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PREFACE

Over the past decades, the pharmacological treatment of cancer has switched 
focus. The increasing knowledge of cancer biology enabled the development of 
novel anticancer agents targeting specific molecular pathways responsible for 
tumour growth (often referred to as targeted therapies). As a result, the focus of 
drug development changed from conventional cytotoxic chemotherapeutics to 
targeted therapies. Despite this switch in therapy, the design of dose finding clinical 
trials to select the dose for further clinical development of a drug has not changed. 
The most frequently used design for Phase I trials still consists of dose-escalating 
cohorts, which are designed to find the maximum tolerated dose (MTD) [1]. This 
so-called MTD paradigm, is based on several assumptions. The first assumption is 
that the drug has an exposure-efficacy relationship that parallels exposure-toxicity 
relationship (Figure 1A) [1-4]. In other words, a higher dose will result in more effect 
of the drug but will also result in more toxicity. Secondly, the drug has a small range 
of exposure where the drug is effective but not toxic (narrow therapeutic window). 
Thirdly, dose limiting toxicity occurs early during treatment and is dose related. 
Lastly, overdosing and the associated toxicity is considered more acceptable than 
underdosing due to the rapidly progression of chemo-sensitive disease [1,3]. 

While the above-described assumptions hold up for conventional chemotherapy 
[1-4], they are not necessarily appropriate for targeted therapies. Due to their 
more specific mechanism of action, the exposure-efficacy relationship might be 
different than their exposure-toxicity relationship, resulting in an optimal dose, 
defined as the dose with an optimal balance between efficacy and toxicity, which 
is potentially lower than the MTD (Figure 1B) [2,5]. Therefore, patients may be 
exposed to doses higher than necessary for efficacy and consequently more at 
risk for toxicity than needed. Furthermore, toxicities from targeted therapies can 
be either acute, chronic, or cumulative in nature [2,6]. Toxicities which occur later 
in the treatment period or after end of therapy are poorly characterized in clinical 
trials, and not considered in dose recommendations [7-10]. Approximately 50% 
of (severe) toxicities of targeted therapies occur after the end of the period in 
which dose limiting toxicities are considered [7-9]. Thus, the current dose finding 
framework might not be suitable for new, more targeted, anticancer agents. 

Poorly optimised doses can have negative consequences for patients, including 
frequent dose reductions, impaired therapy adherence, and premature 
discontinuation and therefore missed opportunity of drug benefit, or limitations to 
subsequent therapy due to persistent or irreversible toxicities [3,6]. In worst-case 
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scenarios, toxicities could be associated with a reduced overall survival or removal 
of a drug from the market [11]. Lastly, poor dose optimisation might contribute to 
unsuccessful development programs for promising drug candidates [12].

Drug exposure

Ef
fe

ct
/R
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ns
e

A

Drug exposure

Ef
fe

ct
/R
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po

ns
e

B

Figure 1. Exposure-efficacy and exposure-toxicity relationship for a drug. For scenario A, 
the maximum tolerated dose (MTD) is appropriate for dose selection, while for scenario 
B, the MTD is less appropriate for dose selection. The solid line represents efficacy and 
the dashed line represent toxicity. 

Taken all this in consideration, there is a need to improve dose selection in early 
development of targeted anticancer agents. Characterisation of exposure-efficacy 
and exposure-toxicity relationships is essential for this aim [13]. Moreover, validated 
pharmacodynamic biomarkers to link exposure-response relationships to clinical 
outcomes (e.g., overall survival) are desired [2,14]. Despite the recommendations 
of harmonized guidelines, most oncology Phase I trials conducted in 2022 still 
aimed to define a recommended Phase 2 dose based on toxicity [1]. Moreover, in 
the period 2019 to 2021, approximately 1/3rd of the small molecules and antibody-
drug conjugates registered by the US Food and Drug Administration (FDA) for 
oncology, the selected dose was the MTD or the maximum administered dose if 
the MTD was not reached [6].

To help the field to reform the paradigm for dose optimisation and dose selection in 
oncology drug development, the FDA’s Oncology Center for Excellence launched 
an initiative called Project OPTIMUS. The goal of Project OPTIMUS is to change 
the dose finding and dose optimisation paradigm in oncology to emphasize 
the selection of a dose or doses that optimise drug exposure based on efficacy, 
safety, and tolerability [2,15]. To enable the paradigm shift, novel study designs 



13

Preface and thesis outline

PR
EFA

C
E

and strategies are needed to obtain the essential data on exposure-response 
relationships earlier in drug development. Two factors are essential to obtain this 
data. The first is the conduct of more informative dose finding trials, including 
novel trial designs. The second factor is the use of powerful data analysis tools, 
such as models to describe exposure-response relationships (pharmacometrics) 
to fully characterise exposure-response relationships and finding doses with an 
optimal efficacy-toxicity balance. Moreover, optimal doses might not be similar 
across different patient populations (e.g., adults vs paediatric patients or across 
different tumour types). Therefore, methods for extrapolation of exposure-
response relationships across populations need to be investigated. 
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THESIS OUTLINE 

This thesis aims to contribute to the shift in dose-finding paradigm within oncology 
by investigating novel methods for dose optimisation and dose extrapolation. 
Separate objectives of this thesis are: 1) development and validation of bioanalytical 
methods for the quantification of drug concentrations necessary for an improved 
understanding of drug exposure (pharmacokinetics), 2) demonstration of the 
feasibility of using microdosing and microtracers for exposure characterisation 
in early drug development, and 3) application of pharmacometrics methods for 
the characterisation of exposure-response relationships and the extrapolation to 
different patient populations. 

In Part 1 the application of microdoses and microtracers to improve understanding 
of in vivo pharmacokinetics is described. Chapter 1 describes a novel strategy 
to extrapolate microdose pharmacokinetics to therapeutic pharmacokinetics 
to inform dose selection for Phase I clinical trials. Chapters 2 and 3 describes 
the use of microtracers to determine the food-effect on the pharmacokinetics 
toxic drugs with long half-lives exemplified by the tyrosine kinase inhibitor 
alectinib. Chapter 4 gives an overview of the application of microdoses to in vivo 
phenotyping. Recommendations for microdose phenotyping tests are provided 
based on the literature.

Part 2 demonstrates the challenging dose optimisation of the combination of 
human epidermal growth factor receptor (pan-HER) inhibitors and mitogen-
activated protein kinase kinase (MEK) inhibitors for the treatment of RAS mutated 
solid tumours. Chapter 5 describes the interim analysis of a Phase I study of 
patients with colorectal carcinoma who are treated with triple therapy of lapatinib 
(pan-HER inhibitor), binimetinib (MEK inhibitor), and vinorelbine (microtubule 
targeting agent). Chapter 6 aims to quantify the exposure-toxicity relationship 
of the combination therapy of MEK and pan-HER inhibitors. Recommendations 
for rational dosing strategies are provided based on a pharmacokinetic-
pharmacodynamic model. 

In Part 3 dose optimisation for oral docetaxel in combination with the oral 
booster ritonavir for patients with metastatic castration resistant prostate cancer 
(mCRPC) is described. Chapter 7 focusses on the quantification of the difference 
in pharmacokinetics of oral docetaxel between mCRPC patients and patients with 
other solid tumours. Recommendations for a Phase 2 dose are provided based on 
dose simulations using a population pharmacokinetic model. Chapter 8 compares 
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the in vivo CYP3A activity of patients with prostate cancer and male patients 
with other solid tumours. In this in vivo phenotyping study midazolam clearance 
is compared between the two patient groups to test the hypothesis if CYP3A 
contributes to the observed differences in pharmacokinetics of oral docetaxel. 

In Part 4 the pharmacokinetics is described of an old cytotoxic drug, vincristine, 
of which no dose optimisation has been performed and despite its long use in 
clinical practice many factors regarding the variability in pharmacokinetics is 
unknown. Chapter 9 and 10 focuses on the quantification of vincristine and 
two other vinca-alkaloids and a metabolite in human plasma and vincristine 
in whole blood collected with volumetric absorptive microsampling (VAMS), 
respectively. Chapter 11 explores the role of β-tubulin in tissues and blood cells 
in the complex pharmacokinetics of vincristine in adult and paediatric patients. 
The physiologically-based pharmacokinetic (PBPK) model forms the basis for 
further optimisation of paediatric dosing guidelines of vincristine. Chapter 12 
provides a pharmacometric nomogram for the classification of vincristine 
exposure in African paediatric patients into low and adequate exposure groups. 
This pharmacometric nomogram could help optimise vincristine dosing in this 
special population. 

Finally, the general conclusion of the work included in this thesis as well as future 
perspectives are discussed in Chapter 13, followed by a summary of all individual 
chapters. 
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ABSTRACT

Microdosing is a strategy to obtain knowledge of human pharmacokinetics 
prior to Phase I clinical trials. The most frequently used method to extrapolate 
microdose (≤ 100 µg) pharmacokinetics to therapeutic doses is based on linear 
extrapolation from a non-compartmental analysis (NCA) with a two-fold 
acceptance criterion between pharmacokinetic metrics of the extrapolated 
microdose and the therapeutic dose. The major disadvantage of NCA is the 
assumption of linear extrapolation of NCA metrics. In this study, we used 
a naïve pooled data (NPD) modelling approach to extrapolate microdose 
pharmacokinetics to therapeutic pharmacokinetics. Gemcitabine and anastrozole 
were used as examples of intravenous and oral drugs, respectively. Data from 
microdose studies were used to build a parent-metabolite model for gemcitabine 
and its metabolite 2’,2’-difluorodeoxyuridine (dFdU) and a model for anastrozole. 
The pharmacokinetic microdose models were extrapolated to therapeutic doses. 
Extrapolation of the microdose showed differences in pharmacokinetic shape 
for gemcitabine and dFdU between the simulated and observed therapeutic 
concentrations, whereas the observed therapeutic concentrations for anastrozole 
were captured by the extrapolation. This study demonstrated the possible use 
and feasibility of an NPD modelling approach for the evaluation and application 
of microdose studies in early drug development. Lastly, physiologically-based 
pharmacokinetic modelling might be an alternative for microdose extrapolation 
of drugs with complex pharmacokinetics such as gemcitabine. 
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1 INTRODUCTION

The concept of microdosing was introduced in the 1990s as a method to obtain 
early in vivo human pharmacokinetic data [1]. The first study using microdosing 
was published in 2003 [1]. Subsequently, the European Medicines Agency (EMA) 
and the US Food and Drug Administration (FDA) first addressed microdosing trials 
in 2004 and 2006, respectively [2,3]. This resulted in the current International 
Conference on Harmonization (ICH) M3[R2] guideline on experimental 
investigational new drug studies by the EMA [4]. During this period, a microdose 
was defined as 1/100th of the anticipated therapeutic dose with a maximum of 
100 µg [3]. 

The original idea of microdosing was assessment of the pharmacokinetics of a new 
drug in an early phase prior to Phase I clinical studies [5]. Because microdosing trials 
precede Phase I clinical trials, they are often referred to as Phase 0 studies. In these 
Phase 0 studies, a small population of healthy volunteers (and sometimes patients 
[6]) is administered a microdose of the drug candidate. The aim of these studies is to 
quickly establish whether a novel drug has an appropriate pharmacokinetic profile 
in the human body without therapeutic or diagnostic purpose [6]. Consequently, 
Phase 0 microdose studies enhance early selection of promising drug candidates 
and help in selecting the starting dose, thereby reducing costs and time, and 
improving efficiency of drug development [7].

The concept of microdosing is based on the assumption that pharmacokinetics 
of a microdose can be extrapolated to therapeutic doses. The most frequently 
used method to evaluate the pharmacokinetic extrapolation of microdose to 
therapeutic dose is by performing a non-compartmental analysis (NCA) and 
determine the fold-difference in dose-normalised pharmacokinetic metrics 
between the microdose and therapeutic dose [8,9]. The acceptance criterion is 
typically a two-fold difference, which is commonly used in allometry [8,9]. Based 
on this criterion, the predictability of microdose to therapeutic pharmacokinetics 
has been summarized previously, where the predictability of orally administered 
drugs was 62% (n=25) [10] and 68% (n=41) [11], while the predictability of 
intravenously (IV) administered drugs was 100% (n=12) [10] and 94% (n=16) [11]. 
Phase 0 microdose studies appear to be more successful in predicting therapeutic 
human pharmacokinetics compared to the traditionally used techniques for in 
vitro to in vivo extrapolation (IVIVE) such as allometry or physiologically based 
pharmacokinetics (PBPK). A predictability of 51-79% for IVIVE is reported in 
literature for both oral and IV administered drugs and with a two-fold error [12-15].



24

Chapter 1

Assessing microdose predictability using NCA with a two-fold criterion, however, 
has several disadvantages. Drugs with pharmacokinetic metrics just outside the 
two-fold criterion are classified as not predictive. However, it is debatable whether 
drugs with metrics just outside this interval are relevantly different from drugs 
with metrics just inside the interval. Additionally, the two-fold criterion is difficult 
to interpret for pharmacokinetic parameters or metrics that have boundaries. For 
example, bioavailability, cannot be larger than 100% and organ clearance is bound 
by blood flow. Furthermore, the current evaluation method ignores the overall 
shape of the pharmacokinetic curve when only summary measures for exposure 
are used for evaluation (e.g., a similar area-under-the-concentration-time-curve 
[AUC] value could represent two different pharmacokinetic curves). 

An alternative approach to assess microdose predictability is a naïve pooled data 
(NPD) modelling approach. In this approach, a population pharmacokinetic model 
is developed by fitting the combined data of all individuals while ignoring individual 
differences. The aim of the current study was to demonstrate the feasibility of an 
NPD modelling approach for extrapolation of a microdose to therapeutic dosing. 
The NPD approach will be demonstrated with data from two microdose studies 

[16-18] using gemcitabine, and its metabolite 2’,2’-difluorodeoxyuridine (dFdU) 
as example of an IV administered drug and anastrozole as an example for an 
oral administered drug. Pharmacokinetic models were developed using the 
microdose data and used for the extrapolation to therapeutic dosing. The observed 
therapeutic data were used to evaluate the predictive value of microdose-based 
extrapolations. 
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2 METHODS

2.1 Study design, subjects and data
Data were used from three studies: a gemcitabine Phase 0 microdose study16, 
an anastrozole microdose study [17] and an anastrozole clinical dose finding 
study [18]. Demographic characteristics of the subjects included in the studies 
are depicted in Table S1. 

2.1.1 Gemcitabine study
The gemcitabine Phase 0 microdose study was a prospective, sequential, open-
label, single arm microdose study performed at the Antoni van Leeuwenhoek 
Hospital, the Netherlands. In this study patients received gemcitabine as a 
microdose and as a therapeutic dose. The trial received institutional ethical 
approval, was conducted in accordance with the principles of the Declaration 
of Helsinki and was registered in the Netherlands Trial Register (NTR6183). The 
study design and results of the NCA have been described in detail previously [16]. 

