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Abstract 

P-glycoprotein (P-gp) is a drug efflux transporter with broad substrate specificity localized in 

the blood-brain barrier and in several peripheral organs. In order to understand the role of P-

gp in physiological and patho-physiological conditions, several carbon-11 labelled P-gp tracers 

have been developed and validated.  

 

This review provides an overview of the spectrum of radiopharmaceuticals that is available for 

this purpose. A short overview of the physiology of the blood-brain barrier in health and disease 

is also provided. Tracer kinetic modelling for quantitative analysis of P-gp function and 

expression is highlighted, and the advantages and disadvantages of the various tracers are 

discussed. 
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Introduction 

The development of tracers for imaging P-glycoprotein (P-gp) function with PET was initiated 

at UMCG in 1996 [1] This was the start of long-lasting research programs at the University 

Medical Centre Groningen, VU University Medical Centre and University of Leiden [2-6]. 

Institutions from foreign countries also started work in this area e.g. the University of Vienna 

[7;8] and the University of Washington at Seattle [9]. Intensive collaboration between several 

academic institutions led to the development and validation of several assays for quantification 

of P-glycoprotein functionality in the human blood brain barrier (BBB). These functional PET 

assays allow in vivo study of the physiological and pathophysiological role of P-gp in the human 

brain. Several clinical PET studies in which the new methods were used have led to new 

insights. It is now evident that P-gp function at the BBB is altered in several disorders of the 

brain, such as Alzheimer’s disease, epilepsy and Parkinson’s disease.   

 

This review provides an overview of established and newly developed carbon-11 labelled PET 

tracers for quantification of P-gp at the blood-brain barrier. A short overview is provided of the 

physiology of the blood-brain barrier in health and disease. Tracer kinetic modelling for 

quantitative analysis of P-gp function and expression is highlighted, and the advantages and 

disadvantages of the various tracers are discussed. 

 

 

P-glycoprotein at the blood- brain barrier 

The blood- brain barrier (BBB) is the main physiological barrier between blood and brain. Its 

purpose is to maintain homeostasis in the central nervous system (CNS). Furthermore, it 

protects the CNS from endo- and exogenous toxins that have entered the blood [10;11]. 

 

Hydrophilic molecules can only pass the blood-brain barrier via active transporters. The most 

important influx carrier systems are the hexose, amino acid and monocarboxylic acid 

transporters [12].  In addition, efflux transporters, such as P-glycoprotein (P-gp) and multidrug 

resistance-associated proteins (MRP), exist [13]. The estimated total length of brain capillaries 

in humans is aproximally 640 km with a total surface area of 9.3 m2. The brain capillaries are 

separated by approximately 40 µm of tissue [14] (see figure 1). In the late 1980’s expression 

of P-gp in the endothelial cells of the BBB was demonstrated [15]. Most likely, the physiological 

role of P-gp is to protect the brain from the harmful effects of toxic compounds that circulate in 

the blood [16]. 
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Figure 1: An overall representation (a) and an electron micrograph (b) of a small region of the 

human brain micro-vasculature.  

 

 

Pgp is present at the luminal side of the brain capillary endothelial cells. Lipophilic compounds 

can cross the lipid bilayer by passive diffusion. However, if such compounds are transport 

substrates for P-gp, they will be actively pumped back to the blood. Because P-gp is an ATP-

dependent efflux transporter, energy is required for substrate transport [17]. More details about 

P-gp and other efflux transporters at the BBB are provided in other contributions to this issue 

[18-20]. 

 

 

Figure 2: A schematic representation of the efflux function of P-gp in endothelial cells 
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P-gp substrates, modulators or inhibitors  

As mentioned before, P-gp plays an important role in the first line defense of the human brain. 

Compounds interacting with P-gp can have widely different structures and be classified into 

three groups: substrates, modulators and inhibitors.  

 

Substrates are actively transported out of the endothelial cell by P-gp, resulting in a higher 

drug concentration outside the cell than in the cytoplasm [21]. 

 

Modulators are capable of reducing the number of substrate binding sites. Via negative 

allosteric interaction, substrate binding is affected in a non-competitive manner. Recent 

research has indicated that the receptor density (Bmax) for substrate binding is reduced and not 

the equilibrium constant of dissociation (Kd). This finding demonstrates that modulators interact 

with P-gp at a site distinct from the substrate binding site. Furthermore, it suggests an allosteric 

interaction between the substrate binding and modulator binding sites. 

 

Inhibitors bind with high affinity to the P-gp transporter. Their binding affects the high-affinity 

substrate-binding sites of P-gp and, simultaneously, the interaction of ATP with the nucleotide-

binding domains (NBDs). Binding of substrates and of ATP are closely related, as shown by 

the ability of substrates to induce ATP hydrolysis and by the dependence of the translocation 

mechanism on the presence of two functional NBDs. As soon as substrate and nucleotide have 

bound to P-gp, the substrate-binding site is reoriented and the bound substrate is released.  

 

The mechanisms of interaction of substrates, modulators and inhibitors with the P-gp molecule 

are depicted in Figure 3. Blocking of nucleotide hydrolysis also blocks the translocation 

mechanism of P-gp. 
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Figure 3:  Mechanisms of interaction of substrates (A), inhibitors (B) and modulators (C) with 

P-gp. Reprinted with permission from Colabufo et al, J MED Chem 2009.  

