex of patients with amyotrophic lateral sclerosis com-
pared to controls [66]. Furthermore, Loggia and colleagues
showed statistically significant increases in SUVr for multiple
brain regions in chronic pain patients [67]. Nevertheless, using
the whole brain as the reference made this approach insensi-
tive to widespread or global effects, be it from disease [68] or
pharmacological challenge [69]. In addition, because target
brain regions themselves comprise some fraction of the whole
brain, the numerator and denominator in the ratio are correlat-
ed, thus minimizing biological variability in the data [70].
Finally, whole-brain ratios are sensitive to possible differences
in both gray and white matter uptake.

Simplified reference tissue models with vascular
component

Similar to the compartmental model with vascular component,
a (pseudo) reference regionmodel with a TSPO vascular bind-
ing component (SRTMv) was proposed in order to remove the
confounding vascular component, especially in diseases
where the vasculature is affected [26]. The SRTMv is a mod-
ified version of the SRTM that incorporates a blood volume
parameter that modulates the signal from the carotids. The
carotid curve includes radioligand binding to the vasculature
and blood. SRTMv should be considered preferentially in
cases where there are potential vascular and blood-brain bar-
rier changes, such as in Alzheimer’s disease and dementia. To
date, SRTMv has only been used with [11C]-(R)-PK11195
and is generally preferred to the standard SRTM because it
is better able to discriminate between groups [34, 71, 72]. A
recent test-retest study, however, found that estimates using
SRTMv did not correlate with those derived from 2TCM, and
that test-retest results were poor [62].
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Clustering for reference region extraction

A data-driven approach was developed for reference region
quantification that defines the reference kinetics rather than
using an anatomical region. The first example in the literature
dates from 1999, when Banati and colleagues [73] used a voxel
clustering approach to find an appropriate reference curve for
dynamic [11C]-(R)-PK11195 images. More recently, a super-
vised clustering approach (SVCA) was proposed by
Turkheimer and colleagues [30] for [11C]-(R)-PK11195 (see
[74] for a review) and optimized by Yaqub and colleagues
[71]. The SVCA method has also been adapted and validated
for [18F]-DPA714 PET, albeit on a limited number of subjects
(n = 10), all of whomwere healthy volunteers [75]. SVCA uses
a set of predefined kinetic curves projected through a dynamic
image, voxel by voxel, so that each voxel time-activity curve is
broken into a linear sum of the predefined curves. The method
then filters the image such that the voxels made up of at least
95% of the lowest binding curve are taken as the reference
region. The theoretical advantage of this technique is that, be-
cause it operates at the higher spatial resolution of the voxels, it
would be able to extract a purer reference tissue signal (and
therefore less contaminated by signal from specifically bound
ligand) than had been possible from the anatomically defined
volume of interest. Nevertheless, the SVCA method depends
on the scanner characteristics and the properties of the recon-
structed PET images. For instance, one requirement is camera-
specific training datasets (population databases with dynamic
images from healthy participants and from those with brain
disorders with identified locally raised TSPO binding).
Plavén-Sigray and colleagues [62] compared three such data-
bases of participants imaged with [11C]-(R)-PK11195 using
three different PET cameras and found that, although SRTM
with the whole cerebellum as reference region underestimated
BPND compared to SVCA-SRTM, the SVCA-derived curve
still seemed to be contaminated by specific binding. Similarly,
Zanotti-Fregonara and colleagues [76] applied SVCA to a large
dataset of participants imaged with [11C]-PBR28 [53] and
found that the extracted reference curves of HABs were mark-
edly higher than those of MABs. This may be partly explained
by the higher level of TSPO binding at baseline in HABs, but
also by contamination from TSPO binding affecting reference
tissue input curve estimates.

Rizzo and colleagues [34] then investigated whether
SVCA could be applied to dynamic images from PET ligands
with different affinities to TSPO [7]. They reported that suffi-
cient contrast between gray matter and white matter was need-
ed in order for SVCA to successfully partition the data. With
increasing ligand affinity, vascular binding represented a
higher proportion of total TSPO binding and, consequently,
the brain tissue contrast decreased. By calculating the angles
between the kinetic vectors of the gray and white matter for
three ligands with different binding affinity, they showed that

kinetic data from TSPO ligands with lower and medium af-
finity, such as [11C]-(R)-PK11195 and [18F]-DPA714, were
more separable using SVCA than higher affinity, second-
generation TSPO ligands such as [11C]-PBR28 [34].