Ten patients (>18 years old) with solid tumours and an indication for treatment 
with gemcitabine according to standard of care were included in the study. Patient 
characteristics are described in Table S1. Patients received 100 µg gemcitabine and 
1250 mg/m2 gemcitabine within a 24-hour interval [16]. Both the microdose and 
therapeutic dose were administered as a 30-minute IV infusion. Blood samples 
were taken 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 4, and 8 hours after the start of the 
infusion. Plasma concentrations of gemcitabine and dFdU after administration of 
the microdose were quantified using a validated liquid-chromatography-tandem 
mass spectrometry (LC-MS/MS) method with a lower limit of quantification 
(LLOQ) of 5 pg/mL and 500 pg/mL, respectively [19] Furthermore, gemcitabine and 
dFdU concentrations after administration of the therapeutic dose were quantified 
using a validated LC-MS/MS method with a LLOQ of 0.5 ng/mL and 50 ng/mL, 
respectively20. The accuracy and precision of both assays were within 15% [19,20] 

2.1.2 Anastrozole studies
Anastrozole data was derived from two studies [17,18] using Plot Digitizer 
(https://sourceforge.net/projects/plotdigitizer/, version 2.6.8). The microdose 
study included six healthy Japanese men (Table S1). Anastrozole was dosed 
orally at 1.98 µg simultaneously with cetrozole and TDM-322 [17]. Blood samples 
were taken predose and over a 72-hour period after dosing. Anastrozole plasma 
concentrations were quantified using a validated LC-MS/MS method with a LLOQ 
of 0.2 pg/mL [17]. The accuracy and precision of this assay were not reported. 
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In the clinical dose finding study six postmenopausal women with advanced 
breast cancer were included in the study (Table S1) [18]. Patients received a single 
oral dose of 1 mg anastrozole. Blood samples were taken predose and over a 100-
hour period after dosing. Anastrozole plasma concentration were quantified with 
gas chromatography [18]. The performance of the bioanalytical method was not 
reported. The study designs and results have been described in detail elsewhere 

[17,18]. 

2.2 Software
Plasma concentrations of gemcitabine, dFdU and anastrozole were analysed 
using non-linear mixed-effects modelling software NONMEM (version 7.3, ICON 
Development Solutions, Ellicott City MD). Pirana (version 2.9.2), R (version 3.4.3) 
and Perl-speaks-NONMEM (PsN, version 5.22.4) were used for the numerical and 
visual evaluation of the model output. 

2.3 Model development 
2.3.1 Gemcitabine and 2’,2’-difluorodeoxyuridine model (dFdU)
For the structural model, 1 and 2 compartment models with linear elimination 
were tested for gemcitabine and dFdU based on previously published models 
with therapeutic dose data [21-23]. Model development of gemcitabine and dFdU 
was performed sequentially. The Laplacian estimation method and subroutine 
ADVAN13 (with TOL equals 9) were used. Full conversion of gemcitabine to dFdU 
was assumed and described with a first-order conversion rate constant. This 
assumption was made to account for the missing plasma concentrations of other 
metabolites so the renal clearance of gemcitabine would be reliably estimated. 
Residual errors were described by a proportional error model for gemcitabine 
observations above LLOQ (Equation 1), a combined error model for gemcitabine 
observations lower than LLOQ but above the limit of detection (LOD) (Equation 
2) and a combined error model for dFdU observations (Equation 2). 

𝐶𝐶!"#,%& = 	𝐶𝐶'()*,%& ∗ %1 + 𝜀𝜀'(!',%&)				                                                                                       	 (Equation 1)

𝐶𝐶!"#,%& = 	𝐶𝐶'()*,%& ∗ %1 + 𝜀𝜀'(!',%&) +	𝜀𝜀+**,%&           	 (Equation 2)

where Cobs,ij is the jth observed concentration of the ith subject, Cpred,ij the predicted 
concentration for the jth observed concentration of the ith subject, and εprop,ij 
the proportional residual error and εadd,ij the additive error both assumed to be 
distributed following N(0, σ2). 



27

Extrapolation of Phase 0 microdose trials

C
H

A
PT

ER
 1

The additive errors for gemcitabine and dFdU were fixed to half of their respective 
LLOQ to reduce overparameterisation of the model. Beal’s M3 method was used to 
handle observations below the limit of detection (<LOD) [24]. Bayesian estimation 
was used to obtained Conditional Weighted Residuals (CWRES).

2.3.2 Anastrozole model
For the structural model of anastrozole, 1 and 2 compartment models with linear 
elimination were evaluated. First order absorption and zero order absorption 
were tested to describe anastrozole absorption. Residual errors were described 
by a proportional error model (Equation 1). The first-order conditional estimation 
method with the interaction option and subroutine ADVAN4 TRANS4 were used.

2.4 Model selection and evaluation 
Model evaluation was performed throughout model building by consideration 
of the physiological and scientific plausibility, general Goodness-of-Fit (GOF), 
individual fit, precision of parameter estimates and change in objective function 
value (OFV). A decrease in OFV ≥7.879 (P < 0.005 based on χ2 distribution with one 
degree of freedom) was considered statistically significant for hierarchical models. 
Sampling Importance Resampling (SIR) was performed on the final models to 
obtain 95% confidence intervals (Cl) of the parameter estimates. Furthermore, the 
predictability of the model was evaluated with Visual Predictive Checks. 

2.5 Extrapolation to therapeutic dosing 
The final models were used for extrapolation to therapeutic pharmacokinetics 
with the therapeutic dosing regimens of gemcitabine (1250 mg/m2) and anastrozole 
(1 mg) [17]. Plasma concentrations after therapeutic dosing were simulated 1000 
times using the final microdose model. The geometric mean was calculated 
from these simulated concentrations at each time point. The geometric mean 
concentrations over time were plotted using a two-fold error margin around the 
geometric mean. A two-fold error was deemed acceptable due to its frequent 
use in allometry [8,9], and its use in the NCA evaluation of microdose studies. 
This two-fold error margin represented the acceptable discrepancy between the 
extrapolated therapeutic pharmacokinetics from a microdose and the expected 
therapeutic pharmacokinetics. The width of the error margin can be adjusted 
according to the expected or desired therapeutic window of a new drug entity. 
Since in this study, therapeutic pharmacokinetics were known, the observed 
therapeutic plasma concentrations were visually compared to the simulated 
therapeutic plasma concentrations. The fraction of observed therapeutic 
plasma concentrations within the two-fold error margin were calculated. Since 
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extrapolation rather than accurate prediction is the aim of microdose Phase 0 
studies, extrapolation to therapeutic dosing was considered adequate if 70% of 
the observed therapeutic plasma concentrations fell within the two-fold error 
margin. For anastrozole, the mean plasma concentrations were compared instead 
of the geometric means since the original publication only reported mean plasma 
concentrations. 
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3 RESULTS

3.1 Gemcitabine and 2,’2-difluorodeoxyuridine (dFdU) model 
A total of 99 gemcitabine plasma concentrations from 9 patients and 88 dFdU 
plasma concentrations from 8 patients were included in the data analysis, of 
which 7 (7.1%) were less than the LOD. Two patients were excluded from the 
original dataset. One patient was excluded due to dosing errors, receiving 1 mg 
instead of 100 µg. Another patient was excluded from the dFdU analysis due 
to exhibiting highly different dFdU pharmacokinetics. This individual caused 
CWRES to fall outside the ±4 range. 

The data were best described by a 2-compartment model for gemcitabine and a 
1-compartment model for dFdU with a first-order conversion rate constant from 
gemcitabine into dFdU and a first order elimination for dFdU. The final model 
estimates are depicted in Table 1 and GOF plots are depicted in Figure 1 and 2. 
Overall, the model adequately described the data. CWRES versus time and versus 
observations are depicted in Figures 1b and 1c for gemcitabine and Figures 2b and 
2c for dFdU respectively. CWRES showed a bias towards high concentrations 
which could not be improved with further model development. The final model 
adequately predicted the gemcitabine and dFdU concentrations over time (see 
Supplemental Figure S1 and S2). 

3.2 Anastrozole model 
A total of 66 anastrozole plasma concentrations from 6 patients were included in 
the data analysis. A 2-compartment model with linear elimination best described 
the data. The absorption phase could not be captured by first order absorption. 
Therefore, zero order absorption was modelled as zero order absorption with 
a duration of 1 hour. Estimation of the duration of the zero-order absorption 
resulted in instability of the model. The additive error was omitted because it 
was estimated to be close to zero. 

The final model estimates are depicted in Table 2. The GOF plots are depicted 
in Figure 3. Predictions versus observations were evenly distributed around the 
line of unity (Figure 3a). CWRES distribution demonstrated a small bias at low 
and higher concentrations which could not be improved with further model 
development. However, the final model predicted the data well (Figure S3). 
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Table 1. Final model parameter estimates for the gemcitabine-dFdU population 
pharmacokinetics model and naive pooled data approach. 

Final model estimate

Parameter NPD 95% CI (SIR)

Fixed effects 
Vc,dFdC (L)
Vp,dFdC (L)
QdFdC (L/min)
Cltrans (L/min)
Vc,dFdU (L)
CldFdU (L/min)

32.4
128

0.294
2.87
38.1

0.0307

26.3-39.5
67.7-218

0.202-0.422
2.42-3.38
33.7-43.3

0.0113-0.0499

Residual variability (σ2)
σ2 proportionaldFdC

σ2 additivedFdC

σ2 proportionaldFdU

σ2 additivedFdU

0.569
0.00125*

0.461
0.25*

0.481-0.715
-

0.394-0.573
-

Abbreviations: 95% CI, 95% confidence interval; BSV, between subject variability; Cltrans, 
conversion clearance from gemcitabine to 2’,2’-difluorodeoxyuridine; dFdC, gemcitabine; 
dFdU, 2’,2’ difluorodeoxyuridine; NPD, Naïve pooled data; SIR, Sampling Importance 
Resampling; Q, intercompartmental clearance; Vc, Volume of distribution of the central 
compartment; Vp, Volume of distribution of the peripheral compartment. 
*Fixed parameter

Table 2. Final model parameter estimates for the anastrozole population pharmacokinetics 
model and naïve pooled data approach. 

Final model estimate (RSE%)

Parameter NPD 95% CI SIR

Fixed effects
Vc (L)
Vp (L)
Cl (L/h)
Q (L/h)
F
D2

4.52
79.5
1.57
139
1*
1*

0.43-9.62
71.6-87.1
1.44-1.72
109-177

-
-

Residual variability (σ2)
σ2 proportional
σ2 additve

0.0428 
0*

0.0309-0.0633
-

Abbreviations: 95% CI, 95% confidence interval; BSV, between subject variability; 
Cl, clearance; D2, duration of dosing in the dosing compartment (= compartment 2); 
F, bioavailability; NPD, naïve pooled data; SIR, Sampling Importance Resampling; Q, 
intercompartmental clearance; Vc, central volume of distribution; Vp; peripheral volume 
of distribution. 
*Fixed parameter.
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3.3 Extrapolation to therapeutic dosing. 
Therapeutic plasma concentrations of gemcitabine, dFdU, and anastrozole were 
extrapolated with the models described above. The geometric mean of the 
extrapolated therapeutic plasma concentrations is depicted with the observed 
therapeutic plasma concentrations in Figure 4. 

Therapeutic pharmacokinetics of gemcitabine are depicted in Figure 4a. Visual 
comparison indicated that the extrapolated therapeutic pharmacokinetics from a 
microdose underestimated the initial distribution phase and largely overestimated 
the terminal elimination phase. This is confirmed by the numerical comparison: 
the fractions of the therapeutic observations within the two-fold error margin of 
the geometric mean were 75-100% between 9.39 and 50.5 minutes after infusion 
and 0-50% between 50.5 minutes and 10 h after infusion (see Table S2).

The simulated therapeutic pharmacokinetics of gemcitabine would possibly 
underestimate a recommended dose for Phase I studies due to overestimation 
of the terminal elimination phase. However, the range of concentrations were 
similar between extrapolated and observed pharmacokinetics. 

The simulated and observed therapeutic pharmacokinetics of dFdU are depicted 
in Figure 4b. Comparing the extrapolated concentrations and the observed 
concentrations visually revealed a major difference in pharmacokinetic 
profile. Therefore, a microdose of gemcitabine is not predictable of therapeutic 
dFdU pharmacokinetics and would potentially result in misguided dose 
recommendations for phase I studies. However, the numerical comparison 
indicated good predictability with 70-100% of the observed concentrations within 
two-fold of the geometric mean between 9.39 minutes and 3 hours after infusions 
(see Table S2). This discrepancy between visual and numerical comparison 
demonstrates the importance of visual comparison. 

The therapeutic data of anastrozole is depicted as a mean with a standard 
deviation (Figure 4c). Extrapolated therapeutic pharmacokinetics showed a similar 
pharmacokinetic profile compared to observed therapeutic pharmacokinetics 
indicating good predictability. This was supported with numerical comparison: 
All mean observed concentrations were within two-fold of the extrapolated 
mean concentration. Continuing, the standard deviations of ten out of eleven 
concentration-time points also fell within two-fold of the extrapolated mean 
concentration. While the last observation (Clast) differentiated most from the 
extrapolated mean concentration, the numerical differences were relatively small 
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between the extrapolated and observed therapeutic plasma concentrations for Clast 
(2.0 vs. 4.1 µg/L, respectively). From Figure 4c it was concluded that extrapolated 
therapeutic anastrozole concentrations based on microdose pharmacokinetic 
model would be informative for dose recommendations for phase I clinical trials. 
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Figure 1. Diagnostic plots for the final naïve pooled data modeling approach of gemcitabine. 
a, Observations vs populations predictions. b,c Conditional Weighted Residuals (CWRES) 
vs observations and time after dose, respectively. The black dashed line depicts the trend 
in the data. 