 

 

 

P-gp and brain pathology 

Neurodegenerative disorders of the brain, such as Alzheimer’s disease and Parkinson’s 

disease, have great impact on patient, family, health care system and society. The causes 

underlying these diseases are largely unknown, although genetic susceptibility and exposure 

to neurotoxins have been proposed as potential contributors toward tissue dysfunction and 

neuronal loss. Gradual loss of BBB integrity has also been postulated as a factor in the 

development of these diseases. It may be hypothesized that the BBB function deteriorates with 

normal ageing and that because of a genetic susceptibility, certain individuals show an 

additional loss of specific BBB transporter functions, such as the function of P-gp. This may 

result in increased entry of neurotoxic substances into the brain. Accumulation of these 

substances may finally result in neuronal damage. 

 

Evidence for the importance of P-gp in the BBB has been obtained in studies of patients with 

Alzheimer’s disease. The deposition of β-amyloid peptide (Aβ) in senile plaques is a key 

feature of the Alzheimer pathology [22;23]. Aβ is a substrate for the P-gp efflux pump [24;25]. 
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In post-mortem samples of brain tissue taken from elderly humans, an inverse correlation 

between P-gp expression and the deposition of both Aβ40 and Aβ42 was noted in the medial 

temporal lobe [26]. This indicates a protective role of P-gp against the development of amyloid 

plaques. 

 

Pharmacoresistance is a major problem in the treatment of patients with epilepsy. To date, 

approximately one third of epilepsy patients cannot be treated satisfactorily with any of the 

commonly available drugs [27]. In vitro studies have shown that the multidrug transporter, P-

gp, is over-expressed in endothelial cells of the BBB at the epileptic focus.  This overexpression 

may be an important mechanism underlying pharmacoresistance in epileptics [18;28]. In 

summary, altered P-gp expression in the blood brain barrier may play a role in the aetiology of 

several brain disorders. More details about the relationship of P-gp with diseases of the brain 

are provided in other contributions to this issue[18;29]. 

 

 

 

 

Carbon-11 tracers and PET  

PET is a functional and quantitative imaging technique based on the use of biologically relevant 

compounds labelled with short-lived positron-emitting nuclides such as 13N (10 min), 11C (20 

min), 18F (1.83 h), 68Ga (1.13 h) and 86Zr (78.4 h)[30]. The selection of nuclides for labeling 

depends on several considerations, such as labeling procedure, reaction kinetics, availability 

of an in-house cyclotron facility or dependence on an external supplier, the in vivo kinetics of 

the tracer, and the radiation dose to the patient. In general, the radiation dose of isotopes with 

short half lives is lower than that of longer lived isotopes.  For this reason, the radiation dose 

of 11C is lower than the dose of 18F, even after correction for the higher beta energy of 11C.  

 

Radiolabeling with 11C is performed via alkylation of nitro, oxygen or sulphur atoms in a 

precursor molecule, resulting in an [11C] alkyl group in the desired end product. This labeling 

strategy can lead to high radiochemical yields and is easily applied to several compounds. 

Introduction of 11C in a molecule will not affect its chemical properties and therefore its kinetics 

as compared to the native molecule[31]. Radiopharmaceuticals labeled with 11C can be 

produced with high specific radioactivities and can therefore be used as accurate tracers of 

cellular metabolism. Based on these considerations, the use of 11C radiopharmaceuticals is an 

appropriate choice for quantitative measurements of patho-physiological processes[31].   
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Production of carbon-11 and carbon-11 synthons, like [11C]methyl iodide and 

[11C]methyl triflate. 

Carbon-11 is a cyclotron product and is produced in the target as 11CO2 or 11CH4. The challenge 

of 11C chemistry is the wide variety of 11C synthons. The most common synthons are 11CH3I 

and [11C]MeOTf which allow alkylation of oxygen, nitrogen and sulphur atoms with high 

radiochemical yields. An overview of several synthons that can be prepared from 11CO2 is 

presented in figure 4. Carbon-11 chemistry has been discussed in several recent reviews [32-

34]. 

 

 

 

Figure 4:  Several 11C labeled synthons for alkylation reactions. Reprinted with permission 

from Elsinga, Radiopharmaceutical chemistry for positron emission tomography. Methods, 

2002.  

 

 

Position of 11C label in the molecule 

As a consequence of cytochrome P450 (cyp 450) hepatic metabolism, radiolabeled 

metabolites can accumulate in peripheral blood and tissue and can affect the quantitative 

interpretation of PET data [3] The formation of labeled metabolites is dependent on the position 

of the 11C label within the molecule. Different labeling positions may result in different chemical 
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structures and different amounts of radiolabeled metabolites. Therefore, the ideal labeling 

position within a tracer molecule should be carefully considered. The effects of different 

labeling positions have been investigated for a large number of different radiopharmaceuticals. 

