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Abstract

Purpose P-glycoprotein (P-gp) function is altered in several brain disorders; thus, it is of interest to monitor the P-gp function
in vivo using PET. (R)-[''C]verapamil is considered the gold standard tracer to measure the P-gp function; however, it presents
some drawbacks that limit its use. New P-gp tracers have been developed with improved properties, such as [ *F]MC225. This
study compares the characteristics of (R)-[''C]verapamil and ['*F]MC225 in the same subjects.

Methods Three non-human primates underwent 4 PET scans: 2 with ®)-[' 1C]Verapamil and 2 with ['*F]MC225, at baseline and
after P-gp inhibition. The 30-min PET data were analyzed using 1-Tissue Compartment Model (1-TCM) and metabolite-
corrected plasma as input function. Tracer kinetic parameters at baseline and after inhibition were compared. Regional differ-
ences and simplified methods to quantify the P-gp function were also assessed.

Results Atbaseline, ['*F]MC225 V1 values were higher, and k, values were lower than those of (R)-[''C]verapamil, whereas K
values were not significantly different. After inhibition, V1 values of the 2 tracers were similar; however, (R)-[''C]verapamil K
and k, values were higher than those of ['®F]MC225. Significant regional differences between tracers were found at baseline,
which disappeared after inhibition. The positive slope of the SUV-TAC was positively correlated to the K; and V1 of both tracers.
Conclusion ['*FIM(C225 and (R)-[''C]verapamil show comparable sensitivity to measure the P-gp function in non-human
primates. Moreover, this study highlights the 30-min V-t as the best parameter to measure decreases in the P-gp function with
both tracers. ['*FIMC225 may become the first radiofluorinated tracer able to measure decreases and increases in the P-gp
function due to its higher baseline V.

Keywords Brain imaging - Central nervous system - Efflux transporter - Regional differences

This article is part of the Topical Collection on Neurology

Introduction

>4 Gert Luurtsema

g.luurtsema@umecg.nl ATP binding cassette (ABC) transport proteins located at ce-
N ‘ o rebral endothelial cells in the blood-brain barrier (BBB) pump

Department of Nuclear Medicine and Molecular Imaging, University out a wide variety of compounds from the brain to the blood

of Groningen, University Medical Center Groningen, Hanzeplein 1, 1.2 buti h . £ bral h .

9713 GZ Groningen, the Netherlands [1,2], contri uFlng to the maintenance ot cerebral homeostasis

and the protection of the central nervous system (CNS) [3, 4].

Department of Nuclear Medici d Molecular Imaging G R .
O e o oo ar THastg Hretp These transporters use ATP hydrolysis to transport substrates

Clinical University Hospital, IDIS Health Research Institute,

Santiago de Compostela, Spain from the intracellular to the extracellular compartment [5, 6].
*  Central Research Laboratory, Hamamatsu Photonics K. K, P-glycoprotein (P-gp), brea'St cancer res'lStance pro'teln
Hamamatsu, Japan (BCRP), and multidrug resistance-associated protein 1
* Research Team for Neuroimaging, Tokyo Metropolitan Institute of (MRP_D are the most studied ABC transporters, because of
Gerontology, Tokyo, Japan their clinical relevance [7, 8].
5 The P-gp transporter can recognize a large number of struc-

Dipartimento di Farmacia-Scienze del Farmaco, Universita degli ] )
Studi di Bari, Bari, Italy turally diverse exogenous compounds such as anti-cancer,

Published online: 11 June 2021 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00259-021-05411-2&domain=pdf
mailto:g.luurtsema@umcg.nl

Eur J Nucl Med Mol Imaging

anti-epileptic, and antidepressant drugs and also endogenous
compounds. Inflammatory responses, stress, therapeutic
drugs, and diet can modify the expression and/or function of
the P-gp transporter [9, 10]. An increase in the P-gp function
has been related to decreases in drug efficiency (drug resis-
tance) [1, 11]. This phenomenon is especially important in the
treatment of brain tumors [12], intractable epilepsy [13], psy-
chiatric diseases [1], and infectious diseases [14]. On the other
hand, a decline in the P-gp activity is associated with an in-
creased concentration of neurotoxic compounds inside the
CNS, which may be related to the onset of several neurode-
generative diseases [15, 16] or may cause neurological prob-
lems [17, 18]. Vogelgesang et al. demonstrated that the [3-
amyloid deposition inside the brain, which is the pathological
hallmark of Alzheimer’s disease [19, 20], is inversely corre-
lated with the P-gp expression in endothelial cells of cerebral
blood vessels [21].