34

Chapter 1

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5
Population prediction (μg/L)

O
bs

er
va

tio
ns

 (μ
g/

L)

a

−4

−3

−2

−1

0

1

2

3

4

0 1 2 3 4 5 6 7 8 9
Observations (μg/L)

C
on

di
tio

na
l W

ei
gh

te
d 

R
es

id
ua

ls
 

 (C
W

R
ES

)

b

−5

−4

−3

−2

−1

0

1

2

3

4

5

0 1 2 3 4 5 6 7 8
Time (hours)

C
on

di
tio

na
l W

ei
gh

te
d 

R
es

id
ua

ls
 

 (C
W

R
ES

)

c

Figure 2. Diagnostic plots for the final naïve pooled data modeling approach of 
2′,2′-difluorodeoxyuridine. a, Observations vs populations predictions. b,c Conditional 
Weighted Residuals (CWRES) vs observations and time after dose, respectively. The black 
dashed line depicts the trend in the data. 
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Figure 3. Diagnostic plots for the final naïve pooled data modeling approach of anastrozole. 
a, Observations vs populations predictions. b,c Conditional Weighted Residuals (CWRES) 
vs observations and time after first dose, respectively. The black dashed line depicts the 
trend in the data. 
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Figure 4. The Visual Predictive Checks of the microdose models: a, gemcitabine. b, 
2′,2′-difluorodeoxyuridine. c, anastrozole. The Visual Predictive Checks were achieved by 
simulating (n = 1000) the therapeutic doses 1,250 mg/m2 (IV) for gemcitabine and 1 mg for 
anastrozole (oral), using the final NPD pharmacokinetic models. The gray area is the two-
fold range around the geometric mean for gemcitabine and 2′,2′-difluorodeoxyuridine 
and the mean for anastrozole of the extrapolated concentrations. The dots represent the 
observed therapeutic concentrations. 
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4 DISCUSSION

This study demonstrated the feasibility of using an NPD modelling approach 
for extrapolation of a microdose to therapeutic dosing. Pharmacokinetic models 
using the NPD approach were developed for gemcitabine, dFdU and anastrozole 
based on microdose data. These microdose pharmacokinetic models were 
used to extrapolate plasma concentrations over time after administration of 
the therapeutic dose currently used in the clinic. Because therapeutic plasma 
concentrations were available, the observed therapeutic plasma concentrations 
were visually compared to the extrapolated therapeutic plasma concentrations. 
Extrapolation of the microdose models to therapeutic doses demonstrated that 
the simulated therapeutic plasma concentrations fell within similar ranges 
to the observed therapeutic plasma concentrations. Although the predictive 
performance of microdose pharmacokinetics might not be perfect, the similar 
range of predicted plasma concentrations and observed plasma concentrations 
demonstrated the suitability of microdose studies to acquire early knowledge 
about in vivo exposure. However, possible discrepancies between the predicted 
therapeutic pharmacokinetics and the observed therapeutic pharmacokinetics 
should be taken into account when microdose studies are used to inform 
therapeutic doses for Phase I clinical trials. Figure 4 depicts differences in the 
shape of the pharmacokinetic curve for gemcitabine and dFdU between the 
extrapolated concentrations and observed concentrations. These discrepancies 
could misinform therapeutic dose recommendations. The possible discrepancies 
could be taken into account by the error margin, visualising a predefined 
acceptable error between the extrapolated therapeutic pharmacokinetics 
and observed therapeutic pharmacokinetics. Based on the extrapolated 
therapeutic pharmacokinetics and the predefined error margin, therapeutic dose 
recommendations for Phase I clinical studies can be defined. 

The results from the NPD modelling approach were not fully in accordance 
with the previously published evaluation of gemcitabine, dFdU and anastrozole 
microdose predictability based on NCA (see Table 3) [11,16]. The gemcitabine 
Phase 0 microdose reported predictability for the gemcitabine pharmacokinetic 
metrics AUC0-8, AUCinf, maximum concentration (Cmax) and Cl, whereas 
elimination rate constant, terminal half-life (t1/2) and volume of distribution fell 
outside the two-fold. In addition, the NPD modelling approach demonstrated a 
difference in shape of the pharmacokinetics profile between the microdose and 
therapeutic dose despite having similar AUC-values. This non-linearity has been 
attributed to the saturation of the nucleoside uptake transporter (hENT1), cytidine 
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deaminase (CDA) and deoxycytidine kinase (dCK) [16]. CDA is responsible for 
the rapid and extensive metabolism of gemcitabine to dFdU in plasma, liver, 
kidneys and other tissues [25] whereas dCK is the rate-limiting enzyme for the 
phosphorylation of gemcitabine to its nucleotide analogs (see Figure S4) [26]. 
Saturation of hENT1 is supported by intracellular data [16]. Saturation of cellular 
uptake and intracellular phosphorylation of gemcitabine might be an explanation 
of the difference seen in dFdU elimination between microdose and therapeutic 
dose (Figure 4b). At therapeutic doses, saturation would result in increased 
availability of gemcitabine for metabolism to dFdU by CDA in the liver and other 
tissues, whereas at microdose level the in part reversible phosphorylation could 
result a balance between gemcitabine phosphorylation and dFdU formation 

[26,27]. For anastrozole, extrapolation of microdose pharmacokinetics described 
the therapeutic pharmacokinetics well [11]. The dose-normalised AUC of the 
microdose and therapeutic dose (16.8 and 10.4 ng*h/mL, respectively) met the 
two-fold criterion [17,18]. This study showed in addition that the shape of the 
anastrozole pharmacokinetic curve as well as the individual concentration-time 
points were adequately predicted by the NPD modelling approach. 

The aim of microdose Phase 0 studies is to obtain knowledge of in vivo human 
pharmacokinetics prior to Phase I clinical trials. Information obtained from 
these microdose Phase 0 studies could be used for decision making during 
further drug development. The NPD modelling approach presented here has 
several advantages compared to NCA. First, the NPD modelling approach allows 
the possibility to apply and to evaluate more complex and physiologically 
relevant models (e.g., multiple compartment models) and thereby improving the 
extrapolation to therapeutic pharmacokinetics compared to NCA. Secondly, the 
visual evaluation allows the simultaneous assessment of the extrapolation of 
individual concentration-time points and the shape of the pharmacokinetic curve 
(comparison between (geometric) mean of the therapeutic concentrations and 
the extrapolated therapeutic concentrations). Visual comparison is important 
since two different pharmacokinetic profiles can lead to an equivalent AUC but 
nevertheless result in differences in target attainment. Furthermore, a numerical 
comparison can be made by calculating the fraction of therapeutic observations 
within the prior determined error margin (e.g., two-fold error margin) which can 
be dependent on the therapeutic window of the drug. Additionally, numerical 
evaluation of the NPD modelling approach is also possible by performing a 
numerical predictive check. Lastly, NCA assumes mono-exponential linear 
elimination for the extrapolation of the AUC to infinity and subsequent calculation 
of clearance [16]. This assumption holds for drugs with biphasic elimination 
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(such as gemcitabine or anastrozole) when there are enough observations in 
the terminal elimination phase. However, it might be a limitation during early 
drug development when in vivo human pharmacokinetics is unknown, and the 
terminal elimination phase has not been captured. A direct comparison of the 
NCA-method and the NPD modelling approach is shown in Table 3. 

Table 3. Direct comparison between the non-compartmental analysis method and the 
naïve pooled data modelling approach. 

Method
NCA NPD

Criterion PK metrics 
± two-fold#

≥70% of 
observations 
within two-fold 
error margin$

Similar 
trend 
in PK

Compound
Gemcitabine Yes16,¥ No No

dFdU Yes16 Yes No

Anastrozole Yes11 Yes Yes

Characteristics
Simplicity Good Moderate 

Evaluation of physiologically relevant models Not possible Possible

Visual evaluation Possible Possible

Numerical comparison Not possible Possible 

Assumes mono-exponential linear elimination Yes No 

Application for clinical trial simulation Not possible Possible 

Abbreviations: dFdU, 2’,2’ difluorodeoxyuridine; NCA, Non-compartmental analysis; NPD, 
Naïve Pooled Data; PK, pharmacokinetics. 
# The extrapolation of the microdose to therapeutic pharmacokinetics was considered good 
when the dose-normalised pharmacokinetic metrics of the microdose and therapeutic 
dose fell within two-fold of each other. 
$ The extrapolation to the microdose to therapeutic dosing was considered adequate if 
70% of the observed therapeutic plasma concentrations fell within the two-fold error 
margin.
¥ Area-Under-the-Concentration-Time Curve (AUC) from zero to 8 hours, AUC extrapolated 
to infinity, maximum concentration, and clearance met the two-fold criterion while 
elimination rate constant, half-life, and volume of distribution did not [16]

The major advantage of the NPD modelling approach compared to NCA is its 
ability to extrapolate different therapeutic doses. The different therapeutic doses 
could be compared in their exposure but also in attainment of a desired target 
(e.g., time above or below a desired threshold concentration). Visualisations of 
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the extrapolated pharmacokinetics of different therapeutic doses with a relevant 
error margin (e.g., a two-fold error margin as used here) could be used in decision 
making to define the start dose of a future Phase I clinical trial. Furthermore, 
Figure 4 depicts a similar range between the extrapolated concentrations and 
the observed concentrations. While the exact pharmacokinetic profile is not 
always captured by the extrapolation, the extrapolations based on microdose 
pharmacokinetics were indicative for the anticipated range of exposure. Therefore, 
microdose Phase 0 trials have the potential to reduce the number of dose levels 
in Phase I clinical trials. 

In addition to the here presented NPD modelling approach, a full population 
pharmacokinetic model could also be used to evaluate microdose predictability. 
An NPD modelling approach might be more appropriate for microdose studies for 
two reasons. First, the aim of Phase 0 microdose studies is a quick assessment 
of the human pharmacokinetics of a new drug entity [5]. Estimation of between 
subject variability and/or explanation of variability in pharmacokinetics might 
be more relevant in later stages of drug development, when larger and more 
heterogeneous populations are being exposed to the drug. Second, microdose 
Phase 0 studies typically consist of a very small study population (mostly <10 
subjects) [28]. Due to the small sample size, the final datasets of these microdose 
Phase 0 studies are modest in size increasing the risk of overparameterization. 
Furthermore, estimated between-subject variability in these studies might not 
be an accurate representation of true between-subject variability in a larger 
patient population. Therefore, it could result in unreliable extrapolation towards 
therapeutic dosing. A possible next step could be the combination of PBPK 
modelling and microdosing [28]. Preclinical data (e.g., in vitro enzyme/transporter 
kinetics studies) could be used to develop a PBPK model for the new drug entity, 
while in vivo human pharmacokinetic data from a microdose study could be used 
to optimise the model. This method could potentially improve the microdose 
predictability for drugs with complex pharmacokinetics like gemcitabine and 
metabolites. However, drugs with pharmacokinetic behaviour less dependent 
on complex enzyme or transporters systems (e.g., anastrozole) may be well 
extrapolated with the NPD modelling approach. 
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5 CONCLUSION

This study demonstrated the use and feasibility of an NPD modelling approach for 
the evaluation and application of microdose studies in early drug development. The 
method was shown to adequately describe microdose pharmacokinetics and the 
extrapolation to therapeutic dosing was informative for the therapeutic exposure. 
Furthermore, the method allows visual comparison between extrapolated 
microdose pharmacokinetics and therapeutic pharmacokinetics. This method 
can further be adjusted to the specific characteristics and requirements of a new 
drug entity. 
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SUPPLEMENTARY MATERIAL 

Supplementary Figure S1. Visual predictive check of the gemcitabine microdose model. 
Due to the large range in plasma concentrations a zoomed time interval of 1-8 hours 
after dosing has been added to the figure. Black dots are the observations, black line is 
the median of the observations, black dashed lines are the 2.5th and 97.5th percentiles 
of the observed data, blue shaded areas are the 95th confidence intervals for the 2.5th 
percentile and the 97.5th percentile of the simulated data, pink shaded area is the 95th 
confidence interval for the median of the simulated data. 
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Supplementary Figure S2. Visual predictive check of the 2′,2′-difluorodeoxyuridine 
microdose model. Black dots are the observations, black line is the median of the 
observations, black dashed lines are the 2.5th and 97.5th percentiles of the observed 
data, blue shaded areas are the 95th confidence intervals for the 2.5th percentile and the 
97.5th percentile of the simulated data, pink shaded area is the 95th confidence interval 
for the median of the simulated data.
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Supplementary Figure S3. Visual predictive check of the anastrozole microdose model. 
Black dots are the observations, black line is the median of the observations, black dashed 
lines are the 2.5th and 97.5th percentiles of the observed data, blue shaded areas are 
the 95th confidence intervals for the 2.5th percentile and the 97.5th percentile of the 
simulated data, pink shaded area is the 95th confidence interval for the median of the 
simulated data.

Nucleotide analogs

hENT1 dFdCdFdC

dFdU

dFdCMP dFdCDP dFdCTP

CDA

dCK

Supplementary Figure S4. Simplified schematic overview of the uptake and metabolism of 
gemcitabine. Gemcitabine (dFdC) is transported over the cell membrane by the nucleoside 
transporter (hENT1). Intracellularly dFdC is phosphorylated by deoxycytidine (dCK) into 
the monophosphate metabolite (dFdCMP)) which can be further converted into the 
active diphosphate (dFdCDP) and triphosphate metabolites (dFdCTP). These phosphate 
metabolites are the nucleotide analogs. dFdC is metabolised by cytidine deaminase (CDA) 
to 2,’2-difluorodeoxyuridine (dFdU) [26,26]. 
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Supplementary Table S1. Subject demographic characteristics [16-18]. 

Subject characteristics Gemcitabine 
microdose 

Phase 0

Anastrozole 
microdose 

Anastrozole 
clinical dose 

finding 
Total number of patients 9 6 6

Gender 

Male 5 6 -

Female 4 - 6

Age, median (range) or ± SD, years 66 (48-73) 30.2 ± 8.3 64.2 ± 6.7 

Subject type Patients with 
solid tumours

Healthy 
volunteers

Advanced breast 
cancer patients 

Abbreviation: SD = standard deviation. 

Supplementary Table S2. Fraction of the observed therapeutic plasma concentrations 
within two-fold of the extrapolated geometric mean over time. 
Time bin (minutes) Fraction within two-fold of the geometric mean (%)

Gemcitabine dFdU
9.39-23.5 100.0 100.0

23.5-38.5 100.0 100.0

38.5-50.5 75.0 100.0

50.5-68 25.0 100.0

68-75.5 16.7 100.0

75.5-89.5 0.00 100.0

89.5-98.5 12.5 100.0

98.5-113 50.0 70.0

180-360 0.0 20.0

360-602 0.0 0.0

Mean 38.0 75.0

Abbreviation: dFdU = 2’,2’ difluorodeox
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ABSTRACT

A liquid chromatography tandem mass spectrometry (LC-MS/MS) method for 
the quantification of 2H6-alectinib and alectinib was developed and validated for 
the support of a pilot microtracer food-effect trial. The aim of the bioanalytical 
method was the simultaneous quantification of low 2H6-alectinib concentrations 
and high alectinib concentrations that are present in study samples, using a 
single sample pretreatment and analysis method. Sample preparation consisted 
of liquid-liquid extraction with tert-butyl methyl ether (TBME). The final extract 
was injected on a C18 column (1.7 µm particles, 50 x 2.1 mm ID) with gradient 
elution. A triple quadruple mass spectrometer operating in positive method was 
used for detection and quantification. The validated concentration ranges were 
from 5 to 400 pg/mL for 2H6-alectinib and from 25 to 2,000 ng/mL for alectinib. 
The bias was within ±3.5% and ±5.1% and precisions ≤ 5.7% and ≤1.9% for 2H6-
alectinib and alectinib, respectively. By correcting for the interference of natural 
abundant isotopes of alectinib, 2H6-alectinib plasma concentrations between 1 
and 5 pg/mL could be quantified, with bias was within ±15.9% and precision 
≤12.5% in the presence of 400 ng/mL or 800 ng/mL alectinib. The method will 
be used to quantify 2H6-alectinib and alectinib plasma concentrations in patients 
participating in a pilot microtracer food-effect study. 
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1 INTRODUCTION

Food-effect studies are an important part of clinical drug development for orally 
dosed drugs [1]. The aim of these studies is to determine the influence of co-
administration of food on the pharmacokinetics of the investigational drug. 
The traditional study design is a randomized, balanced, two-treatment (fed vs. 
fasting), two-sequence cross-over design with a single dose administration in 
healthy volunteers [1, 2]. For potentially toxic compounds (e.g., anticancer drugs 
[1-3]), the traditional study design could give rise to safety concerns. In these 
situations, a study in patients could be considered [1-3]. However, the traditional 
study design has its disadvantages for toxic drugs with relative long half-lives. 
Due to the long wash-out period (five-times the half-life) after the single dose 
administrations under both fed and fasted conditions, start of treatment is 
delayed for several days to weeks until after the food-effect study, which can be 
undesirable. An alternative would be to study the food-effect under steady-state 
pharmacokinetics. This design would substantially increase the patient burden of 
the study since patients need to adhere to the food-intervention until steady-state 
of the investigational drug is reached (five-times the half-life). 