A well-known example is the serotonin-1A ligand WAY-100635 labeled with carbon-11 in the 

O-methyl or the carbonyl group [35;36]. When this ligand is labeled in the O-methyl group, the 

main metabolite is [O-methyl-11C]WAY-10064. This labeled compound can cross the BBB and 

has a high affinity for α1 –adrenoceptors leading to a strong non-specific signal from the brain. 

However, when the carbon-11 label is placed in the carbonyl group of WAY-100635, [O-methyl-

11C]Way-10064 cannot be formed which will lead to a greater specific signal from 5-HT1A 

receptors. Therefore, carbonyl-11C-WAY-100635 is to be preferred for PET studies of the 

human brain [37-40].  

 

 

PET tracers for In vivo measurement of functional P-gp. 

In the development of PET tracers for in vivo measurement of P-gp function, positron emitters 

are most frequently incorporated into drugs that have been characterized as P-gp substrates. 

Employing this strategy, various PET tracers, including [11C]verapamil [2;5;41], [11C]colchicine 

[42;43], [11C]daunorubicin [1;44], [11C]loperamide [45] and [11C]/[18F]paclitaxel [46-49] have 

been developed and used to investigate MDR resistance in tumors and P-gp function in the 

blood-brain barrier [2;50;51]. 

 

An overview of P-gp tracers with their chemical structures, chemical and physical properties is 

presented in Table 1. The pros and cons of the different tracers are discussed in the following 

pages. 

 

 

1) [11C]Verapamil 

[11C]verapamil is the best validated P-gp tracer [52] and has already been used in healthy 

volunteers and in patients [9;53]. Initially, the racemic mixture was used, but more recently, 

enantiomerically pure (R)-[11C]verapamil has been developed enabling a more accurate 

quantification[3]. The (R)-enantiomer was used in several PET studies [2;6-8;54]. 

Although this radiolabelled P-gp substrate has been successfully applied in several clinical 

studies of the human brain, there are limitations associated with the use of (R)-[11C]verapamil, 

such as its extensive peripheral metabolism which leads to the formation of radioactive 

metabolites that can penetrate the BBB and that are themselves substrates for P-gp. In 

addition, polar radiolabelled metabolites are formed, which may result in a non-P-gp-mediated 
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signal [2]. Moreover, the metabolism of (R)-[11C]verapamil in peripheral organs is affected by 

treatment of patients with antiepileptic drugs [54]. From these results, it was concluded that an 

average arterial plasma input function derived from healthy volunteers can not be used for the 

analysis of patient studies. 

 

2) [11C]Loperamide  

A well-known opiate receptor agonist, loperamide, does not cross the blood-brain barrier 

because it is a substrate for P-gp. For this reason, loperamide was labeled with carbon-11 and 

evaluated as a PET tracer for assessment of functional P-gp. The synthesis of [11C]loperamide 

was reported in 2003 [55;56]. [11C]Loperamide was synthesized by methylation of N-

desmethyl-loperamide with [11C]CH3I. The reaction yielded sufficient [11C]loperamide to 

perform imaging studies in mice and in nonhuman primates. The biodistribution of 

[11C]loperamide was assessed by PET imaging of PgP knockout (Mdr1a/b(-/-)) and wild type 

mice. A 16 fold higher amount of radioactivity was noted in the brain of the knockout mice. 

Presence of the metabolite [11C]desmethyl loperamide (dLOP) was confirmed in the PgP 

knockout mice (Mdr1a/b(-/-)). This metabolite is itself a P-gp substrate and may be superior to 

11C-loperamide for measurement of P-gp function at the blood-brain barrier, because 

degradation of "C-dLop generates radiometabolites that do not enter the brain [45]. 

 

 

3) [11C]Desmethyl loperamide (dLop) 

Since previous studies with [11C]loperamide indicated that 11C-dLop may be a superior 

radiotracer, a reliable procedure for production of 11C-dLop was developed[57]. An amide 

precursor was synthesized in several steps and was reacted with [11C]iodomethane.  [11C]dLop 

was formed with good radiochemical yields. The radiotracer was injected into wild type mice, 

and uptake of radioactivity in the brain was very low. In (mdr-1a (−/−)) P-gp knockout mice, 

radioactivity in the brain as measured with PET was increased about 3.5 fold as compared to 

wild-type mice (t = 30 min).  In knockout mice, brain radioactivity consisted predominantly (>= 

90%) of unchanged radiotracer. [11C]dLop was also evaluated in monkeys, and brain uptake 

in this animal species was also very low. After P-gp blockade with DCPQ, radioactivity in the 

monkey brain increased more than seven-fold. Thus, [11C]dLop appears to be a useful new 

radiotracer for visualization of P-gp function in the BBB with improved properties, since there 

are only minor amounts of radioactive metabolites within the brain [57;58] . 
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4) [11C]Colchicine 

Colchicine is an alkaloid extracted from Colchicum autumnale that has anti-inflammatory 

properties. The compound has been labeled both with carbon-14 [59;60] and carbon-11 [42] 

for measurements of P-gp function. Dynamic PET scans were made in nude mice bearing 

chemotherapy-sensitive and -resistant xenografts. A 2-fold difference in tracer uptake between 

sensitive and resistant tumors was noted. Thus, [11C]colchicine may be used for in vivo 

assessment of a tumor’s phenotype. Although the authors discussed future plans for 

[11C]colchicine, no follow-up study with this radiotracer has been published.   