Assessment of the P-gp function in vivo may help to diag-
nose several neurodegenerative diseases and may predict the
efficacy of CNS treatments. PET imaging has already been
used to study the P-gp function at the BBB in humans
[22-26]. Nowadays, (R)-[''C]verapamil and [''C]-N-
desmethyl-loperamide are considered “gold standard” tracers
for imaging the P-gp function, being the most extensively
used in preclinical and clinical research [24, 25, 27].
However, these tracers have been identified as strong P-gp
substrates [22, 28, 29]; i.e., the tracers are quickly transported
from the brain to the blood. This results in a low tracer con-
centration inside the brain [25], precluding their use in the
assessment of P-gp upregulation, which might occur in
treatment-resistant depression [30] and patients with intracta-
ble epilepsy [13].

For these reasons, many efforts have been made to develop
new P-gp tracers with improved pharmacokinetic properties
and lower affinity to the P-gp transporter [25].
[''C]metoclopramide [31], [''Clemopamil [32],
[''C]phenytoin [26], and ['®F]MC225 [33] were identified
as weak substrates of the P-gp transporter, showing higher
tracer uptake in the brain than (R)-[''C]verapamil at baseline
conditions when P-gp is functioning adequately. ['*F]MC225
was selected as the most promising fluorine-18 labeled tracer
for in vivo measurement of P-gp function [34]. Recently, the
kinetic properties of ['*F]MC225 were evaluated, and the re-
sults confirmed the ability of this tracer to measure changes in
the P-gp function of rats [33] and non-human primates [35].

The present study is the first direct comparison of the char-
acteristics of the weak P-gp substrate ['*FIMC225 and the
strong P-gp substrate (R)-[''C]verapamil in non-human pri-
mates. To this aim, the function of the P-gp transporter was
explored in three rhesus monkeys (Macaca mulatta) under
normal conditions as well as after the administration of the
P-gp inhibitor, tariquidar. Based on previous publications that
analyzed the pharmacokinetics of ['*F]MC225 and
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(R)-["'C]verapamil in non-human primates [35, 36], the 1-
Tissue Compartment Model (1-TCM) was fitted to the data
of both tracers. Kinetic parameters such as the influx constant
K, the volume of distribution (Vr), and the efflux constant k,
were compared between the tracers at baseline and after inhi-
bition. Regional differences between tracers were also ana-
lyzed, and simplified methods to quantify the P-gp function
were assessed.

Experimental section
Tracer production

The radiosynthesis and quality control of (R)-[''C]verapamil
and ['®F]MC225 were performed as described previously
[35-37].

Animals experiments and study plan

All animal procedures were carried out in accordance with the
recommendations of the National Institutes of Health (NIH),
the guidelines of the Ethics Committee of the Central
Research Laboratory, Hamamatsu Photonics (approval
HPK-2016-07A), and the Institutional Animal Care and Use
Committee of Tokyo Metropolitan Institute of Gerontology
(approval 16,067).

Three healthy male rhesus monkeys (Macaca mulatta;
Hamri Co. Ltd., Ibaraki, Japan) were individually housed in
a controlled room with a temperature of 24 +4 °C, a humidity
of 504+20%, and under a 14-h light/10-h dark cycle. Each
monkey underwent a single MRI and 4 PET scans (Fig. 1)
with (R)-[''C]verapamil and ['*F]MC225. First, PET scans
were performed using (R)-[''C]verapamil at baseline and after
P-gp inhibition with tariquidar (after-inhibition scan). The in-
terval between these scans was 2 h in two animals and
2 months in the third animal (due to technical problems).
Approximately 1 month later, PET scans with ['*FIMC225
were acquired, with an interval of 1 month between the base-
line and after-inhibition scan. Inhibition of the P-gp function
was achieved by intravenous administration of the P-gp inhib-
itor tariquidar (MedChemExpress, New Jersey, USA) at a
dose of 8 mg/kg body weight, 15 min before the PET scan.