Plasma free fraction

fP is the fraction of radioligand in plasma that is not bound to
plasma proteins at equilibrium [25]. It is typically measured with
ultrafiltration cartridges that are centrifuged to separate a plasma
sample into free and plasma protein–bound fractions. In theory,
VT should be corrected by fP (i.e., VT/fP), because only the
unbound radioligand concentration in plasma is available to enter
the tissue. Unfortunately, low fP values can be unreliable due to
the Poisson nature of these measurements, resulting in dimin-
ished precision with lower counting statistics. For example, an
[11C]-PBR28 study in patients with alcohol use disorder and
healthy controls that used VT/fP as an outcome measure reported
that the rs6971 genotype alleles were not significantly different
due to the high uncertainty introduced with this measure [68]. In
the case of TSPO radioligands, fP tends to be quite low (generally
<5%) [7]. As a result, many researchers choose VT as a more
stable outcomemeasure, especially if fP is not expected to change
between healthy volunteers and patients or does not statistically
differ once the measurements are acquired. However, if the dis-
ease is expected to change fP, or if the study involves the admin-
istration of drugs, this measurement may become critical.

Notably, Cumming and colleagues [7] found that for TSPO
ligands, low fP values corresponded to high perfusion rates
(~50%) for all radioligands (except [18F]-GE180, which can-
not cross the blood-brain barrier in humans [77]). This sug-
gests that plasma protein binding for these ligands is generally
reversible and that significant fractions of these ligands, even
if bound to plasma proteins, are nevertheless released into
plasma by passing through the capillaries [7]. Obviously,
changes to plasma proteins would affect these dynamics; as
a result, the use of compartmental models and the accurate
estimation of plasma-to-tissue transfer constants (generally
indicated as K1) become necessary steps for accurately
interpreting these data. The confound due to potential changes
in fp due to disease or drug interaction should be considered
when interpreting parameter estimates, particularly K1 and
macro-parameters that include K1, such as VT.

Conclusion

Full compartmental modeling with AIF and 2TCM is the gold
standard for quantifying TSPO PET radioligands. As noted
above, some recent improvements and simplifications in phar-
macokinetic modeling have been suggested, such as introduc-
ing a vascular component to account for TSPO vascular
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binding, or the SUVr, SRTM, and SVCA approaches using
anatomical or extracted reference regions. It is crucial that
researchers employing these methods understand the advan-
tages and limitations associated with each one, and how
methods for different ligands have been validated in order to
select the most appropriate analytic methods for their studies.

From this review of the methods presented and the valida-
tion of the different methods, the following suggestions for
quantification of TSPO PET studies are made:

1. TSPO PET should preferably be acquired with a
metabolite-corrected input function, especially if global
brain effects are expected. A pseudo-reference region
can be used only if it has previously been validated for
the disease and the radioligand under study. The whole
brain can be used as a pseudo-reference region when only
regional differences are investigated. In addition, simpli-
fied non-invasive methods must be validated beforehand
with a metabolite-corrected input function.

2. Non-invasive input functions, such as IDIF or PBIF,
should be avoided. Non-invasive SIME requires further
validation before its use can be recommended.

3. SVCA should be used preferentially for [11C]-(R)-
PK11195 PET studies. More extensive validation is war-
ranted for radioligands with higher specific binding, es-
pecially by replicating clinical protocols that include both
healthy volunteers and patients and where images have
been quantified with full kinetic modeling.

4. The use of compartmental models with an additional vas-
cular compartment for TSPO PET has strengths and
weaknesses that need to be considered. Adding a vascular
compartment allows differentiation of changes in the out-
come parameters due to vascular binding and parenchy-
mal uptake, but these advantages occur at the price of less
robust identification of the individual parameters.

5. Although methods for estimating VND (polymorphism
plot, SIME) may result in improved parameter estimation
compared to conventional quantification methods, dis-
crepancies across studies suggest that further investiga-
tion and validation are needed.

6. Correcting VT for the fp increases the variability of mea-
surements. Therefore, this correction should preferably be
used when a variation in fp is expected, such as when a
blocking agent is given, as well as when statistical com-
parison between two groups shows significant average
difference in fp.
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