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Abstract

With increasing numbers of drugs tested in oncology for smaller patient populations, fewer patients are available to answer
important clinical pharmacological questions in the timeframe of clinical drug development. The quality and efficiency of
trials to assess the pharmacokinetics of new drugs can be improved by making better use of available resources. One approach
to do this is by making more effective use of isotopic tracer techniques. With increasing sensitivity of liquid chromatography-
tandem mass spectrometry analyzing equipment over the years, it has now become possible to generate much more rich,
high-quality pharmacokinetic data than before. In particular we want to make a plea here for a hybrid trial approach, where
both radiolabeled drug and stable isotopically labeled drug are administered to patients to assess both the absolute bioavail-

ability and absorption, distribution, metabolism and excretion in a single clinical trial experiment.

Key Points

The quality and efficiency of trials to assess the pharma-
cokinetics of new drugs in oncology can be improved by
making better use of available resources.

One approach to do this is by making more effective use
of isotopic tracer techniques in combination with high-
sensitivity liquid chromatography-tandem mass spec-
trometry analyzing equipment.

In this article, we advocate that absolute bioavailability
trials and mass balance trials could and should more
often be combined into a single pharmacokinetic trial
using a combined radiolabeled and stable isotopically
labeled drug approach.
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1 Introduction

With the emergence of targeted therapies in oncology, fewer
patients are available to answer important clinical pharma-
cological questions in the timeframe of clinical drug devel-
opment. There has been an increase in the number of drugs
developed for smaller patient populations due to a focus
on molecular niche tumors and narrower stratification of
subpopulations in more common tumor types [1]. For this
reason, it has become increasingly important to develop
innovative clinical trial designs whereby available resources
are most optimally used. A lot of interest goes out to the
optimization of pharmacodynamic studies, whereas there are
equally good, and in our view often neglected, opportunities
to improve the design and output from clinical pharmacoki-
netic trials.

Pharmacokinetic studies aim to elucidate the relation
between dose, plasma concentrations, and therapeutic or
toxic effects, and are necessary in order to employ new drugs
under the best conditions of efficacy and safety [2]. Phar-
macokinetic trials to investigate the absorption, distribution,
metabolism, and excretion (ADME) and absolute bioavail-
ability (ABA) are core studies in clinical drug development,
and results of these trials are increasingly requested by regu-
latory agencies before drug registration [3, 4]. The overall
impact of ABA trials in oncological drug development has
increased, as most drugs that are currently in development
or have recently been approved are destined for oral inges-
tion [5]. Although in some cases clinical pharmacokinetic
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trials can be performed in healthy volunteers, more clinically
relevant data can be obtained using cancer patients instead.
The increase in the number of drugs tested clearly requires
a critical look at the way clinical pharmacokinetic trials are
conducted.

2 Conventional Absorption, Distribution,
Metabolism, and Excretion (ADME) Trial
Design

ADME studies are most often performed using radiolabeled
drug, and are, in this way, also known as mass balance trials.
In this trial, the drug of interest is labeled with a radioactive
tracer, in most cases '“C, to be able to trace all drug-related
material throughout the body [6]. A '*C-ADME study primar-
ily aims to determine the excretory pathways of radiolabeled
drug, as well as to identify circulatory and excretory metabo-
lites. The trial is usually conducted in approximately six to
eight subjects using the recommended clinical dose and route
of administration [6]. Although the administration of radioac-
tivity to patients or healthy volunteers is in general not desired,
an effective dose limit of 30 mSv is considered safe for inves-
tigational purposes, keeping the ‘as low as reasonably achiev-
able’ (ALARA) principle in mind [6]. As it is not always pos-
sible to calculate the effective dose prior to a 1%C-ADME trial,
aradioactive dose limit of 100 uCi (3.7 MBq) is often used in
practice and is also considered safe [6]. 14C_ADME trials are
performed for virtually all small molecule drugs before market
approval, as they are considered essential to allow for safe and
effective drug use in the clinic, and are strongly recommended
for anticancer drug development by regulatory agencies [7, 8].

3 Conventional Absolute Bioavailability
(ABA) Trial Design

ABA studies are traditionally performed by administering
an extravascular and intravenous dose of drug in a crossover
design with a washout period in between [9]. On one dosing
occasion, the drug is administered by one route (for example,
orally), and plasma samples are taken at appropriate times
and analyzed for parent drug. Following a suitable washout
period, the same subjects are administered the drug intrave-
nously and, again, plasma samples are taken over time and
analyzed for parent drug. The total area under the plasma con-
centration—time curve (AUC) is calculated for each dose route
using Eq. 1, where CL is the clearance of the drug and F is
the bioavailability.