Imaging experiments

First, a T1-weighted brain MRI scan of each subject was ac-
quired (Signa Excite HDTx 3.0 T scanner, GE Healthcare).
Afterward, animals underwent a 60-min transmission scan
using a rotating °*Ge/**Ga rod source followed by a 91-min
dynamic emission PET scan (SHR-38000, Hamamatsu
Photonics) with arterial blood sampling. Animals were
injected with (R)-[''C]verapamil (954.2 +45.6 MBgq, with
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MRI scan Tariquidar Scan at baseline Scan after P-gp inhibition
injection ["*FIMC225 ["*FIMC225
O 1 week O 2 hours O O 1 month O 1 month O O
Scan at baseline  Scan after P-gp inhibition Tariquidar
(R){"C]verapamil (R)-[""C]verapamil injection

Fig. 1 Schematic of PET protocol. First, each animal underwent an MRI scan (to acquire anatomic information), and subsequently, the PET scans were

made, first using (R)—[“C]Verapamil and later ['*FIMC225

99.3 +0.2% radiochemical purity and a molar activity (MA)
higher than 20 GBq/umol), or ['*FIMC225 (684 + 64 MBq,
with a purity of 97.6+ 1.0% and a MA higher than 36 GBq/
pumol), as a single bolus (over 30 s) via the saphenous vein, at
the start of the emission scan (for more information [35, 36]).

Arterial blood sampling and analysis

Immediately after administration of the tracer and dur-
ing the PET scan, blood samples (0.5 ml) were drawn
from a cannula placed in the posterior tibial artery.
Plasma and blood were separated according to the pro-
tocol described elsewhere [35]. Parent fraction and ra-
dioactive polar metabolites of (R)-[''C]verapamil and
['"FIMC225 in plasma were determined as previously
described [35, 36]. Standardized uptake values (SUV)
time-activity curves (TAC) were calculated as previous-
ly described [35, 36].

Image preprocessing

PET data were corrected for attenuation, using the trans-
mission scan. Reconstruction of PET images, image reg-
istration, and analysis were performed as previously de-
scribed [35, 36]. Briefly, MRI images were individually
co-registered to an anatomical atlas and to the PET im-
ages. Several volumes of interest (VOIs) were extracted
from the MRI data co-registered to the brain atlas [38].

PET imaging analysis

Simplified quantification methods: standardized uptake
values

For each PET scan, TACs were generated for the brain
regions and corrected for the body weight and the dose
of radioactivity injected to obtain SUV-TACs.
Maximum values of each SUV-TAC of the 30 min scan
were also extracted for both tracers from baseline and
after-inhibition scans.

Pharmacokinetic modeling

The metabolite-corrected plasma and the whole-blood TACs
were used as an input function to perform pharmacokinetic

modeling using PMOD (PMOD Technologies, v3.8, Ziirich,
Switzerland).

Previous publications have already selected the 1-
TCM to fit the (R)-[''C]verapamil and ['*FIMC225 data
of baseline and after-inhibition scans using short scan
durations (<30 min) [35, 36]. Longer scan durations
are more affected by the metabolism of the tracers since
radio-metabolites can interfere with the brain signal and
lead to erroneous measurements. Thus, this study focus-
es on the 30-min scan duration, and the 1-TCM was
fitted to regional TACs of both tracers.

Ky, V1, and k; values from each brain region were com-
pared between tracers at baseline and in after-inhibition scans.
The effect size caused by P-gp inhibition was also compared
between tracers. Moreover, a global scaling of the Ky, Vr, and
k, values was applied to study the regional differences relative to
the whole-brain for both tracers and scans. To this aim, the K;,
Vr, and k, values of each region were normalized to the values of
the whole-brain (e.g., normalized K, ; = VOI; * K,/ VOI , *
K wb being VOI; the volume of the region i, K; ; the value of the
region i VOI , the volume of the whole-brain and K, , the
value of the whole-brain). Relative regional differences between
the tracers were compared in baseline and in after-inhibition
scans. Regional changes caused by the P-gp inhibition were also
related to the changes in the whole-brain and were compared
between tracers.

The negative slope (also called the elimination constant (Ke,))
calculated using the SUV-TAC of the brain regions has been
proposed as a simplified method to measure the P-gp function
[39, 40]. We also calculated by linear regression the positive
slope of regional SUV-TACs using the first 75 s of the scan.
The slopes were compared to the K; and V-t values of both
tracers.