There is a need to reduce the patient burden of food-effect studies for toxic 
drugs with long half-lives, and thereby increase the feasibility of these studies. 
Microtracers (a stable isotopically labelled drug) could be used to determine the 
food-effect under steady-state pharmacokinetics of the desired drug. Microtracers 
are dosed at microgram level (max. 100 μg) and have been used for the 
determination of absolute bioavailability [4]. Co-administration of a microtracer 
with the therapeutic dose would allow the determination of the food-effect on 
the pharmacokinetics of the microtracer while the treatment of the patient is not 
interrupted. 

A pilot study to demonstrate the feasibility of microtracer food-effect studies was 
designed with 2H6-alectinib as the microtracer and alectinib as the therapeutic 
drug. Alectinib is a tyrosine kinase inhibitor (TKI) targeting anaplastic lymphoma 
kinase (ALK) and is registered for the treatment of non-small cell lung cancer 
(NSCLC) [5]. The half-life of alectinib is approximately 32 hours [6]. To support 
the pilot microtacer food-effect study, an ultra-sensitive bioanalytical method of 
2H6-alectinib and alectinib in human plasma was developed. While previously 
accelerated mass spectrometry (AMS) was necessary to measure drug 
concentration within the pg/mL range, recent advances within the bioanalytical 
field made it possible to quantify increasingly lower drug concentrations with 
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liquid-chromatography tandem mass spectrometry (LC-MS/MS) [7]. Compared 
to AMS, LC-MS/MS methods are independent of radioactive labelled compounds. 
Therefore, LC-MS/MS was chosen for the current bioanalytical method. 
Previously published methods for the quantification of alectinib were designed 
for therapeutic drug monitoring (TDM) [8-11]. Our TDM method [10] has a lower 
limit of quantitation (LLOQ) of 10 ng/mL and we had to increase the sensitivity 
with a factor of at least 2000 (target LLOQ of 1 to 5 pg/mL) to enable analysis of 
the patient samples with plasma microtracer. In addition, the method should be 
able to quantify these low levels of 2H6-alectinib in the presence of high levels of 
alectinib (≥400 ng/mL), a concentration ratio of ≥1:80000. Here we describe the 
development and validation of this ultra-sensitive LC-MS/MS method. 
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2 METHODS 

2.1 Chemicals 
2H6-alectinib was obtained from Clearsynth (Mumbai, India). Alectinib and 2H8-
alectnib (internal standard) were purchased from Alsachim (Graffenstaden, 
France). Acetonitrile, methanol, formic acid, tert-butyl methyl ether (TBME), 
isopropyl alcohol (IPA), and water (all ULC-MS grade) were acquired from Biosolve 
(Valkenswaard, the Netherlands). Dimethyl sulfoxide (DMSO) was purchased 
from Merck (Darmstadt, Germany). Potassium ethylenediaminetetraacetic acid 
(K2EDTA) human plasma from healthy volunteers was supplied by Bioreclamation 
Inc. (Westbury, New York, USA). 

2.2 Stocks and working solutions 
Stock solutions for both 2H6-alectinib and alectinib were prepared at a concentration 
of 0.5 mg/mL in DMSO. Stock solutions were diluted with methanol to obtain the 
concentration range of the working solutions of the calibration standards (250-
20,000 pg/mL for 2H6-alectinib and 1250-100,000 ng/mL for alectinib). Working 
solutions for the quality control (QC) samples were prepared in methanol at 
concentration level 250, 750, 2500, and 15,000 pg/mL for 2H6-alectinib and 1250, 
3750, 15,000, and 75,000 ng/mL for alectinib. All working solutions were stored 
at -20 ºC. 

2.3 Internal standard 
Stock solution of 2H8-alectinib was prepared at a concentration of 1 mg/mL in 
DMSO. The stock solution was diluted up to a concentration of 5 ng/mL with 
methanol. 

2.4 Calibration standards and quality control samples
The working solutions for both analytes were diluted 50-times with K2EDTA 

plasma to obtain calibration standards over a concentration range of 5-400 pg/mL 
for 2H6-alectinib and 25-2,000 ng/mL for alectinib, respectively. The QC samples 
were obtained by diluting the working solutions 50-times with K2EDTA human 
plasma. The concentration levels were 5 pg/mL (lower limit of quantification; 
LLOQ), 15 pg/mL (Low), 50 pg/mL (Mid), and 300 pg/mL (High) for 2H6-alectinib 
and 25 ng/mL (LLOQ), 75 ng/mL (Low), 300 ng/mL (Mid), and 1500 ng/mL (High) 
for alectinib. All calibration standards and QC samples were stored at -20 ºC.
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2.5 Sample preparation
Plasma aliquots of 200 µL were spiked with 20 µL internal standard except the 
double blank sample. Liquid-liquid extraction was performed by adding 1 mL 
TBME to each sample. All samples were mixed in an automatic shaker for 5 
minutes at 1250 rpm prior to centrifuging (14,000 rpm for 5 minutes). All samples 
were snap frozen in an ethanol/dry ice bath prior to evaporation under a gentle 
stream of nitrogen (40 ºC). The samples were reconstituted with 100 µL formic 
acid-acetonitrile-methanol-water (0.1:25:25:50, v/v/v/v). After reconstitution, the 
samples were mixed in an automatic shaker for 5 minutes at 1250 rpm prior to 
centrifuging (14,000 rpm for 5 minutes). Lastly, 65 µL for the supernatant was 
transferred to vials with inserts for analysis. 

2.6 Liquid chromatography equipment and conditions
An UPLC pump 1290 Infinity II (Agilent, Santa Clara, CA, USA) was used in 
combination with a UPLC autosampler 1290 Infinity II (Agilent, Santa Clara, CA, 
USA) and a column oven 1290 Infinity II (Agilent, Santa Clara, USA). Purge and 
wash solvent consisted of water-IPA (90:10, v/v). The injection volume was 5 µL. 
Gradient elution with an Acquity BEH C18 column (1.7 µm, 2.1 X 50 mm) was 
used for separation. Eluent A was 0.1% formic acid in water (v/v) and eluent B 
formic acid-acetonitrile-methanol (0.1:50:50, v/v/v). The gradient started at 45% 
B (0.00-2.00 min) and increased to 100% B (2.00-2.01 min), remained constant 
at 100% B (2.01-2.50 min), decreased to 45% B (2.50-2.51 min) and equilibrated 
at 45% B (2.51-3.00 min). 

2.7 Mass spectrometry equipment and conditions
A Triple Quad 6500+ mass spectrometer (Sciex, Frammingham, USA) was used 
for quantification. The system was operating in the positive mode and multiple 
reaction monitoring (MRM) was used for quantification. The mass transitions of 
m/z 485.3 → 396.2 for alectinib [M+2], m/z 489.3 → 402.3 for 2H6-alectinib, and 
m/z 491.3 → 396.3 for 2H8-alectinib were used for quantification. The proposed 
fragmentation pattern is visualized in Figure 1. MS operating parameters are 
depicted in Table 1. Data acquisition and processing were executed with AnalystTM 
software (Sciex, version 1.7.2.). 

2.8 Validation procedures 
2.8.1 Calibration model and lower limit of quantification
Eight non-zero calibration standards were measured in three separate runs. 
The concentration range of the calibration standards were from 5 to 400 pg/
mL for 2H6-alectinib and 25-2,000 ng/mL for alectinib. Linear regression was 
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applied to the area peak ratio of the analytes and the internal standard versus the 
nominal concentration (x) with a weighting factor of 1/x2. For 2H6-alectinib, two 
additional calibration levels of 1 and 2 pg/mL were included (<LLOQ1 and <LLOQ2, 
respectively) in the linear regression to enable quantification of concentrations 
below 5 pg/mL. The measured concentration of at least 75% of the non-zero 
calibration standard had to be ±15% (±20% for LLOQ) of the nominal concentration 
[12, 13]. The LLOQ had to have a signal-to-noise ratio of ≥5:1 [12, 13].
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Figure 1. Chemical structures of 2H6-alectinib (A) and alectinib (B) including the proposed 
fragmentation. The position of the deuterium labelling is indicated with the letter D. 

Table 1. Above: general mass spectrometric parameters. Below: Analyte specific mass 
spectrometric parameters for alectinib, 2H6-alectinib and 2H8-alectinib. 

Mass-spectrometer

Run duration 3 min

Ionspray voltage 5500 V

Nebuliser gas 40 au

Polarity Positive

Turbo gas/heater gas 50 au

Curtain gas 30 au

Collision gas 9 au

Temperature 550 ºC

Alectinib [M+2] 2H6-alectinib 2H8-alectinib

MRM (m/z) 485.3 → 396.2 489.3 → 402.3 491.3 → 396.3

Collison energy (V) 35 37 35

Collision exit potential (V) 24 24 24

Declustering potential (V) 61 86 61

Entrace potential (V) 10 10 10

Dwell time (msec) 50 50 50



58

Chapter 2

2.8.2 Accuracy and precision 
Five replicates of the QC samples at LLOQ, Low, Mid, and High concentrations 
levels for both analytes were prepared for three separate runs. The 
concentration levels for 2H6-alectinib were 5 pg/mL (LLOQ), 15 pg/mL (Low), 50 
pg/mL (Mid), and 300 pg/mL (High) while the concentration levels for alectinib 
were 25 ng/mL (LLOQ), 75 ng/mL (Low), 300 ng/mL (Mid), and 1,500 ng/mL 
(High). Calibration standards prepared and analysed in the same analytical 
run were used for the calculation of the concentrations of the QC samples. 
Accuracy was defined as the bias of the measured concentration from the 
nominal concentration. Precision was defined as the coefficient of variation 
(CV%) of the measured concentrations. Inter-assay bias was specified as the 
bias of the mean measured concentrations per analytical run compared to 
the nominal concentration, while inter-assay precision was calculated with 
one-way ANOVA. The acceptance criteria were ±15% for accuracy (±20% for 
LLOQ) and ≤15% for precision (≤20% for LLOQ) [12, 13].

2.8.3 Carry-over
Carry-over was determined by injecting two double blank samples directly 
after the upper limited of quantification (ULOQ). The ULOQ was 400 pg/mL 
and 2,000 ng/mL for 2H6-alectinib and alectinib, respectively. The peak area 
at the retention time of both analytes and the internal standard in the double 
blank was compared to the mean area of the analyte and internal standard in 
five replicates of LLOQ samples. The peak area in the double should be ≤20% 
for the analytes and ≤5% for the internal standard [12, 13].

2.8.4 Specificity and selectivity
Endogenous interference was investigated in six batches of control K2EDTA 
plasma double blank samples (without internal standard) that were spiked 
at LLOQ and <LLOQ1 concentration level. The LLOQ was 5 pg/mL for 2H6-
alectinib, 25 ng/mL for alectinib and <LLOQ1 was 1 pg/mL for 2H6-alectinib. 
Co-eluting peaks at the retention time of the analyte and the internal standard 
from endogenous interference were evaluated in the double blank samples 
and compared to the peaks in the LLOQ and <LLOQ1 samples. Peak present 
at the retention time of the analytes should be ≤20% and ≤5% for the internal 
standard [12, 13]. 

Cross analyte/internal standard interference was determined by spiking the 
analytes and the internal standard separately to control K2EDTA human plasma. 
Analytes were spiked at ULOQ level (400 pg/mL for 2H6-alectinib and 2,000 ng/mL  
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for alectinib) while the internal standard was spiked at the concentration level 
used in the bioanalytical method. Interference at the retention times of the 
analytes and the internal was evaluated and compared to the peak area of the 
LLOQ samples. Cross analyte/internal standard interference was acceptable 
when ≤5% of the analytes and ≤20% for the internal standard [12, 13]. 

2.8.5 Matrix factor and recovery
Matrix factor was determined by spiking six batches of control human plasma 
at Low and High concentrations for both analytes. The Low concentration level 
was 15 pg/mL and 75 ng/mL and the High concentration level was 300 pg/
mL and 1500 pg/mL for 2H6-alectinib and alectinib, respectively. The absolute 
matrix factor was calculated as the analyte or internal standard peak area 
in matrix present samples compared to matrix absent samples. The internal 
standard-normalised matrix factor was calculated by dividing the absolute 
matrix effect of the analyte with the internal standard, of which the CV% 
should be ≤ 15% [12, 13].

2.8.6 Isotopic interference correction 
The validated calibration range was limited by increasingly high CV% for 2H6-
alectinib concentrations below 5 pg/mL, mainly due to expected increasing 
isotopic interference below this level. The relative isotope interference from 
alectinib (at clinically relevant steady state concentrations) to 2H6-alectinib 
increased with decreasing 2H6-alectinib concentrations. It was investigated 
whether quantification below the LLOQ of 5 pg/mL to a concentration level of 
1 pg/mL for 2H6-alectinib was feasible by correcting these low concentrations 
for the interference of natural abundant isotopes originating from alectinib. A 
concentration range of 1 to 10 pg/mL of 2H6-alectinib was prepared in human 
K2EDTA plasma. All samples including one blank sample were spiked with 
800 ng/mL alectinib, representing the steady-state alectinib concentration 
in patient samples. Samples were processed as described in 2.5 Sample 
preparation. 

Four methods for isotope interference correction were investigated. The 
first method determined the corrected 2H6-alectinib concentration (Cc) by 
subtracting the concentration determined in the transition window of 2H6-
alectinib for the blank sample (Cb; containing 800 ng/mL alectinib) from 
the concentration in the same transition window for the patient sample (Cp; 
Equation 1). The second method calculated the Cc by subtracting the area ratio 
of 2H6-alectinib and internal standard in the blank sample (ARb) from the area 
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ratio of 2H6-alectinib and internal standard in the patient sample (ARp; Equation 
2). The third method calculated Cc by multiplying the difference in ARp and ARb 
with the ratio of alectinib area in the patient sample (AREAALN,p) and the blank 
sample (AREAALN,b; Equation 3). Lastly, in the fourth method the contribution 
(F) of the interfering natural abundant isotopes originating from alectinib was 
calculated based on the signal area in the transition window of 2H6-alectinib 
and this area was then subtracted from the signal area of 2H6-alectinib in the 
patient sample (AREAALN6,p). Subsequently the corrected AREAALN6,p is used to 
determine the Cc (Equation 4). This correction factor F represents the average 
ratio of the response in the transition windows of 2H6-alectinib- and alectinib 
in samples containing only alectinib. Correction factor F was calculated based 
on a sample containing only 800 ng/mL alectinib which was injected 10 times. 