F x Dose = CL x AUC e

For intravenous administration, 100% of the drug is taken
to enter the systemic circulation and therefore F' per definition
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equals 1. For extravascular administration, only a proportion
of the dose might be absorbed systemically intact, reflected by
a change in F. Dividing the equations for intravenous (iv) and
extravascular (ev) administration gives the classical equation
for calculating bioavailability based on plasma data, as shown
in Eq. 2, based on the assumption of linear pharmacokinetics
and an equal clearance for both the extravascular and intrave-
nous gift.

F AUC,, Dose;,
B <AUC1V > % <DOS€EV> (2)
Although recommended by regulatory agencies, data on the
ABA are not always presented at the time of drug approval.
For the group of tyrosine kinase inhibitors, an important class
of oral targeted therapies in oncology, data on the ABA have
not been reported for 10 of 20 of the drugs registered by both
the EMA and US FDA to 2014 [5]. The main reason for this is
thought to be the poor solubility of these compounds, making
it challenging to develop a therapeutic intravenous solution
for clinical evaluation, which is required to perform an ABA
trial using the conventional crossover design. A potential way

to overcome this problem is by making use of a microdosing
trial design [9].

4 ABA Microdosing Trials

Microdosing trials can be used for the exploration and inves-
tigation of many pharmacokinetic properties, including the
assessment of ABA. A microdose is defined as 1/100th of
the therapeutic dose, with a maximum of 100 ug. By making
use of an intravenous microdose instead of an intravenous
therapeutic dose, solubility issues can be circumvented, as
only a maximum of 100 ug of drug needs to be dissolved in
an intravenous formulation. Furthermore, additional safety
testing of microdose formulations is not required per FDA
guidelines because of the low dose [10]. In an ABA micro-
dosing trial, the oral therapeutic dose intended for clinical
use is administered, after which the intravenous microdose
is administered at the estimated maximum plasma concen-
tration (C,,,) of the oral gift. In this manner, the ABA can
then be calculated the same way as for the conventional trial
design (Eq. 2). This approach was first introduced in 2006,
where the ABA of three non-oncolytic drugs was success-
fully assessed following simultaneous administration of a
100 pg '“C-labeled microdose with an oral therapeutic dose
[11].

A major advantage of using the microdose approach for
ABA determination is that the intravenous microdose can be
administered to a patient during the same dose event as the
extravascular gift. To be able to use this trial design, there
is however a need to differentiate between the intravenous
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and extravascular drug exposure to be able to calculate the
ABA. This differentiation can be achieved by using drug
labels incorporated into the drug of interest for intravenous
administration, using either '“C-radiolabels or stable isotope
labels (e.g. °C, ’N). Depending on the label of choice, dif-
ferent analytical techniques are required to quantify the very
low exposure to microdosed labeled drug in the systemic cir-
culation. For '*C-radiolabeled drug, accelerator mass spec-
trometry (AMS) is applied, where the ratio of carbon atoms
(**C:'2C) is analyzed, independent of the molecular mass or
structure of the drug. For stable isotopically labeled drug,
liquid chromatography coupled with tandem mass spectrom-
etry (LC-MS/MS) is used, where the analysis is based on the
mass difference between labeled and unlabeled drug follow-
ing incorporation of heavier stable isotopes into the drug of
interest. Use of the microdose trial design results in less dose
events required and a more accurate calculation of ABA,
as all measurements take place in a single subject during a
single-dose event, eliminating intrasubject variability and
concentration-dependent clearance.

Initially, microdose trials were performed exclusively
using a combination of AMS and *C-labeled drug, due to
the superior sensitivity of this approach (up to the attomole
range). However, a major drawback of AMS is that it is very
time-consuming, costly, and analytically challenging, lim-
iting its general practical usability [12]. Furthermore, the
calculation of the exposure to unlabeled drug still requires
an LC-MS/MS method next to an AMS method, complicat-
ing sample processing and analysis and prolonging study
duration. At the moment, AMS technologies are advancing
to overcome some of these problems by the development
of compact AMS systems with automated sample handling
and a direct coupling with liquid chromatography systems.
In addition, simpler laser-based techniques for '*C-detection
are being developed that might replace AMS as a core ana-
lytical technology in the future [13]. Despite these develop-
ments, a drawback inherent to the use of '*C as an isotopic
tracer is that the use of a '*C-microdose for ABA determi-
nation cannot be combined with '*C-ADME trials, as it is
impossible to distinguish the intravenous '*C-microdose for
ABA calculation from the oral “C-dose for ADME charac-
terization in biological samples, when both are administered
at the same time.