Parametric images

An average parametric image representing K;, Vr, and k, values
of the brain was calculated for both tracers and scans (baseline
and after-inhibition) using 30-min scan duration. The metabolite-
corrected plasma TAC was used as an input function for 1-TCM
basis functions, using PMOD. Moreover, parametric images
showing the changes in K;, V1, and k;, due to P-gp inhibition
relative to baseline were also calculated using MATLAB (The
MathWorks, Inc.). These images highlight the regions most af-
fected by the P-gp inhibition for each tracer.
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Statistical analysis

Results are presented as mean + standard error (SE) unless
mentioned otherwise. Statistical analysis was performed using
IBM SPSS Statistics version 23 (Armonk, NY, USA).
Differences between tracers and scans were assessed for each
brain region by generalized estimated equation (GEE) with
independent matrix [41, 42]. Results were considered statisti-
cally significant at p <0.05, without correction for multiple
comparisons. The differences between baseline and after-
inhibition scans were calculated as follows: (Vr after-inhibi-
tion-Vr Baseline)/Vr Baseline. The differences between
tracers were calculated as (Vy [*FJMC225-V;
(R)-["'C]verapamil)/Vy (R)-["' C]verapamil, taking
(R)-["'C]verapamil as the reference. Both values are
expressed as percentages.

Results
Whole-brain SUV-TACs

At baseline, ['"®F]MC225 maximum SUV values were 64%
(p <0.001) higher than those of (R)-[''C]verapamil.
['*FIM(C225 SUV values continue to slightly increase after
the initial sharp rise to a final value of 1.19+0.03. In
(R)-["'C]verapamil, the initial sharp rise led to a maximum
value of 0.73+£0.03, which was reached at 48+ 6 s.
Tariquidar significantly increased the SUV-TACs for the
whole-brain of both tracers (Fig. 2). The maximum values

increased by 82% (SUV =2.17+0.10) for ['*FIMC225 and
by 184% (SUV =2.07+0.13) for (R)-[''C]verapamil.
Moreover, the shape of the SUV-TACs completely changed
after P-gp inhibition. In the case of ['*F]MC225, a steeper
increase was observed compared to baseline scans. In the case
of (R)-[''C]verapamil, P-gp inhibition caused a delay in the
peak value (from 48 = 6 s to 17 £ 6 min). The maximum SUV
values of the two tracers were not significantly different in
after-inhibition scans (p =0.155).

Brain kinetics of ['®FIMC225 and (R)-[''Clverapamil
Global changes in K, ky, and V;

Figure 3 shows the average parametric maps of Ky, k,, and V¢
of both tracers. The figure shows how the V1 and K; values of
both tracers increased after P-gp inhibition and
(R)-["'C]verapamil k, values decreased. At baseline, whole-
brain V values were 140% higher for ['*F]MC225 (6.05 +
0.45) than for (R)-[''C]verapamil (2.52+0.32) (p <0.001),
while k, values were 59% lower for ['*FIMC225 (0.03 +
0.01) than for (R)-[''C]verapamil (0.07 +0.001) (p <0.001).
By contrast, whole-brain K; values of both tracers at baseline
were not significantly different (p =0.718) (K,
["*FIMC225=0.17+0.01 and K; (R)-[''C]verapamil =0.18
+0.03). After P-gp inhibition, the whole-brain K; and the k,
of ['*FIMC225 were 49% and 37% lower than those of
(R)-["'C]verapamil (K, ['®*F]MC225=0.24+0.01 and K,
(R)-["'C]verapamil =0.42+0.05; p <0.001) (k»
["FIMC225=0.03+0.001 and k, (R)-[''C]verapamil =
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Fig. 2 SUV-TAC of the whole-brain for both tracers at baseline (left) and after P-gp-inhibition (right)
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Fig. 3 Parametric maps of K; (above), k, (middle), and V1 (below) of both tracers at baseline and after inhibition (left). Percentage of change due to the
P-gp inhibition in K; (above), k, (middle), and V1 (below) for [ISF]MCZZS and (R)—[1 lC]verapamil (right)

0.05+0.004; p <0.001). Meanwhile, the whole-brain Vt of
["®FIMC225 (8.04 + 0.24) was not significantly different from
the V1 of (R)-[''C]verapamil (8.87 +0.20) (p =0.058).