𝐶𝐶! = 	𝐶𝐶" −	𝐶𝐶#                                                                                                                           	 (Equation 1)

𝐶𝐶! =
"#$!%	#$"'%()*+,!+-*

./0-+
                                                                                                           	 (Equation 2)

𝐶𝐶! = 	
"
!"#!!$%,'
!"#!!$%,(

#×%&''(	&'(*(+,-./!.0-

1230.
                                                                                       	 (Equation 3)

𝐶𝐶! =
"#

!"#!!$%&,()*!"#!!$%,(×	-.
!"#!/0,(

$%&'()*!)+(,

-./+)
                                                                              	 (Equation 4)

In which AREAIS,p is the signal area of the internal standard in the patient 
sample, intercept is the intercept of the calibration model for 2H6-alectinib, and 
slope is the slope of the calibration model of 2H6-alectinib. 

The verification of interference correction was executed by spiking six 
batches of control K2EDTA human plasma with both 400 ng/mL and 800 ng/
mL alectinib in duplicate. The two alectinib concentration levels represent 
two different steady-state levels of alectinib based on the target trough level 
recommended for therapeutic drug monitoring [14]. One of each sample in the 
duplicate was spiked with 1 pg/mL 2H6-alectinib (<LLOQ1). The 2H6-alectinib 
concentrations were corrected with the above-described methods. 

2.8.7 Stability
Stability of both analytes in several conditions was investigated. The freeze/
thaw stability was investigated by letting the samples undergo three freeze/
thaw cycles. Thawing was performed unassisted at ambient temperature 
and the time between thawing and freezing was at least 12 hours. Short-
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term stability at ambient temperature was investigated by storing samples 
at ambient temperature for at least 48 hours. Final extract stability was 
determined by storing processed samples at nominally 4 ºC for at least 48 
hours before analysis. Stability of both analytes in human K2EDTA plasma 
and working solutions established by storing both samples at nominally -20 
ºC. All stability experiments were executed in triplicate for Low and High 
concentration levels. 
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3 RESULTS

3.1 Development 
3.1.1 Sample preparation 
A previously published method for the quantification of alectinib and eight other 
oral anticancer drugs was used as a starting point for method development [11]. 
This bioanalytical method used protein precipitation as a sample preparation 
method resulting in satisfactory sensitivity for therapeutic drug monitoring 
samples. However, the current method needed to have an ultra-high sensitivity 
with an increase in sensitivity of 2000-fold to be able to quantify 2H6-alectinib 
concentration within the pg/mL range. Therefore, the sample preparation method 
was changed to liquid-liquid extraction with TBME, which resulted in a cleaner 
extract and lower noise. A concentration step was included by snap freezing 
the samples, evaporating the TBME with nitrogen (40 ºC) and reconstituting the 
samples with 100 µL formic acid-acetonitrile-methanol-water (0.1:25:25:50, v/v/
v/v) resulting in a two-fold increase in concentration. This sample preparation 
method resulted in sufficient recovery to quantify 2H6-alectinib concentration as 
low as 1 pg/mL. 

3.1.2 Chromatography and mass spectrometry
The chromatography was optimised for 2H6-alectinib from the previously 
published method [11]. First, ammonium bicarbonate in the mobile phase was 
switched to 0.1% formic acid to account for the basic characteristics of alectinib. 
This change in eluent resulted in an improved peak shape for both 2H6-alectinib 
and alectinib. A shorter column was used in comparison to the published 
method (50 mm vs 100 mm) to shorten the run time and decrease the pressure 
of the system. Furthermore, an injection volume of 1 and 2 µL were too small 
to achieve the desired <LLOQ of 1 pg/mL. Increasing the injection volume to 
5 µL resulted in a satisfactory signal at the <LLOQ with a signal-to-noise ratio 
between 5 and 10. However, the isotope interference of alectinib to the signal 
2H6-alectinib was significant (150-200%). To minimise the isotope interference 
in the calibration standards and QC samples, a ratio between 2H6-alectinib and 
alectinib was chosen in such a way that the theoretical isotope interference did 
not exceed 1%. The LLOQ was set at 5 pg/mL mainly due to expected increasing 
isotope interference below this level. Methods for isotope interference correction 
were investigated for samples with concentration below LLOQ and for samples 
with deviant concentrations ratio’s between 2H6-alectinib and alectinib (e.g., 
patient samples). For quantification, the Quadrupole 6500+ was chosen for 
its high sensitivity. Different mass transitions from the previously published 
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method [11] were investigated for alectinib to prevent detector saturation caused 
by the optimized sample recovery. From the two investigated mass transitions, 
m/z 485.3 → 396.2 (M+2) and m/z 483.3 → 381.2 (M+1), the first transition was 
chosen. For 2H6-alectinib also two mass transition were evaluated: m/z 489.3 → 
402.3 and m/z 489.3 → 384.3. Both transitions were able to quantify 2H6-alectinib 
concentrations in the range of 1-1000 pg/mL and both transitions suffered from 
isotope interference from alectinib. Summation of the transitions resulted in a 
higher signal. However, the signal-to-noise ratio was consistently higher for the 
m/z 489.3 → 402.3 mass transitions and therefore the latter was chosen. 

3.2 Validation 
3.2.1 Calibration model and lower limit of quantification 
The method was linear from 5 to 400 pg/mL for 2H6-alectinib and 25 to 2,000 
ng/mL for alectinib with R≥0.999 and 0.999, respectively. The bias was ±2.1% 
(1.1% LLOQ) and ± 2.1% (LLOQ -0.3%) for 2H6-alectinib and alectinib, respectively. 
Precision was ≤5.2% (4.3% LLOQ) for 2H6-alectinib and ≤2.4% (LLOQ 1.0%) for 
alectinib. The signal-to-noise ratio for 2H6-alectinib was ≥55 and for alectinib ≥600. 

Table 2. Assay performance for 2H6-alectinib and alectinib. 

Analyte Nominal conc. Intra-assay (n = 3) Inter-assay (n = 3)

(pg/mL) Bias (%) Precision (%) Bias (%) Precision (%)
2H6-alectinib 5 ±2.4 ≤5.7 ±0.5 *

15 ±2.8 ≤2.8 ±1.3 ≤0.9

50 ±0.5 ≤1.1 ±0.1 ≤0.2

300 ±3.5 ≤1.2 ±2.8 ≤1.0

(ng/mL)

Alectinib 25 ±4.0 ≤1.9 ±3.0 ≤0.9

75 ±4.6 ≤1.1 ±3.6 ≤0.8

300 ±5.1 ≤1.2 ±4.5 ≤0.7

1500 ±2.4 ≤1.4 ±1.6 ≤1.1

*No additional variation was found by performing the assay between days (mean square 
between groups is less then mean square within groups).

3.2.2 Accuracy and precision 
Data of accuracy and precision are depicted in Table 2. Representable 
chromatograms for 2H6-alectinib and alectinib are visualized in Figure 2 and 
Supplementary Figure S1, respectively. For 2H6-alectinib the intra-assay bias 
and precision were ±3.5% and ≤5.7%, respectively over all concentration levels, 
while the inter-assay bias and precision were ±2.8% and ≤0.9%, respectively 
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over all concentration levels. For alectinib, the intra-assay bias and precision 
was ±5.1% and ≤1.9%, respectively, over all concentration levels, whereas 
the inter-assay bias and precision was ±4.5% and ≤1.1%, respectively, over all 
concentration levels. 

3.2.3 Carry-over
The carry-over for both 2H6-alectinib and alectinib was both 0%, whilst the carry-
over for the internal standard was ≤0.1% of the LLOQ.

3.2.4 Specificity and selectivity 
Endogenous interference was negligible for both analytes and the internal standard. 
The interference of alectinib to 2H6-alectinib was 31.3% and was negligible to the 
internal standard. The interference of 2H6-alectinib to alectinib and the internal 
standard and the interference of the internal standard to both analytes was 
negligible. While the isotope interference from alectinib to 2H6-alectinib did not 
meet the requirements, the results represent an extreme situation where there is 
a 400,000-fold differences in concentrations between to two analytes. However, 
this phenomenon was overcome in the calibration and QC samples, by combining 
the two analytes within samples with only a 5,000-fold concentration difference. 
For correct quantification in patient samples, however, several methods were 
investigated to correct for isotope interference (see section 3.2.6). 

3.2.5 Matrix effect and recovery
The IS-normalized matrix factor was 0.980 (CV% 3.4) and 1.000 (CV% 0.7) for 
2H3-alectinib for the Low and High concentration levels, respectively. For alectinib, 
the IS-normalized matrix factor was 1.01 (CV% 0.9) and 1.01 (CV% 0.8) for the Low 
and High concentration levels, respectively. The IS-normalized matrix factor both 
analytes indicate no ion suppression or ion enhancement. The sample preparation 
recovery was 102.1-108.4% for 2H6-alectinib and 99.2-101.9% for alectinib. Overall 
recovery was 99.3-100.1% for 2H6-alectinib and 95.5-97.5% for alectinib. 
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Figure 2. Representative LC-MS/MS chromatograms of 2H6-alectinib (A-series) and the 
internal standard (B-series). The 2H6-alectinib plasma concentration at <LLOQ1, LLOQ, 
and ULOQ level is 1, 5, and 400 pg/mL, respectively. 
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Figure 2. Continued. 

3.2.6 Isotopic interference correction 
Results of the isotopic interference correction for 2H6-alectinib concentrations 
is depicted in Supplementary Table S1. Correction with method 1 resulted in 
deviations from the nominal concentration of ±11.3% over a concentration range 
of 1 to 10 pg/mL with a deviation of -4.4% for 1 pg/mL. Method 2 yielded deviations 
of ±8.4% for concentrations between 2 and 10 pg/mL and a deviation of -20.6% 
for 1 pg/mL. The deviation of method 3 was within ±14.4% for concentrations 
between 1 and 10 pg/mL with a deviation of -14.4% for 1 pg/mL. Lastly, method 
4 resulted in deviations within ±14.5% with a deviation of -14.5% for 1 pg/mL 
Concluding, method 1, method 3, and method 4 were able to correct for isotope 
interference thereby enabling quantification of 2H6-alectinib concentrations as 
low as 1 pg/mL within the criteria of the EMA and FDA guidelines [12, 13].
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Table 3. Verification of the methods for isotope interference correction for the <LLOQ1 (1 
pg/mL) of 2H3-alectinib. 

Nominal alectinib 
concentration (ng/mL)

Method 1
(n=6)

Method 2
(n=6)

Method 3
(n=6)

Method 4
(n=6)

400 Mean (pg/mL) 1.22 0.97 0.96 0.97

Bias (%) 21.8 -3.3 -4.5 -3.2

Precision (%) 6.7 8.4 9.6 10.6

800 Mean (pg/mL) 1.10 0.85 0.84 1.03

Bias (%) 9.7 -15.2 -15.9 3.3

Precision (%) 9.1 11.7 11.9 12.5

Results of the verification of interference correction are given in Table 3. Both 
method 2, method 3, and method 4 were able to quantify 1 pg/mL of 2H6-alectinib 
by correction for isotope interference at both tested steady-state concentrations 
for alectinib (400 and 800 ng/mL) with an acceptable bias (±15.2%, ±15.9%, and 
±3.3% for method 2, method 3, and method 4, respectively) and good precision 
(≤11.7%, ≤11.9% and ≤12.5% for method 2, method 3, and method 4, respectively). 
Method 1 also resulted in good precision (≤9.1%), but the bias (±21.8%) did not 
meet the criteria of the EMA and FDA guidelines [12, 13]. A disadvantage of this 
method is that the noise in these samples is also subtracted, possibly explaining 
the performance of this method. These results demonstrated the feasibility 
of isotope correction at different steady-state concentrations of alectinib with 
method 2, method 3, and method 4 and thereby enabling quantifying 2H6-
alectinib plasma concentrations as low as 1 pg/mL. Method 4 has the preference 
for clinical application over method 2 and method 3 for two reasons. First, method 
2 assumes a constant alectinib concentration over all samples collected from 
the same patient, which is untrue. Second, both method 2 and method 3 are 
dependent on a predose patient sample which will contain only alectinib. If a 
predose is unavailable for an individual patient, correction for isotope interference 
will not be possible for those patient samples. 

3.2.7 Stability
The results of the stability experiments are presented in Supplementary Table 
S2. Both 2H6-alectinib and alectinib were stable for three freeze/thaw cycles at 
-20 ºC and ambient temperature. Continuing, both analytes were stable for 2 
days at ambient temperature in human K2EDTA plasma and 44 days at -20 ºC. 
Both analytes were also stable in methanol for 44 days at -20 ºC. 2H6-alectinib 
was stable in the final extract for 7 days when stored nominally at 4-8 ºC, while 
alectinib was stable for 4 days under the same conditions. 



68

Chapter 2

4 CONCLUSION 

An ultra-sensitive bioanalytical method for the simultaneous quantification of 
2H6-alectinib in K2EDTA plasma was developed and validated. The validated 
concentration range was 5-400 pg/mL for 2H6-alectinib and 25 to 2000 ng/
mL for alectinib with an accuracy within ±3.5% and ±5.1% and a precision of 
≤ 5.7% and ≤1.9% for 2H6-alectinib and alectinib, respectively. By correcting for 
isotope interference, 2H6-alectinib plasma concentrations as low as 1 pg/mL were 
quantified with a bias of ±15.9% and precision of ≤12.5%. 
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SUPPLEMENTARY MATERIAL 

Supplementary Table S1. Performance of the methods of isotope interference correction. 
Deviation from nominal concentration (%)

Nom. Conc. (pg/mL) Method 1 (n=1) Method 2 (n=1) Method 3 (n=1) Method 4 (n=1)
1 -4.4 -20.6 -14.4 -14.5%
2 11.3 3.2 3.7 3.6%
3 7.2 2.1 3.4 3.2%
4 -4.3 -8.2 -6.7 -6.8%
5 -5.1 -8.4 -6.9 -6.8%
6 2.1 -0.7 0.3 0.4%
7 4.4 2.4 3.0 2.7%
8 -0.8 -2.5 -2.2 -2.4%
9 1.1 -0.6 -0.6 -0.4%
10 -3.0 -4.2 -3.9 -4.0%

Supplementary Table S2. Stability parameters for 2H6-alectinib and alectinib. 
Analyte Matrix Conditions Nom. Conc. 