Recent developments in the field of mass spectrometry
paved the way to use LC-MS/MS as an alternative for AMS
to perform ABA microdose trials [14—17]. Triple quadru-
pole mass spectrometers are one of the most commonly sold
types of LC-MS/MS and are considered superior in sensitiv-
ity for LC-MS/MS-based drug quantification [18]. LC-MS/
MS assays using the triple quadrupole principle now report

lower limits of quantification in the pg/mL range, reaching
sensitivity levels that were previously only possible for AMS
[19]. Although the sensitivity of AMS is still far superior
to LC-MS/MS (as low as 107'® g/mL for AMS vs. 10712 g/
mL for LC-MS/MS [19]), it is not always required to reach
this level of sensitivity for the purpose of a clinical micro-
dose trial. Recently, we have successfully demonstrated the
application of an LC-MS/MS method for the support of a
microdose trial with gemcitabine, with a detection limit in
the low pg/mL range [20].

5 Combining '*C-ADME and ABA
Microdosing Trials

For most drugs, I4C_.ADME trials and ABA trials are
performed separately using conventional trial designs, as
depicted in Fig. la. For a '*C-ADME trial, a "*C-radiola-
beled dose possibly mixed with unlabeled (‘2C) drug is
administered to a study subject orally, after which samples
are collected until most of the administered radioactivity
(usually > 80% [6]) is recovered in excreta (urine, feces).
During this time period, part of the investigations comprise
the collection of blood samples for the quantification of
total '*C-radioactivity and unlabeled (!*C) drug in plasma
using liquid scintillation counting (LSC) and LC-MS/MS,
respectively.

For an ABA trial, subjects receive both an intrave-
nous and oral unlabeled dose at therapeutic strength dur-
ing separate dosing occasions, with a washout period in
between. This will result in two separate dose events and
sample collection periods (Fig. 1a). For each dose event,
the plasma exposure to unlabeled drug is calculated fol-
lowing LC-MS/MS analysis, after which the ABA of the
oral drug formulation can be determined.

Assuming the inclusion of six subjects per trial (based
on the number most often used for '*C-ADME trials [6]),
when both studies are conducted separately during clinical
drug development, a total of at least 12 subjects receiving
a total of three dose events (Fig. 1) are required to be able
to investigate both the ABA and ADME characteristics of
a new drug. These procedures can be simplified by making
use of a hybrid trial design.

5.1 Hybrid Trial Study Design

Using the hybrid trial design, an oral dose of '*C-radi-
olabeled drug mixed with unlabeled (!C) drug and an
intravenous microdose of stable isotopically labeled drug
are administered to a study subject to determine both the
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Fig.1 Schematic overview of number of subjects, samples, and
dose events required for the execution of a a '*C-ADME trial and
a separate conventional two-period crossover ABA trial; and b a
14C-ADME trial combined with an SIL microdose ABA trial. A theo-
retical number of 6 subjects for ABA and '*C-ADME determinations

ABA and ADME characteristics during a single-dose event
(Fig. 1b). After administration of an oral '*C/!*C dose,
an intravenous stable isotopically labeled microdose is
administered at the estimated C,,, of orally administered
drug. Plasma samples are collected for the analysis of total
C-radioactivity using LSC, and for the simultaneous analy-
sis of stable isotopically labeled and unlabeled drug using
LC-MS/MS. The plasma sample collection period for the
hybrid trial design is equal to the collection period using a
conventional '*C-ADME trial, and is based on the criteria
for recovery of radioactivity in excreta [6].
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was used, as well as 15 samples for concentration—time curve estab-
lishment per dose event. ABA absolute bioavailability, ADME absorp-
tion, distribution, metabolism, and excretion, SIL stable isotopically
labeled

5.2 Advantages of Using a Hybrid Trial Approach

The principal advantage of using a hybrid trial approach
is that it requires less subjects, dose events, and samples
to determine the ABA and ADME characteristics of a new
drug. Using conventional trial designs, multiple-dose events
result in the need to collect and analyze samples for total
4C-radioactivity and unlabeled drug (Fig. 2a), as well
as exposure after intravenous and oral administration of
a therapeutic dose (Fig. 2b), separately. Using the hybrid
trial design, plasma concentration—time curves for total
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14C-radioactivity, unlabeled drug, and stable isotopically
labeled microdose can be generated following sample col-
lection after a single-dose event, as depicted in Fig. 2c.