Comparisons between Vr, K, and k, values obtained from
baseline and after-inhibition scans show that the effect size of
the P-gp inhibition was larger in the case of
(R)-[''C]verapamil. K, increased up to 135.8% for
(R)-["'Clverapamil (p <0.001) after P-gp inhibition and up
to 39.1% for ['*FIMC225 (p <0.001). V1 increased up to
252% for (R)-[''C]verapamil (p <0.001) and to 33% for
["®FIMC225 (p =0.001). Values of k, decreased by 32.9%
for (R)-[''C]verapamil (p <0.001) and did not significantly
change for ['®F]MC225 after P-gp inhibition. Supplemental
Fig. 2 illustrates regional differences of K;, k,, and Vt for
both tracers.

Regional changes in K;, ky, and V¢
As expected from Fig. 3, significant differences between brain

regions were found for K, k,, and Vt values. The spatial
distribution of K, k,, and V1 values and, in particular, the

comparison between tracers and the impact of P-gp inhibition
were carried out using the global changes as a confounder.
Thus, K, k,, and Vt values normalized to the whole-brain
region of both tracers at both scans are represented in Fig. 4.
Regarding the baseline values of (R)-[''C]verapamil, re-
gions such as the occipital and orbitofrontal cortex provided
a higher relative contribution to the whole-brain K, whereas,
for the whole-brain Vr, the largest contributions were from the
orbitofrontal and temporal cortex. In the case of whole-brain
k, values, occipital cortex and cerebellum provided the
highest relative contribution. Regarding the baseline K; and
Vi values of ['®FIMC225, the regions with the highest con-
tribution were occipital cortex and cerebellum, while occipital
cortex and midbrain were the main contributors to the whole-
brain baseline k, values. These different relative contributions
lead to regional differences between the tracers at baseline.
For instance, in the case of ['*F]M(C225, the midbrain and
orbitofrontal cortex K; values were 15% higher and 14% low-
er than those of (R)-[''C]verapamil, respectively. Similarly,
Vi values of ['*FIMC225 were 38% higher in the cerebellum
and 20% lower in the orbitofrontal cortex than those of
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(R)-["'C]verapamil. Also, k, values of ['* F]MC225 were 21%
lower than those of (R)-[''C]verapamil in the cerebellum and
19% higher in the basal ganglia.

In after-inhibition scans, midbrain and occipital cortex pro-
vided the highest contribution to the whole-brain K; of
(R)-["'C]verapamil and occipital cortex and cerebellum for
['®FIMC225. Insular and cingulate cortex were the regions
with the highest contribution to the whole-brain V of both
tracers. Regarding whole-brain k, after-inhibition values, cer-
ebellum and occipital cortex provided the highest contribution
for (R)-[''C]verapamil, whereas brainstem and cerebellum
provided the highest contribution for ['*F]MC225. Although
different relative contributions were also observed in after-
inhibition scans, the regional differences between the tracers
disappeared (regional differences between tracers were lower
than 9%).

Due to the differences in the [lgF]MC225 K, V1, and k,
values in various brain regions compared to the values of
(R)-["'C]verapamil, the tracers showed also different changes
of uptake due to the P-gp inhibition as can be observed in
Fig. 5 and Supplemental Table 1.

Correlations: SUV-kinetic parameters

Since the SUV-TAC did not show any negative slope during the
30 min of the scan duration, the Key, could not be calculated and
correlated to the pharmacokinetic parameters. On the other hand,
the positive slope of the SUV-TACs was positively correlated
with the K; (R? (R)-[''C]verapamil = 0.63 (p <0.001) and R?
["®FIMC225=0.61 (p<0.001)) and V¢ (R?
(R)-["'C]verapamil =0.81 (p <0.001) and R* ["*F]MC225 =
0.64 (p < 0.001)) values of both tracers (see Supplemental Fig. 3).