 

 

5) [11C]Daunorubicin    

Daunorubicin, a clinically used anti-cancer drug and a member of the taxane family, has been 

tested as a radiotracer to study P-gp function in vivo. Carbon-11 daunorubicin was labeled on 

the aldehyde moiety and was prepared by reaction of [11C]diazomethane with 9-formyl 

trifluoroacetyl daunorubicin, followed by alkaline hydrolysis of the trifluoro-acetic group. The 

tracer was evaluated in P-gp overexpressing (A2780AD) and drug-sensitive (A2780) ovarian 

carcinoma cells. Uptake of the tracer was 16-fold higher in the drug sensitive cells (A2780) 

than in the P-gp overexpressing cells (A2780AD). After blocking of P-gp with 50 µM verapamil, 

the difference in uptake between both cell lines was virtually abolished. These results are proof 

of P-gp mediated efflux of [11C]daunorubicin in human ovarian cancer cells.  

 

[11C]Daunorubicin has also been evaluated in male Wistar rats. The results indicated dose-

dependent pharmacokinetics of the radiolabeled compound [1]. Because of the very low 

radiochemical yield of its synthesis (< 1%, corrected for decay) and the low specific 

radioactivity of [11C]daunorubicin,  further research was aimed at improving its radiochemical 

synthesis. Unfortunately, preparation of [11C]daunorubicin via enzymatic conversion of 

carminomycin to [4-methoxy-11C]daunorubicin proved to be not successful [44]. Therefore, no 

additional studies have been performed with [11C]daunorubicin.   

 

6)  [11C]Paclitaxel  

[11C]paclitaxel has been synthesized by reacting [α-11C]benzoyl chloride with a primary amine 

precursor of the taxane paclitaxel[61]. The average radiochemical yield was 7% (decay  

corrected) with a radiochemical purity > 99%. These parameters are sufficient to perform in 

vivo studies. However,  only the fluorine-18 analog [18F]paclitaxel has been used for in vivo 

studies [62-64], probably because the short  half-life of 11C (20 min) and the relatively slow 

pharmacokinetics of paclitaxel require the use of 18F (half-life 109.8 min). 
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7) [11C]Docetaxel 

Docetaxel or taxotere® is a well-known chemotherapeutic drug for the treatment of several 

cancers. For investigation of the pharmacokinetics of taxotere and indirectly also the function 

of P-gp, a synthetic procedure for [11C]docetaxel was developed. The 11C-isotope was 

successfully introduced in a BOC moiety starting with [11C]tertiary butanol as labeling precursor 

[65]. Although several studies with 11C-docetaxel regarding drug response in patients have 

been planned, no data have been published thus far.   

   

 

8) [11C]D617 

The current kinetic model for quantification of P-gp function in the human BBB using (R)-

[11C]verapamil assumes that the main metabolite of [11C]verapamil, [11C]D617 , has similar 

kinetics  as (R)-[11C]verapamil. In order to test this, a synthesis for [11C]D617 has been 

developed and the pharmacokinetics of the labeled product has been evaluated using small 

animal PET scanning. After injection of 20 MBq [11C]D617 we observed a very low brain uptake 

and a homogeneous distribution of radioactivity in control rats (<0.1% ID/g). After treatment of 

animals with the P-gp inhibitor tariquidar, brain radioactivity increased up to 3-fold. These data 

indicate that [11C]D617 is a weak P-gp substrate [66]  

 

9) [11C]Carvedilol 

The beta-adrenoceptor antagonist carvedilol, a P-gp substrate, has been labeled with 11C and 

evaluated as a PET tracer for visualization and quantification of the P-gp function in the BBB.  

Autoradiography studies showed that [11C]carvedilol was homogeneously distributed in rat 

brain. After pretreatment of animals with a P-gp modulator [cyclosporine A (CsA)], the brain 

uptake of [11C]carvedilol was increased.  PET studies were performed in control animals and 

rats pretreated with CsA. Kinetic modeling of the PET data indicated a low brain uptake in 

control animals and a dose-dependent increase of maximally three-fold after pretreatment with 

CsA. When the dose-response curves of [11C]verapamil  and [11C]carvedilol are compared, 

[11C]carvedilol seems a more sensitive tool to measure P-gp function in vivo. However, 

because of the complex peripheral metabolism of [11C]carvedilol and the unfavorable kinetics 

of the labeled metabolites, this tracer has not been further evaluated in humans [67;68]  
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PET tracers for measuring P-gp expression with PET 

Overexpression of multi-drug transporters (MDR-1) at the BBB reduces drug penetration into 

cerebral tissue. This has been shown to be relevant in patients with epilepsy and with brain 

tumors [28;69]. In case of overexpression of P-gp, the cerebral uptake of (R)-[11C]verapamil 

will be reduced, resulting in poor counting statistics and, consequently, in reduced precision of 

PET measurements. To measure overexpression of P-gp, a better strategy would be to use a 

radiolabeled inhibitor instead of a radiolabeled substrate.  Such a specific inhibitor will show 

an increased rather than a reduced PET signal in brain regions with P-gp overexpression. 