(ng/mL)
Bias 
(%)

CV 
(%)

N

Alectinib Plasma 3 F/T cycles 
(-20 ºC/ambient)

75 -1.1 1.2 3

Plasma 3 F/T cycles 
(-20 ºC, ambient)

1500 -0.9 1.6 3

Plasma Ambient, 2 days 75 -4.7 0.2 3
Plasma Ambient, 2 days 1500 -1.3 1.4 3
Plasma -20 ºC, 44 days 75 -1.7 1.8 3
Plasma -20 ºC, 44 days 1500 -1.6 1.7 3
Final extract 4-8 ºC, 4 days 75 -4.8 1.2 3
Final extract 4-8 ºC, 4 days 1500 -1.8 1.6 3
MeOH (working) -20 ºC, 44 days 75 -3.6 1.4 3
MeOH (working) -20 ºC, 44 days 1500 -8.2 0.9 3

2H6-alectinib Plasma 3 F/T cycles 
(-20 ºC/ambient)

0.015 4.2 3.9 3

Plasma 3 F/T cycles 
(-20 ºC, ambient)

0.300 3.1 1.6 3

Plasma Ambient, 2 days 0.015 0.7 4.1 3
Plasma Ambient, 2 days 0.300 2.4 1.6 3
Plasma -20 ºC, 44 days 0.015 -0.7 3.7 3
Plasma -20 ºC, 44 days 0.300 -7.9 2.8 3
Final extract 4-8 ºC, 7 days 0.015 2.9 1.0 3
Final extract 4-8 ºC, 7 days 0.300 3.2 1.0 3
MeOH (working) -20 ºC, 44 days 0.015 -1.3 2.2 3
MeOH (working) -20 ºC, 44 days 0.300 -1.6 1.5 3
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B4Supplementary Figure S1. Representative LC-MS/MS chromatograms of alectinib 
(A-series) and the internal standard (B-series). The 2H6-alectinib plasma concentration at 
LLOQ, and ULOQ level is 25 and 2000 ng/m, respectively. 
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Supplementary Figure S1. Continued. 
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ABSTRACT

The traditional design of food-effect studies has a high patient burden for toxic 
drugs with long half-lives (e.g., anticancer agents). Microtracers could be used to 
assess food-effect in patients without influencing their ongoing treatment. The 
feasibility of a microtracer food-effect study during steady-state of the therapeutic 
drug was investigated in an in silico simulation study with alectinib as example 
for a relative toxic drug with a long half-life. Microtracer pharmacokinetics were 
simulated based on a previously published population pharmacokinetic model 
and used for estimation of a model with and a model without food as a covariate on 
oral bioavailability of alectinib (assuming a 40% food-effect). Power was defined 
as the fraction of clinical trials of which a significant (p<0.01) food-effect was 
identified. The proposed study design of 10 patients on steady state treatment, 
10 blood samples collected within 24 hours after administration and an assumed 
food-effect of 40% had a power of 99.9%. The mean estimated food-effect was 
39.8% (80% CI: 31.0-48.6%). The feasibility of microtracer food-effect studies was 
demonstrated. The design of the microtracer food-effect study allowed estimation 
of the food-effect with minimal influence on therapeutic treatment and reducing 
patient burden compared to the traditional study design for toxic drugs with long 
half-lives. 
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1 INTRODUCTION

Co-administration of food can alter oral drug pharmacokinetics in various ways, 
by influencing the physiological processes such as gastric emptying time, bile 
flow, and activity of transporters or enzymes [1]. Furthermore, it can interact 
with the drug itself, e.g., by influencing solubility [2]. In general, food can have 
four possible outcomes on the bioavailability of a drug: 1) Delayed absorption, 2) 
decreased absorption, 3) increased absorption, and 4) no effect on absorption [3].

Due to its possible influence on pharmacokinetics, it is essential to study the effect 
of food intake on drug absorption during drug development [4]. The traditional 
study design is a randomized, balanced, two-treatment (fed vs. fasting) and 
two-sequence cross-over design with single dose administration in healthy 
volunteers [4,5]. It is recommended to use a high-fat, high-caloric meal (800 to 
1000 calories of which 50% is fat) since this meal type will have the largest effect 
on gastro-intestinal physiology and therefore will have maximal effect on the oral 
bioavailability [3,5]. 

The above-described study can give rise to safety concerns when the acceptable 
risk differentiates between healthy volunteers and patients (e.g., anticancer drugs 
[4,5]) or when exposure could rise higher than expected (e.g., food-drug interaction) 
[6]. In these situations, conducting food-effect studies in healthy volunteers might 
be undesirable. Continuing, the study burden of the traditional study design is 
increased for investigational drugs with long a half-life. An example is alectinib, a 
tyrosine kinase inhibitor (TKI) selectively targeting anaplastic lymphoma kinase 
(ALK) [7] with a half-life of approximately 32 hours [8] of which a microtracer 
is available. A single dose food-effect study for alectinib would consists of two 
single dose administrations at day 1 and day 8 of the study with a wash-out 
period of 7 days after the single dose administrations. Alectinib treatment will 
then be able to start on day 15, effectively delaying treatment with at least 15 
days (Figure 1A). Another consequence of the long half-life is the long period of 
sample collection to capture the complete pharmacokinetics of the drug with 
non-compartmental analysis (NCA) (e.g., in a food-effect study of alectinib, blood 
samples were collected up 96 hours after administration [9]). 

An alternative to the single dose administration would be to study the food-effect 
at steady-state treatment conditions. In this situation for alectinib, patients have to 
administer the drug under fasting conditions until steady-state pharmacokinetics 
is achieved (approximately 7 days [8]), followed by a study day (day 8). The same 
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procedure is to be repeated but under fed conditions where patients have to 
administer their twice daily alectinib dose with a standardised meal for days 9 
up to 15 and a study day (day 16). This study design requires considerable time 
investment and commitment of the included patients (Figure 1B). 

SD Wash-out SD Wash-out Start treatment 

FI FI

PK PK

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Time to SS SS Time to SS SS Continue 
treatmentFI FI

PK PK

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Treatment

MT Wash-out MT MT Wash-out MT 

FI FI

PK PK

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

C. SIL microtracer food-effect study

B. Food-effect study under steady-state conditions

A. Single dose food-effect study

Days

Figure 1. Schematic overview of the different study designs for food-effect studies for 
toxic drugs with long half-lives. For the figure the half-live of alectinib is applied as an 
example (32 hours). 

Abbreviations: FI, food intervention; either fasted conditions or fed conditions. MT 
= microtracer. SD, single dose. SIL, stable isotopically labelled. SS, steady-state. PK, 
pharmacokinetic sampling.

Regarding the above-described study designs, there is a need to reduce the patient 
burden of food-effect studies for toxic drugs with long half-lives. A strategy 
would be to use microtracers for the determination of food-effect at steady-
state. Microtracers are stable isotopically labelled (SIL) drugs that are dosed at a 
microgram level (max. 100 µg) [10]. These microtracers have originally been used 
for the determination of the absolute oral bioavailability [10]. Pharmacokinetics 
of the microtracer could be used for the determination of food-effect, while 
the therapeutic treatment remains unchanged. To reduce the period of sample 
collection necessary for the complete capture of alectinib pharmacokinetics with 
NCA, a population pharmacokinetic approach was used for data analysis [11]. 
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The aim of the current study was to demonstrate the feasibility of a microtracer 
food-effect study exemplified for an anticancer drug with a relative long half-life. 
Secondary objectives were to decrease the patient burden of the study and to 
identify critical aspects of the study design with a sensitivity analysis. 
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2 METHODS 

2.1 Criteria and proposed study design 
Several criteria were defined to reduce the patient burden of the proposed 
study design for microtracer food-effect studies. The criteria were as follows: 
(1) The study should consist of maximally two study days where the patient is 
hospitalized and available for the collection of blood samples, (2) The duration 
of the hospitalization should not exceed 24 hours, (3) the microtracer should 
be administrated as a single dose, and (4) the blood sampling schedule should 
be optimized to reduce the number of samples collected. 

The study design was deemed feasible when the following criteria were met: 
(1) A sample size of approximately 10 patients (max. 15), and (2) power ≥80% 
to detect a minimal clinically relevant food-effect of 40%. A food-effect of 
40% was considered the minimal clinically relevant food-effect due to the 
previously reported intra-individual variability of 27.0% in alectinib trough 
levels [12]. 

The proposed study design is depicted in Figure 1C. Patients who have been 
treated with alectinib for ≥7 days (steady-state will co-ingest the microtracer 
with their therapeutic dose and a standardised meal on study day 1. After 
a wash-out period of the microtracer of five-times the half-life of alectinib 
(approximately 7 days), patients will receive the microtracer under fasted 
conditions (day 9). For drugs with a relative long half-life, population 
pharmacokinetic analysis is recommended over NCA [11]. With NCA, the 
Area-Under-the-plasma Concentration-time curve (AUC) is extrapolated to 
infinity by dividing the last observed concentration by the elimination rate 
constant. For drugs with long half-lives, such as alectinib (32 hours [8]), 
the extrapolation to infinity can contribute significantly to AUC calculation 
relative to the AUC from zero to the last observed concentration. In these cases, 
population pharmacokinetic analysis is recommended since pharmacokinetic 
parameters estimates of population pharmacokinetic models are independent 
of a calculation of the AUC extrapolated to infinity [11]. Blood samples will 
be collected before administration of the microtracer (predose), and at 0.5, 1, 
1.5, 2, 4, and 6 hours to capture the absorption of alectinib (time to maximum 
concentration is 4-6 hours [8]. To capture the elimination of alectinib, blood 
samples will be collected at 8, 10, 12, and 24 hours after administration. 



81

Microtracers in food-effect studies

C
H

A
PT

ER
 3

2.2 Population pharmacokinetic model
Since it is assumed the microtracer (aelectinib-d6) has equal pharmacokinetics to 
alectinib, the population pharmacokinetic model in the assessment report from 
the European Medicines Agency (EMA) was used [13]. This model was built on 
pharmacokinetic data from 138 patients with locally advanced or metastatic ALK+ 
non-small cell lung cancer (NSCLC). All patients received 600 mg of alectinib 
bidaily with a meal [14]. The model was a one-compartment model with first-
order elimination and sequential absorption [13]. Allometric scaling was included 
for clearance and volume of distribution with power coefficients of 0.75 for 
clearance and 1.0 for volume of distribution. The residual error model account for 
unexplained variability (e.g., bioanalytical variability and model misspecification) 
consisted of a proportional error and an additive error. The additional error was 
excluded from the residual error model due to the difference in concentration 
range between therapeutic alectinib dose and the microtracer (ng/mL vs pg/mL). 

Food-effect was included in the model as a covariate on oral bioavailability (F). F 
was fixed to 1 for microtracer administration with food. As described in 2.1 Criteria 
and proposed study design, a food-effect of 40% was defined as the minimal 
clinically relevant food-effect. Therefore, the oral bioavailability was fixed to 0.714 
for microtracer administration under fasting conditions. Inter-occasion variability 
was included in the model on oral bioavailability to account for the variability 
in oral availability between the two study days. Intra-individual variability was 
described in the model by the inter-occasion variability and unexplained residual 
variability. Since the intra-individual variability in alectinib trough levels was 
reported to be 27.0% [12] and the proportional error was estimated to be 19%, 
an inter-occasion variability of 8.0% was assumed. Demographic data, model 
parameter estimates, and the model code are included in the supplementary 
material. 

2.3 Clinical trial simulation 
Stochastic Simulation and Estimation (SSE) was used to simulate microtracer 
pharmacokinetics with a food-effect of 40% on bioavailability and perform 
parameter estimation using two alternative models: 1) A model without food as a 
covariate on bioavailability, 2) A model with food as a covariate on bioavailability. 
The SSE was repeated 1000 times for each trial design. For each SSE, bodyweight 
was (re)sampled from bodyweights from a previous study with NCSLC patients 
treated with alectinib (median: 77.5 kg, range 49-123 kg) [12]. For each SSE, the 
difference in Objective Function Value (dOFV) was calculated between the two 
models. The food-effect was calculated with the following equation: 
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𝐹𝐹𝐹𝐹 = 	 ("#	%)
%

× 100%    	 (Equation 1)

Where FE is the food-effect and θ the estimated oral bioavailability for 
administration under fasting conditions. The oral bioavailability F of the 
microtracer after co-administration with food was fixed to 1. A schematic 
overview of the clinical trial simulations is visualized in Figure 2. 

2.4 Feasibility study
Power was defined as the fraction of clinical trials with significant food effect was 
found with a p-value of <0.01 (dOFV < -6.63). The 80% confidence interval (80% 
CI) of the estimated food-effect was calculated based on the 1000 study replicates. 

WT simulation

SIMULATION
Food model

ESTIMATION
Fasted model

ESTIMATION
Food model

Calculate 
dOFV

SSE
(n=1)

R
(n=1000)

Figure 2. Flowchart representing the steps of the Stochastic Simulation and Estimation 
(SSE) method used. dOFV, difference in Objective Function. SSE, Stochastic Simulation 
and Estimation. R, programming language R. WT, bodyweight. 
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2.5 Sensitivity analysis 
A sensitivity analysis was performed to identify the critical aspects in the design 
of a microtracer food-effect study. The following aspects off the study design were 
investigated: Samples size, duration of blood sample collection (8, 10, 12, and 24 
h), and number of blood samples collected. For the later samples the following 
sample schedules were investigated: Predose, 0.5, 1, 1.5, 2, 4, 6, 8, 10, 12, 24 h (11 
samples), predose, 0.5, 1, 1.5, 2, 4, 6, 8, 10, 24 h (10 samples), and predose, 0.5, 1, 
1.5, 2, 4, 6, 8, 24 h (9 samples). Moreover, the effect of an included patient with 
an outlier bodyweight (40 kg and 200 kg), the effect size of the food-effect, the 
effect of the proportional error where investigated, and the effect of inter-occasion 
variability on oral bioavailability were investigated. 

2.6 Software
R (version 4.1.2) was used for data preparation, bodyweight sampling, and data 
analysis. SSE was performed using NONMEM® (version 7.5, ICON Development 
Solutions, Ellicott City, MD, USA) and Perl-speaks-NONMEM (PsN, version 5.2.6). 
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3 RESULTS

3.1 Feasibility study
Figures 3 and 4 provide an overview of the power and estimated food-effect of 
the study design and the sensitivity study. The proposed study design had a 
power to reject the null hypothesis that there is no food-effect of 99.9%. The mean 
estimated food-effect was 39.8% (80% CI: 31.0-48.6%). 

Base study design

IOV = 27%

IOV = 19%

IOV = 8%

Prop.Err. = 30%

Prop.Err. = 19%

Prop.Err. = 10%

1 subject of 40 kg

1 subject of 200 kg

9 samples

10 samples

11 samples

8 h sampling

10 h sampling

12 h sampling

24 h sampling

15 subjects

12 subjects

10 subjects

8 subjects

5 subjects

True food−effect = 40%

True food−effect = 30%

True food−effect = 20%

0 25 50 75 100
Power (%)

Figure 3. Results of the sensitivity analysis on the power of the study design. The base 
study design consisted of 10 patients, a food-effect of 40%, sample collection at predose, 
0.5, 1, 2, 4, 6, 8, 10, 12, and 24 hours after administration of the microtracer, an proportional 
error of 19%, and no LLOQ. The dashed line represents a power of 80%. 

Abbreviations: LLOQ, Lower limit of quantification; IOV, inter-occasion variability; Prop. 
Err, Proportional error.
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3.2 Sensitivity analysis
3.2.1 Study design 
Changes in the study design demonstrated the robustness of the study in terms 
of power (see Figure 3) and accurate estimation of the food-effect (see Figure 4). 
There was no relevant impact of the sample size of included patients on the power 
and outcome of the study. For a sample size between 5 and 15 patients, the power 
ranged between 89.3% and 99.9% indicating that sample size was not a critical 
aspect of the proposed study design (See Supplemental Figure 3). As anticipated, 
the variability in estimated food-effect decreased with increasing sample size 
with a sample size of 15 patients having the narrowest confidence interval (80% 
CI: 32.3-46.5%, see Figure 4). 