The intravenously administered stable isotopically labeled
microdose can be distinguished from orally administered
14C/*2C drug by virtue of their different molecular masses,
using simultaneous LC-MS/MS detection. This way, the
ABA of the orally administered drug can be calculated by
dividing oral exposure to unlabeled drug by the dose-nor-
malized intravenous exposure to stable isotopically labeled
drug in plasma. The principal advantage of the isotopic
method is that the plasma drug concentration relating to the
intravenous and oral doses are measured in the same plasma
samples, thereby eliminating interoccasional variability and
concentration-dependent clearance.

For ADME investigations, the total amount of radioac-
tivity in the circulation can be analyzed using LSC, in the
same way as for a conventional '*C-ADME trial. As the total
amount of *C-radioactivity in the body comprises parent
drug and metabolites bearing the radioactive label, the total
amount of radioactivity in plasma is always equal to or
higher than the concentration of parent drug, as illustrated
in Fig. 2a. This ensures that the sample collection period
required to determine the ADME characteristics of a drug is
always sufficient to determine the ABA following an intrave-
nous microdose administration. The combined assessment of
ABA and ADME characteristics during a single-dose event
allows for the direct determination of key pharmacokinetic
parameters, such as clearance, volume of distribution and
fraction of drug metabolized after oral administration [21].
This results in an increased amount of high-quality data,
generated using the same amount of resources and time
required to conduct a conventional '“C-ADME trial.

5.3 Requirements to Perform a Hybrid Trial

There are three main requirements to assess if a hybrid trial
approach is feasible. First, information on a limited num-
ber of pharmacokinetic parameters of the drug of interest
is needed to be able to calculate the expected plasma drug
exposure after microdose administration. These parameters
are often available after a first-in-human (FIH) clinical trial.
Second, a sensitive and selective LC-MS/MS method is
required to be able to detect low concentrations of stable
isotopically labeled drug in the presence of high concentra-
tions of unlabeled drug. Third, stable isotopically labeled
drug and '*C-radiolabeled drug need to be synthesized to
allow for the development of labeled drug formulations.

At the start of clinical drug development, phase I FIH
trials often provide data on the C,,,, apparent volume of
distribution after extravascular administration (V,/F), and
elimination half-life (#,,) of the drug of interest after admin-
istration of a known extravascular dose at the intended

therapeutic concentration. Using these parameters, the
theoretical C,,,, and minimum plasma concentration (C;,)
up to a certain time point following a 100 pg intravenous
microdose can be estimated. These concentrations can then
be used to determine the required sensitivity and concentra-
tion range of the LC—MS/MS method. Assume a microdose
is administered intravenously at a dose of 100 pg, with a
V4/F of 1000 L, the expected C,,,, will be 100 pg/mL, with
a Cp;, of 10 pg/mL after a little more than three half-lives.
In this case, an LLOQ of at least 10 pg/mL is required for a
reliable measurement of the AUC from time zero extrapo-
lated to infinity (AUC,,). If the dose decreases or the V,/F
increases, demands on the assay sensitivity become increas-
ingly intense.