Several pilot PET studies with labeled P-gp inhibitors for measuring P-gp expression at the 

BBB have been published.  

 

 

10) [11C]Laniquidar 

Laniquidar is a third generation PgP inhibitor with a high affinity for the P-gp transporter (IC50 

0.51 µM). The radiosynthesis of [11C]laniquidar and an initial evaluation in rats have recently 

been published [70]. The synthesis is performed via a methylation reaction with [11C]methyl 

iodide. The yield of the methylation is moderate (20 to 25% overall, corrected for decay). This 

was sufficient for initial biodistribution and preclinical PET studies using a small animal 

scanner. 

 

Preclinical data shows a low brain uptake of [11C]laniquidar which is significantly increased (5-

fold) after administration of CsA (50 mg/kg) via intravenous injection.  Rats pretreated with the 

P-gp inhibitor valspodar (20 mg/kg) showed no significant differences in brain uptake 

compared to the control group.  

 

A metabolite study was performed at 30 minutes after injection. The data shows that plasma 

radioactivity at that time point represents for 68% intact parent compound. This indicates that 

[11C]laniquidar is a relatively stable radiotracer [70]. 

 

Further kinetic studies of [11C]laniquidar are needed to investigate the mechanism of interaction 

with P-gp at tracer level.  
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11) [11C]Elacridar 

Elacridar is also a third generation P-gp inhibitor and is one of the most potent and selective 

inhibitors known to date [71]. The radiosynthesis of [11C]elacridar has been developed to 

assess the distribution of P-gp at the BBB [72]. Yield of the synthesis via [11C]methyl triflate 

was low (5 ± 1%, corrected for decay). In PET experiments, rats were pretreated with elacridar 

and subsequently injected with [11C]elacridar. The amount of radioactivity in brain was 

increased 5.4 fold in comparison with the saline-treated control group. The blood activity levels 

remained unchanged. Also, a metabolite analysis was performed during these experiments. 

At 20 minutes after injection, 82% of the radioactivity in plasma was intact [11C]elacridar.  

 

In vivo studies showed a 2.5-fold increase in brain activity in knockout mice (Mdr1a/b(-/-)) as 

compared to wild-type mice. In the brain of Bcrp1(-/-) knock out mice, a minor increase (1.3 fold) 

of tracer uptake was noted. In vitro autoradiograms of rat brain sections incubated with 

[11C]elacridar showed a reduction of tracer binding by 64% when 1 µM Elacridar was added 

compared to slices incubated with [11C]elacridar alone [72]. The authors claim that 

[11C]elacridar acts as a P-gp inhibitor in both rats and mice, although their data in knockout 

mice suggest that the compound also acts as a relatively weak substrate. Further evaluation 

of 11C-elacridar in humans is required. 

 

 

12) [11C]MC18 

MC18 is new, potent P-gp inhibitor (EC50 1.6 µM). Because it contains methoxy groups, the 

compound could be labeled by reaction of a desmethoxy-precursor with [11C]-methyl iodide, 

and be evaluated for imaging of P-gp expression [73].  

 

[11C]MC18 showed an appreciable uptake in the brain that was significantly (23%) reduced 

after pretreatment of rats with cold compound. Both in control animals and in rats treated with 

MC18, maximal brain uptake of radioactivity was already reached 30 s after tracer injection. 

[11C]MC18 showed a higher cerebral distribution volume (DV) in untreated rats than 

[11C]verapamil (2.35 ± 0.11 vs. 0.64 ± 0.12, respectively). The DV of [11C]MC18 was reduced 

by cold MC18 to 1.65 ± 0.03. Its uptake (SUV) was also reduced (up to 67%) in several 

peripheral organs which express P-gp (colon, duodenum, ileum and spleen). 

 

These changes in DV and SUV of [11C]MC18 after addition of cold compound reflect saturation 

of an inhibitor binding site on the P-gp molecule. Thus, [11C]MC18 is a unique PET tracer of P-

gp expression, showing specific binding in the brain and in peripheral target organs. However, 
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the signal-to-noise ratios of [11C]MC18, particularly in the brain, are poor. A radiolabeled 

derivative with greater affinity for the P-gp pump may be required for accurate in vivo 

quantification of P-gp expression [73].  

 

13) [11C]Tariquidar 

The radiosynthesis and preliminary biological evaluation of the potent P-gp inhibitor tariquidar 

have been reported by the Vienna group (prof. O.Langer and collaborators) at the Annual 

Congress of the European Association of Nuclear Medicine in Barcelona (2009). 

[11C]Tariquidar displayed lower brain uptake than the P-gp substrate [11C]verapamil and in 

contrast to [11C]MC18, its brain uptake was increased rather than decreased by pretreatment 

of animals with the cold compound. 

 

 

Other neuroreceptor ligands 

 

Several other neuroreceptor ligands have been labeled with positron emitters and shown to be 

substrates for P-gp. These include the beta-adrenoceptor ligands (S)-18F-fluorocarazolol and 

11C-carazolol [74], the serotonin-1A receptor ligand [18F]MPPF [75], the dopamine D3 receptor 

ligand 11C-GR218231 [76], the adenosine A1 receptor ligand 11C-MPDX [77], the adenosine 

A2A receptor ligand 11C-TMSX [77], the benzodiazepine receptor ligand [11C]flumazenil [77] 

and the sigma-1 receptor ligand and acetylcholinesterase inhibitor 11C-donepezil [77]. None of 

these compounds have been further developed as PET tracers for measurement of P-gp 

function, probably because they do not offer any advantage above 11C-verapamil. 