Base study design

IOV = 27%

IOV = 19%
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Prop.Err. = 30%
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True food−effect = 20%

10 20 30 40 50 60
Food−effect (%)

Figure 4. Results of the sensitivity analysis on the estimation of the food-effect. The black 
dots represent the mean food-effect over the clinical trial simulations and the error bars 
are the 80% confidence intervals. The dashed lines represent the true food-effect of 40%. 

Abbreviations: LLOQ, Lower limit of quantification; IOV, inter-occasion variability. Prop. 
Err., Proportional error.
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The power was not influenced by the reduction of the duration of blood 
samples collection (Figure 3). Moving the collection time of the last blood 
sample from 24 hours to 8 hours after administration of microtracer slightly 
influenced the estimated food-effect with an estimated food-effect of 39.8% 
(80% CI: 31.0-48.6%) for 24 h sampling and 39.1% (80% CI: 29.9-48.3%) for 
8 h sampling (Figure 4). A similar effect on the estimated food-effect was 
observed for the removal of samples in the elimination phase (Figure 4). The 
samples schedule of 10 samples and 9 samples had an estimated food-effect 
of 39.5% (80 CI: 30.2-48.8%) and 39.2% (80% CI: 29.5-48.8%), respectively, 
compared to the full blood collection schedule (39.8% (80% CI: 31.0-48.6%)). 
These results indicate that the hospitalization time could be reduced to 8 hours 
after administration of the microtracer. 

3.2.2 Outlier bodyweight
Inclusion of patients with an outlier bodyweight (40 kg or 200 kg) did neither 
influence the power of the study nor the outcome. The respective estimated 
food-effect was 39.5% (80% CI: 30.8-48.2%) and 39.7% (80% CI: 30.0-48.5%). 

3.2.3 Anticipated food-effect 
The proposed study design had sufficient power to detect a food-effect of ≥30% 
(see Figure 3). For an effect-size of 20%, the study design had a power of 78.1% 
with an estimated food-effect of 19.5% (95% CI: 12.4-26.6%). To detect a food-
effect of 20% with a power 80% ≥12 patients have to be included in the study 
(see Supplemental Figure S1-S3). 

3.2.4 Unexplained residual variability
Decreasing the proportional error did not influence the power of the design, 
but it did influence the precision of the food-effect estimate. An increase of 
proportional error of 19% to 30% resulted only in a small decrease in power 
(99.9% vs. 97.7%). However, an increase in the proportional error from 19% 
to 30% resulted in a decrease in accuracy and precision of the food-effect 
estimation (39.8% (80% CI: 31.0-48.6%) vs. 38.6% (80% CI: 27.9-49.2%), 
respectively). However, the differences in the estimated food-effect and the 
true food-effect were small (< 2%) and were therefore deemed clinically 
irrelevant. 
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3.2.5 Inter-occasion variability 
Inter-occasion variability on oral bioavailability included in the model accounted 
for the variability in oral bioavailability between the two administrations (with 
and without food) which cannot be explained by the effect of food. A doubling 
of the inter-occasion variability from 8%, 16% or 24% resulted in a power of 
99.9%, 90%, and 52%, respectively. The variability in estimated food-effect 
increased with increasing inter-occasion variability: the estimated food-effect 
was 39.8 (80% CI: 31.0-48.6%), 39.6% (80% CI: 26.0-53.2%), and 39.3% (80% 
CI: 19.2-59.4%), respectively. 
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4 DISCUSSION

The aim of the current study was to determine the feasibility of a microtracer 
food-effect study during steady-state of the therapeutic drug and to identify 
critical aspects of the study design by performing a sensitivity analysis. Alectinib 
served here as an example. The proposed study design of 10 patients with a 
parallel food-effect arm, and blood collection at predose, 0.5, 1, 2, 4, 6, 8, 10, 12, 
and 24 hours after oral administration of 100 µg microtracer (alectinib-d6) had 
a power of 99.9% to detect an anticipated food-effect of 40% with an estimated 
food-effect of 39.8% (80% CI: 31.0-48.6%). The sensitivity analysis demonstrated 
the robustness of the study design. The power of the study was always ≥80% 
except when the anticipated food-effect was 20%. However, a food-effect of 20% 
can be considered clinically irrelevant given the high intra-individual variability 
observed in alectinib trough levels [12]. The high power of the study design was 
thought due to use of a population pharmacokinetic model instead of NCA as 
a method of analysis and the cross-over design of the study. Factors that were 
critical to the study outcome were anticipated food-effect, sample size, and 
unexplained residual variability.

The sensitivity analysis revealed several critical aspects of the microtracer food-
effect study. First, the anticipated food-effect is an important factor in power 
calculations and therefore the feasibility of a study. The anticipated food-effect of 
20% resulted in the lowest power indicating that more patients have to be included 
to achieve the desirable power of 80% (See supplemental Figure S1). These 
results demonstrated the importance of defining which food-effect is considered 
clinically relevant prior to conducting the study. An estimation of a clinically 
relevant food-effect should be based on (expected) intra-individual variability 
in pharmacokinetics and the (expected) exposure-response relationship. Food-
effect should exceed the intra-individual variability in pharmacokinetics to be 
clinically relevant for exposure. Continuing, a relatively small food-effect can 
result is an increase in toxicity for drugs with a small therapeutic window, while 
a relatively large food-effect is needed to establish the same for drugs with a large 
therapeutic window. Additionally, minimizing variability in the data is critical. 
While the parallel study design was robust (e.g., changes in sample collection, 
inclusion of bodyweight outliers, and sample size minimally influenced the power 
and the outcome of the study), increasing the unexplained residual variability 
(proportional error) in the model led to a decrease in accuracy and precision of 
the estimated food-effect with the 80% CI falling outside a 10% deviation from 
the true food-effect (80% CI: 27.9-49.2%). Moreover, the inter-occasion variability 
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on oral bioavailability influenced both the power and estimation of the food-
effect. However, inter-occasion variability was not included in the original model. 
Moreover, it is expected that food will be the main source of variability between 
the two administrations (with and without food). Therefore, the simulations 
with increasing inter-occasion variability depict are worse-case scenario. The 
study design of microtracer food-effect studies, therefore, should be optimised to 
reduce variability in the data to a minimum, e.g., by standardizing procedures and 
protocols, training health staff to record dosing and collection times accurately. 

The presented study design has several advantages over traditional food-effect 
studies for toxic drugs with long half-lives that are unsafe in healthy volunteers. 
The first advantage of microtracer food-effect studies is the ability to study food-
effect without influencing therapeutic treatment (Figure 1C). In comparison, the 
traditional study design [4,5] will either result in treatment delay or treatment 
interruption which is undesirable and could be unethical (Figure 1A). Studying 
the food-effect under steady-state conditions (Figure 1B) could be an alternative 
but would influence treatment by increasing or decreasing therapeutic exposure 
depending on the food-effect. Furthermore, steady-state conditions also require 
patients to consume standardized meals for a longer period of time. This not only 
increases the patient burden of the study but is also sensitive to errors and could 
possibly result in an underestimation of the food-effect. Secondly, the microtracer 
food-effect study has limited impact of therapeutic exposure since the microtracer 
is administered at a maximum dose of 100 µg [10]. No additional side effects are 
expected. Traditional food-effect studies could influence toxicity and/or efficacy 
during the study period. Lastly, microtracer food-effect studies are feasible with 
a reduced hospitalization time and shortened sampling schedule compared to 
traditional food-effect studies, thereby reducing patient burden. 

There are several reasons why the food-effect on the pharmacokinetics of a 
drug should be investigated. First, food could have a negative effect on efficacy 
or toxicity. For example, the simultaneous administration of food with nilotinib 
should be avoided due to the risk of QT prolongation at high peak concentrations 
[15]. Coadministration with food should also be avoided when exposure is 
decreased (e.g., capecitabine and afatinib [16]). On the other hand, administration 
with food could also be an interesting strategy to increase bioavailability of poorly 
soluble drugs [2,17]. A previous study demonstrated enhanced efficacy while 
increasing the trough levels of abiraterone by coadministration with food [18]. In 
addition, food can also play a role in therapy adherence. Studies have shown that 
adherence to complex dosing regimens could be improved by coupling dosing 
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with a routine daily activity, such as eating [19,20]. Food can also reduce the 
variability in bioavailability and thereby resulting in a more consistent exposure 
(e.g., rivaroxaban) [21]. Furthermore, coadministration with food can be desirable 
for pharmacodynamic considerations, such as reducing gastrointestinal side 
effects [21]. Lastly, the food-effect on steady-state pharmacokinetics could be 
different from the food-effect on single dose pharmacokinetics. For example, the 
food-effect on lapatinib expose was smaller at steady-state compared to single 
dose [22,23]. It is, therefore, not only important to know the maximum magnitude 
of the food-effect on the pharmacokinetics of a drug but also the food-effect of 
real-life meals in a real-life context of daily treatment of patients since the food-
effect in patients could be different to healthy volunteers due to difference in 
pharmacokinetics and pharmacodynamics. 

5 CONCLUSION

The feasibility of microtracer food-effect study for alectinib during steady-state 
was demonstrated. The design of the microtracer food-effect study allowed 
estimation of the food-effect of alectinib with minimal influence on therapeutic 
treatment. Continuing, the feasibility of the study design was also demonstrated 
with reduced hospitalization time and a reduced number of blood samples, 
thereby reducing patient burden compared to the traditional food-effect study 
design. Future microtracer food-effect studies should account for sample size, 
anticipated effect-size of food-effect, and (unexplained) variability during study 
design. Lastly, the schedule for the collection of blood samples should be reviewed 
critically since the feasibility study demonstrated robustness of the estimation 
of food-effect with a reducing number of blood samples collected after peak 
concentration. 
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SUPPLEMENTARY MATERIAL

Supplementary Table S1. Demographic data of patients with ALK+ non-small cell lung 
cancer who were included in the dataset used for development of the population 
pharmacokinetic model [14]. 

Number of patients 138

Median age (range, years) 52 (22-79)

Sex, n (%)
Male
Female

61 (44)
77 (56)

ECOG PS, n (%)
0
1
2

44 (32)
81 (59)
13 (9)

Race, n (%)
White
Asian
Other
Black/African American
Multiple
Unknown 
American Indian/Alaska native 

93 (67)
36 (26)

4 (3)
1 (0.7)
0 (0)
3 (2)

1 (0.7)

CNS metastases, n (%)
Yes
No

84 (61)
54 (39)

Histologic subtype, n (%)
Adenocarcinoma
Other

133 (95)
5 (4)

Prior chemotherapy, n (%)
Yes
No

110 (80)
28 (20)

Crizotinib + prior therapies 
Critozinib only

+1 therapy
+2 therapies
+3 therapies
+4 therapies
+5 therapies
≥6 therapies

28 (20)
52 (38)
16 (12)
17 (12)
16 (12)
4 (3)
5 (4)

Smoking status 
Active smoker
Past smoker
Never-smoker

3 (2)
39 (28)
96 (70)
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Supplementary Table S2. The parameter estimation used for simulation of the microtracer 
pharmacokinetics. 
Fixed effects Parameter estimate
Cl/F (L/h) 81.9

V/F (L) 4016

Ka (h-1) 1.30

D1 (h) 3.44

F (fed conditions) 1

F (fasted conditions) 0.714*

Inter-individual variability
IIV Cl/F 0.162

IIV Vd/F 0.161

IIV Ka 0.398

IIV D1 0.178

Covariance Cl/F ~ Vd/F 0.0787

IOV 0.0064*

Residual error
Proportional error 0.0361

Additional error 0 FIXED

Abbreviations: IIV – inter-individual variability, IOV – inter-occasion variability.
* These parameters were added to the model for the clinical trial simulation. 
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NONMEM code
$SUBROUTINES ADVAN2 TRANS2 
$ABBREVIATED 
REPLACE ETA(OCC_F1)=ETA(5,6) ;Interoccasion variability on bioavailability 
$PK
; Clearance 
TVCL = THETA(1)*(WT/70)**0.75 
CL = TVCL * EXP(ETA(1))

;Volume of distribution
TVV = THETA(2)*(WT/70)**1
V = TVV * EXP(ETA(2))

;Absorption parameters 
KA = THETA(3) * EXP(ETA(3)) ;First-order absorption constant
D1 = THETA(4) * EXP(ETA(4)) ;Zero-order absorption

;Bioavailability food-effect + interoccasion variability 
F1=THETA(5)*EXP(ETA(OCC_F1)) ;F for occasion 1
IF(FLAG.EQ.1) F1=THETA(6)*EXP(ETA(OCC_F1)) ;F for occasion 2 with 40% food-
effect

;Elimination rate constant
K = CL/V

;Scaling of the model 
S2 = V

$ERROR
Y = F*(1+EPS(1))+EPS(2)
IPRED = F
REPI = IREP
$THETA
(0, 81.9) 	 ;CL (L/h)
(0, 4016)	 ;V (L)
(0, 1.30) 	 ;KA (-h)
(0, 3.44)	 ;D1 (h)
1 FIX 	 ;F for fed condtions 
1 FIX 	 ;F for fasted conditions



99

Microtracers in food-effect studies

C
H

A
PT

ER
 3

$OMEGA BLOCK(2)
(0, 0.162) 	 ;Cl/F IIV
(0, 0.07865012) (0,0.161) 	 ;Vd IIV

$OMEGA
(0,0.398) 	 ;Ka IIV
(0, 0.178) 	 ;D1 IIV

;IOV 
$OMEGA BLOCK(1) 
(0, 0.0064)	 ;IOV F2
$OMEGA BLOCK(1) SAME 	 ;IOV F2

$SIGMA
(0, 0.0361) 	 ;Prop.
0 FIX 	 ;Add (ug/L)
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ABSTRACT

Cytochrome P450 (CYP) enzymes play a central role in the elimination of 
approximately 80% of all clinically used drugs. Differences in CYP enzyme 
activity between individuals can contribute to inter-individual variability in 
exposure and, therefore, treatment outcome. In vivo CYP enzyme activity could 
be determined with phenotyping. Currently, (sub)therapeutic doses are used for 
in vivo phenotyping, which can lead to side effects. The use of microdoses (100 
µg) for in vivo phenotyping for CYP enzymes could overcome the limitations 
associated with the use of (sub)therapeutic doses of substrates. The aim of this 
review is to provide a critical overview of the application of microdosing for in 
vivo phenotyping of CYP enzymes. Based on the currently available evidence, 
the use of microdosing for in vivo phenotyping for subtypes CYP1A2, CYP2C9, 
CYP2D6, and CYP2E1 is not recommended. Microdosing can be used for the in vivo 
phenotyping of CYP2C19 and CYP3A. The recommended microdose phenotyping 
test for CYP2C19 is measuring omeprazole AUC0-24 after administration of a single 
100 µg dose. CYP3A activity could be best determined with a 0.1-75 µg dose of 
midazolam and subsequently measuring AUC

∞ or clearance. Moreover, there are 
two metrics available for midazolam using a limited sampling strategy: AUC0-10 
and AUC2-4.