Discussion

The present study compares the pharmacokinetic parameters
of the novel P-gp PET tracer ['*F]MC225 and the gold stan-
dard P-gp tracer (R)—[“C]verapamil in non-human primates,
under normal conditions as well as after P-gp inhibition. The
data of both tracers were assessed using a 30-min scan dura-
tion, to avoid the presence of radio-metabolites. The 1-TCM
was the model fitted to the data of both tracers, following the
recommendations in previous publications [35, 36]. The ki-
netic parameters (K, k,, and V1) of the two tracers in baseline
and after-inhibition scans were compared.

We found that in baseline scans, the Vi of ['*FIMC225
was significantly higher than the V¢ of (R)-[''C]verapamil.
This finding was expected because (R)-[''Clverapamil is con-
sidered a strong substrate of P-gp and, consequently, is quick-
ly transported from brain to blood, resulting in a low brain
uptake. Meanwhile, ['*F]MC225 is known as a weak sub-
strate of P-gp transporter; thus, the baseline concentration of

['*FIMC225 inside the brain is higher. This finding is in line
with the previous studies performed in mice where the whole-
brain SUV values of ['*FIMC225 were higher than those of
(R)-["'C]verapamil [34]. Nevertheless, our study showed that
these differences in V do not arise from differences in K,
since K; values were not significantly different between
tracers at baseline. They are caused by differences in k;
values, which were significantly lower for ['*F]MC225 than
for (R)-[''C]verapamil.

Administration of the P-gp inhibitor tariquidar increased
the V1 and K; values of both tracers in all brain regions, while
the efflux constant k, was decreased for (R)-[''C]verapamil
and remained unchanged for ['*FIMC225. Since in 1-TCM,
Vr=K,/ks, the rise in V after P-gp inhibition in [ *F]MC225
scans is mainly caused by the increase in the K. Based on the
Fick principle and Renkin-Crone model [43, 44], K; depends
on the blood flow (F) and the extraction fraction (E,) of the
tracer (K| =F * E,). If K; changes were caused by changes in
the blood flow, then k, values would also be increased (k, =
Ki/V71). Since this was not the case, K; changes seem to be
caused by an increase in the extraction fraction of the tracer
which can be related to increased permeability of the capil-
laries due to the P-gp inhibition. On the other hand, the in-
crease in the (R)-[" 1C]Verapamil Vr is caused by the increase
in K, and decrease in k, values. The changes in k, are negli-
gible (—32%) compared to changes observed in V (+252%)
and K, (+136%). Thus, the increase in Vt is mainly related to
the increase in K; which is caused by the P-gp inhibition. For
this reason, previous publications support the use of K; as the
best parameter to measure the P-gp function at the BBB,
confirming the ability of both tracers to detect decreases in
the P-gp function at the BBB of non-human primates [35, 36].

Even though both tracers can detect decreases in the P-gp
function, the low Vy values of (R)-[''C]verapamil at baseline
could hamper the quantification of increases in the P-gp func-
tion, which would be associated with a further decrease in
tracer V. ['®FJMC225 does not show this limitation since it
has a higher baseline V- than (R)-[''C]verapamil. Moreover,
the ability of ['"*F]M(C225 to measure increases in the P-gp
function has been confirmed, since the administration of a P-
gp inducer to healthy rats decreased the V1 and K, values of
['®FIMC225 compared to controls [45]. Since K, values at
baseline were similar for both tracers, it could be expected
that the (R)-[''C]verapamil K; may be able to reflect increases
in the P-gp function. However, most studies have failed to
measure increases in the P-gp function using this parameter.
For instance, (R)-[''C]verapamil scans in patients with chron-
ic schizophrenia and major depression did not show signifi-
cant differences in K; values compared to controls [46, 47].
Also, (R)-["'C]verapamil was used to detect increased P-gp
function in epileptic patients, but the authors did not find any
significant differences in the K; and V1 between epileptic
brain tissue and its contralateral healthy tissue [48].
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Fig.5 Relative changes of Ky, ks,
and V-t due to P-gp inhibition in
all brain regions for the two
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The present study also found that K; and k, values of
(R)-["'C]verapamil were significantly higher than those of
["®FIMC225, whereas V- values of both tracers after P-gp
inhibition were not significantly different. Since the animals
were injected with the same dose of tariquidar (8 mg/Kg) and
the same injection protocol was used, similar after-inhibition
kinetic values were expected for both tracers, in particular, for
K, and V7. It was expected that after the P-gp inhibition, both
tracers could enter the brain regions reaching similar values, as
was the case for Vr. Thus, one could argue that the K; of
(R)-["'C]verapamil may not be an adequate parameter to mea-
sure the P-gp function. The higher K, values of
(R)-["'C]verapamil after P-gp inhibition together with the lack
of sensitivity of (R)—[”C]Verapamil K, values to detect in-
creases in P-gp function may suggest that K; of
(R)-["'C]verapamil is affected by other non-specific factors.
This conclusion is supported by in vitro studies which found
that ['®F]MC225 is more specific for P-gp than
(R)-["'C]verapamil [34].