 

 

 

 

 

 

Nr. Structure Substrate/ 
Inhibitor 

Mol.wt Aff. 
µM 

Log-
P 

Ref. 

 
1 

[11C]Verapamil

O

O

N

O

O
CN

 

 
substrate 

 
454 

 
20 

 
3.79 

 
[1] 
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2 

[11C]Loperamide 

N
O N

OH Cl

 

 
substrate 

 
477 

 
3.0
4 

 
3.04 

 
[55] 

 
3 

[11C]Desmethyl Loperamide (dLop) 

N
H O N

OH Cl

 

 
substrate 

 
462 

  
2.60 

 
[57] 

 
4 

[11C]Colchicine 

O

O O

N

O

O

O

 

 
substrate 

 
 399 

   
 1.3 

 
[42] 

 
5 

[11C]Daunorubicin 
O

OO OH

OH O

OH

O O

OH

NH
2  

  
substrate 

 
 528 

 
3.0 

 
1.83 

 
[1] 

 
6 

[11C] Paclitaxel 

O N

O

O

O

O
O

O O

OH
O

O

O

O

O

 

 
substrate 

 
854 

 
54 

 
3.96 

 
[61] 
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7 

[11C]Taxotere 

O
O

O O

O
O

O

O

O

O
O

O

O

NO

O

 

 
substrate 

 
850 

  
2.59 

 
[65] 

 
8 

[11C]D617 

O

O

CN

N
H

 

 
substrate 

 
290 

 
 

 
 

 
[66] 

 
9 

[11C]Carvedilol 

N
H

O OH

N
H

O

O

 

 
inhibitor 

 
406 

 
4.6
0 

 
2 

 
[67] 

 
10 

[11C]Laniquidar 

N
O

N

N

N
O

O

 
 
 

 
inhibitor 

 
585 

 
0.8
4 

 
6.89 
 

 
[70] 

 
11 
 

[11C]Elacridar 

N

O

O

N
H

O

N
H

O

O
 

 
inhibitor 

 
563 
 

 
2.0 

 
4.2 

 
[72] 

 
12 

[11C]Tariquidar  
inhibitor 

 
646 

 
38
nM 

 
6.1 

 
 



Overview of carbon-11 labeled tracers for probing P-glycoprotein function: kinetics, 

advantages and disadvantages 

 

30 

 

O

O
N

N

O

O

O

O

N  
 
13 

[11C]MC-18 

O

N
O

O

 

  
inhibitor 

 
414 

 
 

 
 

 
[73] 

 
 

Table 1: An overview of PET tracers used for imaging of P-gp functionality and expression.  

Chemical structure, molecular weight, affinity for P-gp and lipophilicity are presented.  

 

 

Kinetic analysis of the brain uptake of P-gp tracers 

So far, [11C]verapamil is the only of the aforementioned P-gp tracers that has been evaluated 

in humans. Therefore, the current section focuses on quantitative analysis of [11C]verapamil 

PET scans.  

 

Most studies addressing tracer-kinetic analysis of [11C]verapamil have used a racemic mixture 

of the (R)- and (S)-enantiomers. However, although the kinetics of P-gp mediated transport for 

(R)- and (S)-[11C]verapamil are similar, their metabolism is not [2;5;41]. Since metabolism of 

(R)-[11C]verapamil is slower than that of the S-enantiomer, (R)-[11C]verapamil may be the 

tracer of choice for quantitative studies. However, it is likely that the conclusions reported below 

on the optimal model for analysis of (R)-[11C]verapamil data are equally valid for the racemic 

mixture.  
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Figure 5:  – (A) Plasma – whole blood ratio, parent fraction (V), N-dealkylation metabolites 

(HPLC metabolites, H), and N-demethylation metabolites (polar fraction, P), and (B) 

compartment model showing possible contributions to PET signal in the brain. Reprinted with 

permission from Lubberink et al, JCBFM 2006.  

 

As mentioned above, a major challenge for the measurement of P-gp function with 

[11C]verapamil is that one of its main metabolites, [11C]D617, is also a substrate for P-gp [66]. 