As both unlabeled and stable isotopically labeled drug are
present in the circulation at the same time, there is a need to
selectively quantify both compounds. The number of labels
required to distinguish the intravenous microdose from
the unlabeled extravascular dose can easily be determined
using isotopic distribution pattern software and the method
described by Gu et al. [22, 23], in combination with the
known C,,,, of the extravascular dose and the expected C,,,,,
of the intravenous microdose. When using an intravenously
administered stable isotopically labeled microdose, there is
potential that the presence of the isotope alters reaction rates
in vivo because the atomic bond strength is dependent on
the mass of the bonded isotope. This is known as the kinetic
isotope effect (KIE), and the magnitude of this effect is
dependent on the difference in mass of the bonded isotopes,
as well as the location of the isotopic labels in the drug
molecule. The KIE can be significant with lower-mass iso-
topes, such as deuterium, but is virtually insignificant with
isotopes of carbon and nitrogen [24]. The use of carbon or
nitrogen labels for stable isotopically labeled microdose for-
mulations is therefore preferred. Next to stable isotopically
labeled drug for intravenous microdose administration, an
alternative internal standard is required for the LC-MS/MS
assay to allow for simultaneous quantification of both orally
and intravenously administered drug. The number of labels
required for the internal standard can also be calculated
using isotope distribution software [23], and is normally less
than the number of labels required for the stable isotopically
labeled microdose. The internal standard concentration used
is dependent on the concentrations of unlabeled and labeled
drug in plasma and should result in accurate quantification
of both unlabeled and labeled drug, without causing cross-
analyte interference [7, 25].

If technologically feasible, all that is required next is
to synthesize radiolabeled and stable isotopically labeled
drug, which may already (partially) be done for preclini-
cal investigations, and to develop an intravenous microdose
formulation, which most often can be very straightforward
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because of the low amount of drug that needs to be dissolved
in aqueous media [9].

5.4 Examples of Using a Hybrid Trial Approach

Despite the technological advances and opportunities that
currently exist, ABA and '“C-ADME pharmacokinetic tri-
als are still most often performed separately. The feasibility
of using a double-tracer approach in a single clinical trial,
combining stable isotopically labeled drug with radiolabeled
drug, has already successfully been demonstrated for two
drugs outside oncology [21, 26]. For tofogliflozin, a drug
used for the treatment of type 2 diabetes mellitus, '*C-radi-
olabeled tofogliflozin was orally administered to patients
at the same time as an intravenous 'C-stable isotopically
labeled tofogliflozin microdose [21]. For basimglurant, a
drug under clinical development for major depressive dis-
order, the same approach was followed, whereby *C-radi-
olabeled basimglurant was orally administered to patients
at the same time as an intravenous 13C6-stable isotopically
labeled basimglurant microdose [26]. For both drugs, the
double-tracer approach allowed for the simultaneous char-
acterization of both the ABA and ADME characteristics of
these drugs in a single study, during a single-dose event.
Thus far, to our current knowledge, a double-tracer
approach has been described for these two drugs only, and
has not yet been performed in oncological drug develop-
ment. This raises the question as to what causes a further
lack of implementation of this promising and efficient
approach. It can be argued that the timing of ABA and
14C-ADME trials during clinical drug development is dif-
ferent. The assessment of ABA ideally takes place as early
as possible, e.g. to allow for adjustment of the pharmaceuti-
cal formulation based on study outcome. '*C-ADME trials
take place from early (phase I) to late (phase III) clinical
drug development, ideally after the recommended phase II
dose has been established [6]. However, in practice, it can
occur that the ABA and '“C-ADME trials are conducted
around the same time, allowing for combined trial conduc-
tion. What has also been observed is that thus far, the use of
a stable isotopically labeled microdose to assess the ABA
has been described for one oncological drug only hitherto
[27]. ABA microdose trials are still most often performed
using intravenously administered '*C-labeled drug [24],
making it impossible to perform a '*C-ADME trial dur-
ing the same dose event, as there is no way to differentiate
between the intravenous and oral dose when using the same
drug label. A transition in using stable isotopically labeled
microdoses instead of '*C-labeled microdoses for the assess-
ment of ABA may result in increased potential for using the
hybrid trial approach that we propose. As '“C-ADME trials
are performed for virtually all small molecule drugs in clini-
cal development, it would take little effort to also add ABA

assessment, using a stable isotopically labeled microdose,
to this trial.

6 Conclusions

We advocate that for novel extravascular anticancer agents
evaluated in oncology, ABA and '“C-ADME trials should
be combined into a single pharmacokinetic trial using
a combined radiolabeled and stable isotopically labeled
drug approach. This double-tracer approach has several
advantages over the traditional approach, where ABA and
“C-ADME trials are performed separately. A double-tracer
approach results in less required subjects, less samples, less
dose events, lower costs, less time needed for clinical drug
development, and results that better reflect use of the drug
in clinical practice. The double-tracer trial is therefore an
elegant way to obtain effective and efficient pivotal clinical
pharmacokinetic data during clinical drug development.
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