Our results also confirmed the presence of significant re-
gional differences in the K;, Vr, and k, distributions for both
tracers at baseline. Overall, the highest baseline V1 and K;
values for both tracers were found in cortical regions such as
occipital and orbitofrontal cortex, and in the case of
["*FIMC225, higher V1 and K, values were also found in the
cerebellum. These findings agree with previous publications
where the highest uptake at baseline for both tracers in rats
was found in frontal cortex and cerebellum [33, 49]. Since at
baseline the P-gp function is working adequately, this may
suggest that cerebellum and cortical regions display a lower
P-gp function compared to other brain regions. However, after
the P-gp inhibition, the regional differences between tracers
were reduced, indicating that some regions were more affected
by P-gp inhibition than others. In (R)-[''C]verapamil, the most
affected region was the midbrain, whereas in ['*F]MC225, it
was the striatum. For both tracers, the regions less affected by
P-gp inhibition were the cerebellum and orbitofrontal cortex.
These results also suggest that subcortical areas may have a
higher P-gp function than frontal cortex and cerebellum.

The study also described simplified quantification methods.
SUV values do not reach a stable value during the 30-min PET
scan, and therefore, they should not be used to estimate the P-gp
function. Previous studies suggested the use of the negative
slope of the whole-brain SUV-TAC as a simplified parameter
to measure the P-gp function [39]. Since the 30-min SUV-
TAC:s of both tracers did not show any washout, the negative
slope could not be calculated. Instead, a positive slope using the
first 75 s of the PET scan, which may be related to the entry of
the tracer in the brain, was calculated and correlated to the
kinetic parameters. The results showed a good correlation be-
tween the positive slope and the K; and V1 of both tracers.
Thus, the positive slope may be used as a surrogate parameter
to estimate the P-gp function, avoiding the blood sampling and

full kinetic analysis. This method may facilitate the assessment
of the P-gp function in clinical studies.

Although both tracers were able to measure decreases in
the P-gp function at the BBB of non-human primates, the use
of fluorine-18 for the radiolabeling of ['*F]MC225 may be
advantageous. The longer half-life of fluorine-18
(T, = 110 min) compared to carbon-11 (T}, = 20 min) al-
lows the distribution of the tracer to remote PET centers and
enables accurate plasma measurements. Furthermore, the low-
er maximum energy of the '®F isotope provides higher spatial
resolution and thus higher quality of PET images [50, 51].

Conclusion

This head-to-head comparison between ["®FIMC225 and
(R)-["'C]verapamil demonstrates that V1 calculated using 30-
min scan duration may be a more adequate parameter than K;
to measure decreases in the P-gp function with both tracers.
Although K; was selected as the best parameter to measure the
P-gp function in the previous publications [35, 36], the present
study found that K was not different between tracers at baseline
conditions, and therefore K; could not be used to detect differ-
ences in affinity of strong and weak substrates towards the P-gp
transporter. Moreover, K; values of (R)-[”C]Verapamil were
higher than those from ['"®FIMC225 in after-inhibition scans,
suggesting that (R)-[''C]verapamil K, values may be affected
by other non-specific unknown factors in the brain. The results
from both tracers indicate that subcortical regions may present a
higher P-gp function than frontal cortex and cerebellum. The
higher baseline V1 of ['*F]MC225 may allow the quantification
of increases in the P-gp function and may facilitate the baseline
image registration and fusion to an anatomical image (MRI or
CT) (Supplemental Fig. 4). Thereby, [ *F]MC225 has the poten-
tial to become the first radiofluorinated tracer able to measure
both decreases and increases in P-gp function at the BBB.
Nevertheless, a first-in-man study is required to verify the prop-
erties of ["*FJMC225 before the tracer can be clinically applied.
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