In addition, 11C-labelled polar metabolites produced by demethylation of [11C]verapamil may 

cross the blood-brain barrier but are not substrates for P-gp. Figure 5 shows typical tracer and 

metabolite fractions in plasma. Most studies assessing the kinetics of [11C]verapamil in humans 

have so far neglected the brain uptake of radioactive metabolites, have performed no 

correction for labeled metabolites at all [53;78-81] or have only analyzed the first 10 minutes 

after injection, assuming that contribution of radioactive metabolites in brain tissue is negligible 

during this period[82]. In principle, a kinetic model describing the kinetics of the tracer could 

include separate compartments describing metabolite kinetics [3;82]  (figure 5b). Ikoma et al 

showed that there was a strong correlation between the K1 values of [11C]verapamil kinetics 

obtained by graphical analysis (without metabolite correction) and that obtained by 

compartment modeling and non-linear least squares fitting methods. Lubberink et al. [3] 

observed the lowest mean test-retest variability (3%) of (R)-[11C]verapamil-PET scans after 

use of a single-tissue compartment model without any metabolite correction. On the other 

hand, Abrahim et al. [54]showed that the use of a population-averaged input function yields 

erroneous results in epileptic patients because of differences in verapamil metabolism between 

patients and controls, showing that, although metabolite correction may not be strictly 

necessary in healthy subjects, it is necessary when healthy controls and patients are 

compared. Inclusion of separate metabolite compartments in the tracer kinetic model, 

however, results in a number of parameters that is too large to be reliably determined from a 

60 min dynamic PET scan. Since [11C]D617 has similar brain uptake as [11C]verapamil itself, 
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and since only part of the polar metabolite fraction will enter the brain, giving only a minor 

contribution to the overall signal, it was proposed to correct the input function only for polar 

metabolites, and to assume similar kinetics for [11C]verapamil and [11C]D617 [3]. 

 

 

The question which measure of (R)-[11C]verapamil uptake best represents P-gp function has 

been differently answered. Muzi, Lee, and others have suggested the rate constant for influx 

of tracer from plasma to tissue, K1 [83;84]. K1, however, is dependent on blood flow, and is 

very sensitive to accurate correction for blood volume for tracers with low extraction. Lubberink 

et al. [3] suggested the use of k2 or VT, with the advantage of VT that it is not blood volume 

dependent. After P-gp inhibition, both K1 and VT have been shown to increase, whereas k2 did 

not, indicating that k2 resulting from a single-tissue compartment model may not be a good 

marker of P-gp function.  

 

In two publications, use of a Patlak fit to the first 3 min of data was suggested, using the net 

influx rate Ki as a measure of P-gp function [82;84]. This would overcome any issues regarding 

the brain uptake of metabolites, since metabolite concentrations at 3 min p.i. are negligible. 

Several studies have indicated that a single tissue compartment model is the model of choice 

to describe the kinetics of [11C]verapamil in healthy volunteers [3;83]. The same model was 

used to assess P-gp function in patients with early Parkinson’s disease, showing no difference 

in P-gp function between patients and age-matched control subjects when considering the 

distribution volume (VT) of (R)-[11C]verapamil[80]. After inhibition of P-gp, however, a second 

compartment is needed to accurately describe the kinetics [85], Such a two-tissue 

compartment model, however, does not result in robust outcome parameters in healthy 

volunteers [3].  

 

An issue that remains to be solved is whether the proposed models accurately describe P-gp 

function at the BBB. For example, a high concentration of (R)-[11C]verapamil can be expected 

in the endothelium of vessel walls because of its high lipophilicity. This concentration in vessel 

walls cannot be distinguished from actual cerebral uptake because of the limited spatial 

resolution of PET. If the verapamil distribution in healthy controls is limited to the endothelium, 

his could explain why a single tissue compartment model suffices in healthy controls, but not 

after P-gp inhibition when a second compartment describing cerebral verapamil uptake is 

necessary.  
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Advantages and disadvantages of carbon-11 labelled P-gp probes 

In order to quantify P-gp activity at the human BBB, selective PET tracers for measurement of 

P-gp function or expression should be developed  Such radiopharmaceuticals should meet 

certain criteria: an easy and quick radiosynthesis; sufficiently lipophilic to pass the BBB; highly 

selective for P-gp;  and  a low abundance of radioactive metabolites in the target organ.  In this 

final section, we will evaluate whether existing P-gp tracers meet these criteria. An overview 

of these tracers is given in Table 1.  

 

[11C]Daunorubicin, [11C]colchicine, [11C]carvedilol, and [11C]paclitaxel suffer from various 

limitations, such as: a difficult radiosynthesis in the case of [11C]daunorubicin, a low sensitivity 

for measurement of P-gp activity (e.g. [11C]colchicine), a complex metabolism and substantial 

formation of radiolabeled metabolites ([11C]carvedilol)  and a low brain penetration, even after 

treatment with P-gp inhibitors, in the case of [11C]paclitaxel. 

 

(R)-[11C]-verapamil, has become the “gold standard” in measuring P-gp activity at the human 

BBB [3;6;8;78]. (R)-[11C]-verapamil fulfills most of the criteria listed above for an ideal PET 

ligand.  

 

The synthesis of (R)-[11C]verapamil is straightforward: methylation of norverapamil with 

[11C]CH3I. This synthesis has been automated and (R)-[11C]verapamil is produced under GMP 

conditions with a final yield of 2.1  0.5 GBq, sufficient for routine applications, and with a 

specific radioactivity of 97  21 GBq.mol–1, measured at the end of synthesis (n=17). It is 

known that verapamil is not only a substrate for P-gp: at pharmacological concentrations it is 

also a P-gp inhibitor. For this reason it is important to prepare [11C]verapamil with high specific 

radioactivity. At the specified specific radioactivity (ca. 100 GBq/µmol-1), the dose of verapamil 

administered to humans is about 10 nmol.  Biodistribution data in Wistar rats using racemic 

[11C]verapamil (1 GBq/µMol), either alone or in combination with 200 µg/kg of unlabeled 

verapamil showed no change in biodistribution at increased tracer mass [86], indicating that 

the specific activity of verapamil is not critical in Wistar rats within the dose range of 0.01 to 1 

GBq/µmol. Considering the differences in metabolic rate of verapamil in rats and humans, it is 

not certain whether these rat data can be extrapolated to human PET scans. In all recent 

studies, non-carrier added (R)-[11C]verapamil was used for which a pharmacological effect is 

very unlikely. 
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Verapamil is lipophilic (Log P(calc)= 4.8) [87]. The lipophilicity of a tracer is critical, as it 

determines not only its ability to enter the brain, but also its plasma free fraction, and its level 

of nonspecific binding. The lipophilicity and the molecular mass of verapamil imply that the 

substance can easily cross the BBB via passive diffusion [88]. A disadvantage of the high 

lipophilicity of [11C]verapamil is the fact that this is associated with a high level of nonspecific 

binding in target tissue. High lipophilicity also leads to a high affinity for plasma proteins, 

resulting in a small free fraction of the radiopharmaceutical in plasma. Only this small free 

fraction is able to cross the BBB, resulting in a low brain uptake of the tracer. Ideally, the log P 

of tracers used for brain imaging should not be higher than 3.5 [89]. At such levels of 

lipophilicity, adequate brain penetration can be combined with an optimum target to non-target 

ratio of the tracer. Because verapamil does not meet the criterion of optimal lipophilicity, it may 

be possible to chemically modify the parent drug to a more polar molecule,  by O-demethylation 

of the methoxy groups at the aromatic ring. It should be noted that the derivative should be 

evaluated with regard to its transport characteristics and specificity for P-gp, since its chemical 

structure differs from that of verapamil [90]. 

 

(R)-[11C]verapamil seems to be a better tracer for P-gp imaging than the (S)-isomer, because 

of its lower extent of metabolism and a lower affinity for Ca-channels. Because of its lower rate 

of hepatic metabolism, bioavailability of the (R)-isomer should be higher than bioavailability of 

the racemic mixture, resulting in higher plasma and associated tissue concentrations. Forty 

minutes after injection of (R)-[11C]verapamil, 57% of plasma radioactivity is still parent 

compound. In the case of racemic [11C]verapamil, this was only 37% [91]. Apparently, the 

metabolic rates of (R)-[11C]verapamil in human plasma are quite similar to these of other 

commonly used tracers labeled with 11C in an N-methyl group [92]. However, the present 

studies indicate that radioactive metabolites generated in the liver can give rise to a non-P-gp-

related signal. This signal is caused by the so-called “polar metabolite fraction” in plasma. Most 

likely, this polar fraction represents radioactive single carbon molecules, such as 

[11C]formaldehyde, [11C]formic acid and [11C]carbon dioxide. 

 

Metabolite studies in Wistar rats showed a comparable brain to plasma ratio for verapamil and 

its polar metabolites. Consideration of the polar metabolites as a separate input function in 

human volunteers led to similar Vd's for verapamil and the polar metabolites. There was a good 

correlation between the calculated values of Vd for verapamil with and without an additional 

polar metabolite compartment. Omission of the polar metabolite compartment resulted in an 

increase of Vd of approximately 10%. Since polar metabolites are not substrates for P-gp, their 

Vd should not change due to alterations of P-gp function, and the omission of a polar metabolite 
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compartment only leads to a slightly reduced sensitivity of 11C-verapamil-PET to detect such 

changes. This reduced sensitivity should be weighted against a better model accuracy and 

precision.  

 

On the other hand, more lipophilic metabolites, probably [11C]D617 and [11C]D717, could 

possibly contribute to the specific P-gp signal, since these metabolites are substrates for P-gp 

[93]. Because of the lipophilicity of these metabolites (log P (calc) of D617 = 3.8), they will 

penetrate the BBB. Since the molecular mass and the affinity for P-gp of the metabolites is not 

identical to those of the parent compound, the in vivo behavior of the metabolites may be 

slightly different from that of [11C]verapamil.  Therefore, further studies are required to assess 

this, for example by performing PET scans after direct injection of [11C]D617 or [11C]D717. 

 

Taking into account all its pharmokinetic properties, it can be concluded that even (R)-

[11C]verapamil is not an ideal tracer. In particular, its lipophilicity and  metabolite pattern are 

sub-optimal.  However, because of its high specificity and affinity for P-gp, together with its 

excellent test-retest properties, (R)-[11C]verapamil is currently the tracer of choice for clinical 

studies of BBB function. 

 

However, as mentioned above, (R)-[11C]verapamil  is far from ideal when overexpression of P-

gp should be assessed, as may occur in epilepsy. For this purpose, a third-generation P-gp 

inhibitor may be labeled with 11C, such as zosuquidar (LY335979) or MC-224. Since inhibitors 

may directly bind to P-gp, their brain uptake could be much higher than that of P-gp substrates, 

resulting in a better signal to noise ratio. Further research is needed to explore this novel field. 
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