103

Microdosing for phenotyping of CYP enzymes

C
H

A
PT

ER
 4

1 INTRODUCTION

Cytochrome P450 (CYP) enzymes are a large superfamily of haem-containing 
enzymes that are involved in the metabolism of both endogenous and exogenous 
compounds [1,2]. CYP enzymes play a role in the metabolism of approximately 
80% of all clinical drugs [3]. The activity of CYP enzymes is influenced by many 
factors such as genetics, age, co-administration of exogenous compounds (e.g., 
drugs or food), and disease state [4-6]. Due to these factors, there is a large 
variability in CYP enzyme activity between individuals, which might contribute 
to heterogeneous therapy outcomes [7]. Dosing of drugs based on CYP enzyme 
activity can result in more predictable therapy outcome, which can potentially 
be obtained by in vivo phenotyping [8-10]. 

In vivo phenotyping would consist of two steps: (1) The administration of a 
selective substrate (the probe) of the enzyme, and (2) the quantification of the 
metric representing enzyme activity. The metric is often a pharmacokinetic 
metric representing clearance (Cl) or a metabolic pathway [11,12]. While 
there are currently no guidelines regarding the application of phenotyping, 
recommendations regarding probe and metric selection could be used from the 
drug-drug interaction guidelines of the European Medicines Agency (EMA) and 
US Food and Drug Administration (FDA) [13,14]. The major disadvantage of the 
currently used phenotyping tests is the use of therapeutic or sub-therapeutic 
doses. Fuhr., et al (2007) formulated a list of validated phenotyping procedures of 
which all are used in the milligram range [11]. These (sub)therapeutic doses can 
result in side effects or therapeutic effects, such as (mild) sedation for low dose 
midazolam or hypoglycaemic effect for low dose tolbutamide [11,15-17]. 

The use of microdosing within the field of in vivo phenotyping could overcome 
the above-described limitations. A microdose has been defined as 1/100th of the 
anticipated therapeutic dose with a maximum of 100 µg [14]. Due to their low 
dose, microdoses are assumed to be nontoxic and non-pharmacologically active 
[18]. Originally microdosing has been used to quickly assess the pharmacokinetics 
of a new drug prior to Phase I clinical trials [19]. In recent years, the application 
of microdosing has been extended towards drug-drug interaction studies, site of 
action studies [20] and recently the application in in vivo phenotyping studies 
has been proposed [20,21]. However, there is still much unknown about the 
application of microdosing for in vivo phenotyping. 
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The aim of this review is to provide a critical overview of the use of microdosing 
for in vivo phenotyping of CYP enzymes. This review will focus on two aspects 
of in vivo microdose phenotyping tests that need to be considered before the test 
can be investigated for individualised dosing: 1) The sensitivity of the test to detect 
changes in CYP enzyme activity and 2) the linearity of the phenotyping metric 
at microdose level to (sub)-therapeutic level. Lastly, recommendations for in vivo 
phenotyping of CYP enzymes at microdose level will be proposed.
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2 METHODS

2.1 Literature search
The literature search was performed in Pubmed and Embase using the following 
terms: microdose*, Phase 0, microgram dose, phenotyp*, drug-drug interactions, 
drug interactions, human microdosing trials, cytochrome P-450 enzyme. The 
search was performed on June 23rd, 2023. Results were restricted to the English 
language and studies in humans. Additional studies were selected from review 
articles and reviewing the reference section of each article (citation snowballing). 
Initial selection was based on title and abstract, while inclusion was determined 
by full-text assessment. Continuing, studies were included when pharmacokinetic 
outcomes of phenotyping and/or drug interactions were available. Microtracer 
trials were excluded from this review as the total administrated dose exceeds the 
maximum dose definition of a microdose (>100 µg) [22].

2.2 Sensitivity of in vivo phenotyping methods 
Before a phenotyping test can be used for individualised dosing, the test needs to 
be validated at the microdose level to ensure that it reflects the enzyme activity 
in many different settings [11]. A frequently used method to determine the 
sensitivity of a phenotyping method is to measure the phenotyping metric under 
three conditions: (1) Baseline (or control) where the metric is quantified in the 
absence of any factors influencing the enzyme, (2) inhibition where an inhibitor 
of the enzyme is co-administered with the probe, and (3) induction where an 
inductor of the enzyme is co-administered with the probe. The phenotyping 
method is considered sensitive to the respective enzyme activity when the 
metric significantly changes during inhibition and induction enzyme compared 
to baseline. 

Four different levels of evidence level were defined: A) Similar fold-change in 
the phenotyping metric at microdose level and therapeutic level for inhibition 
and induction of the CYP enzyme, B) Significant difference in the metric at 
microdose level between baseline and inhibition/induction, C) Difference in 
metric at microdose level between baseline and inhibition/induction but no 
statistics were performed, D) No significant difference in metric at microdose 
level between baseline and inhibition/induction. An evidence level of A and B for 
probe sensitivity indicates that the phenotyping method can be used for in vivo 
phenotyping at microdose level, level C indicates that there is a potential use for 
the phenotyping method at microdose level, and level D indicates that the probe-
metric combination is not suitable for in vivo phenotyping at microdose level. 
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2.3 Pharmacokinetic scalability
The scalability of microdose pharmacokinetics was determined by comparing 
pharmacokinetic parameters of the microdose to the pharmacokinetic parameters 
of the therapeutic dose. For the area-under-the-concentration-curve (AUC) the 
value extrapolated to infinity in ng*h/mL was used, unless otherwise denoted, 
and presented dose-adjusted to 100 µg. Furthermore, the clearance (Cl) was 
reported in L/h (apparent Cl for oral administration), volume of distribution (Vd) in L 
(apparent Vd for oral administration), and half-life (t½) in hours. Pharmacokinetic 
data from single microdose studies were completed with literature data from 
therapeutic pharmacokinetic studies. Microdose pharmacokinetics were 
considered predictive if the mean observed values of the microdose and of the 
therapeutic dose were within a two-fold. The two-fold criterion is commonly used 
criterion of microdose predictability and originates from allometry [23,24]. Two 
previously reported reviews have reported a predictability of 62% (n=25) and 68% 
(n=41) for orally administered drugs [22,25]. 

In this review, four evidence levels of scalability were defined: A) High scalability: 
All pharmacokinetic parameters of parent and metabolite fell within the two-
fold criterion, B) Good scalability: All pharmacokinetic parameters of either 
parent or metabolite fell within the two-fold criterion, C) Moderate scalability: 
The metric used for phenotyping fell within the two-fold criterion, D) Poor 
scalability: None of the pharmacokinetic parameters fell within the two-fold 
criterion or the metric used for phenotyping falls outside the two-fold criterion. 
Evidence level A and B indicates that results of in vivo phenotyping at microdose 
level could be extrapolated to therapeutic dose for data interpretation, level C 
indicates that the results of in vivo phenotyping might be extrapolated from 
microdose level to therapeutic dose level if the respective metric is sensitive 
to changes in CYP enzyme activity, and D) indicates that the results of in vivo 
phenotyping at microdose level could not be extrapolated to therapeutic dose 
level. Good scalability allows the use of phenotyping metrics at therapeutic level 
for comparison with the phenotyping metrics at microdose level. This is relevant 
since there is more information available of metric performance at different 
clinical settings at therapeutic level compared to microdose level. 
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3 RESULTS

3.1 Included literature 
A total of 25 out of 827 retrieved articles were included in the current review. Of these 
20 articles, 10 articles reported the sensitivity of 20 in vivo microdose phenotyping 
tests with 8 different probes and for 6 different CYP enzymes [21,26-30]. These articles 
are summarised in Supplementary Table S1. Continuing, 17 articles were included 
for the evaluation of scalability of microdose pharmacokinetics to therapeutic 
level [28,29,31-39]. Details of the comparison between microdose and therapeutic 
pharmacokinetics are described in Supplementary Table S2 for studies containing 
both microdose and therapeutic data and Supplementary Table S3 for studies 
describing only microdose pharmacokinetics. The later studies were completed with 
studies reporting therapeutic pharmacokinetics. The evidence levels for sensitivity 
and scalability for each microdose phenotyping test are reported in Table 1. 

3.2 Cytochrome P450 enzymes 
3.2.1 CYP1A2
3.2.1.1 Caffeine 
Caffeine is recommended as a probe for CYP1A2 activity by the EMA due to its 
predominant metabolism by CYP1A2 to paraxanthine at therapeutic levels [13,40]. 
At microdose levels, the AUC extrapolated to infinity (AUC∞

) of caffeine was 
sensitive to CYP1A2 inhibition, but this effect was smaller compared to the effect 
at therapeutic level (8.1-fold vs 13.7-fold, respectively) [21,41]. The authors did not 
report any hypothesis regarding the observed difference, but it could possibly be 
caused by difference in study design, participant populations, or a concentration-
dependent contribution of CYP1A2 to the metabolism of caffeine. Currently, there is 
no information available about the sensitivity of CYP1A2 induction. The extrapolation 
of microdose metrics to therapeutic level is complicated due to the difference in effect 
size between the two dosing levels despites the linear pharmacokinetics (0.25-250 
mg) [21,41-43]. Therefore, sensitivity data of the AUC

∞
 of a caffeine microdose to 

induction needs to be obtained before clinical application (Table 1). 

3.2.2 CYP2C9
3.2.2.1 Glibenclamide
Glibenclamide is predominantly metabolized by CYP2C9 into its two main 
metabolites: 4’-hydroxy glibenclamide and 3’-hydroxy glibenclamide [44]. There 
is no information available about sensitivity of phenotyping metrics to inhibition 
or induction of CYP2C9. However, a genotyping study reported difference in AUC

∞ 

and t1/2 of a glibenclamide microdose between genotypes indicating a possible use 
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as a microdose phenotyping probe [33]. The pharmacokinetics of glibenclamide 
was moderate to poorly scalable from 10 µg to 2.5 mg [33,44,45]. Taken together, 
sensitivity of metrics at microdose level during enzyme inhibition and induction 
needs to be established before clinical application (Table 1). 

3.2.2.2 Losartan 
The major metabolic route for losartan is its metabolism by CYP2C9 into the E3174 
metabolite [46]. There is no information available about the sensitivity of phenotyping 
metrics at microdose level. The scalability of losartan pharmacokinetics over a 
dosing range of 100 µg to 50 mg was considered good in both healthy volunteers 
and hypertensive patients (See supplementary Table 2) [47]. Before losartan can be 
used for in vivo phenotyping at microdose level the sensitivity of the phenotyping 
metric to changes in CYP2C9 needs to be investigated at microdose level. 

3.2.2.3 Tolbutamide
Tolbutamide is a recommended probe by the EMA due to its predominant metabolism 
by CYP2C9 to 4’-hydroxy tolbutamide [13,48]. The AUC∞

 of tolbutamide appears 
to be sensitive to CYP2C9 inhibition at microdose level since inhibition resulted in 
an increase in AUC

∞
 of 1.8-fold but the change from baseline was not significant 

[21]. This was attributed to use of moderate CYP2C9 inhibitors (ketoconazole and 
fluvoxamine) [21]. There is no information available about the sensitivity of AUC

∞ to 
CYP2C9 induction at microdose level. Continuing, the pharmacokinetics was good 
scalable over a dosing range of 25 µg to 125 mg [49]. Summarising, sensitivity studies 
at microdose level needs to be performed before tolbutamide could be considered as 
a CYP2C9 probe at microdose level. 

3.2.2.4 Warfarin
S-warfarin is recommended as a probe for CYP2C9 activity at therapeutic level by 
the EMA [13]. Currently, there is no evidence available if phenotyping metrics for 
S-warfarin are sensitivity at microdose level. A microdose genotyping study did not 
find any significant differences in warfarin pharmacokinetics between different 
genotypes, indicating that warfarin might not be a sensitive probe for CYP2C9 
activity at microdose level [33]. The authors reported quantification of racemic 
warfarin instead of (S)-warfarin and an incomplete capture of the pharmacokinetics 
as possible causes of this result [33]. Furthermore, the pharmacokinetics of warfarin 
were moderately scalable from microdose level to therapeutic level (Supplementary 
Table S3) [31,33,50,51]. In conclusion, sensitivity studies at microdose level need to 
be performed before a warfarin microdose could be used for in vivo phenotyping 
(Table 1). 



109

Microdosing for phenotyping of CYP enzymes

C
H

A
PT

ER
 4

3.2.3 CYP2C19
3.2.3.1 Lansoprazole
The predominant metabolic pathway for lansoprazole is its 5-hydroxylation 
by CYP2C19 to 5’-hydroxy lansoprazole [52]. Currently, there is no sensitivity 
information at microdose level available but results from a pharmacogenetic-
pharmacokinetic study suggests the possible sensitivity of lansoprazole AUC

∞
 

to changes in CYP2C19 activity [33]. The pharmacokinetics of lansoprazole 
demonstrated non-linearity over a dosing range of 50 µg to 30 mg (evidence level 
D) [33,53]. Concluding, sensitivity studies at microdose studies are needed before 
the application of lansoprazole as a microdose probe (Table 1). 

3.2.3.2 Omeprazole
Due to omeprazole’s good selectivity for CYP2C19 and its tolerability, it is 
recommended as a CYP2C19 probe by the EMA at therapeutic level [13]. At 
microdose level the AUC0-24 is sensitive to inhibition and induction of CYP2C19 
[26]. The effect size at microdose level on AUC0-24 during both inhibition and 
induction of the enzyme was similar to therapeutic level (evidence level A; Table 
1) [26]. Furthermore, the pharmacokinetics of omeprazole was non-linear over a 
dosing range of 100 µg to 20 mg (evidence level D) [26]. This non-linearity was 
attributed to metabolic saturation [26]. Taken together, a microdose of 100 µg 
omeprazole is suitable as an in vivo phenotyping trope of CYP2C19 (Table 1). 

3.2.4 CYP2D6 
3.2.4.1 Yohimbine
Yohimbine has been investigated as a probe for CYP2D6. At microdose level 
yohimbine AUC

∞
. Cl/F and metabolic ratio of yohimbine to 11-hydroxy yohimbine 

seemed to be sensitive to inhibition and induction of CYP2D6 [54,55]. While 
the fold-difference in pharmacokinetic parameters at microdose was smaller 
compared to the therapeutic dose and no statistical tests were conducted. The 
pharmacokinetic parameters of yohimbine were not well scalable from microdose 
to therapeutic dose, while the metabolic ratio of yohimbine to 11-hydroxy 
yohimbine was well scalable (Supplementary Table S2) [54]. This was credited to 
the high variability in yohimbine pharmacokinetics [54]. Concluding, sensitivity 
to changes in CYP2D6 activity needs to be established at microdose level before 
yohimbine could be considered as a microdose probe. 
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Table 1. Overview of probes and metrics available for in vivo phenotyping of Cytochrome 
P450 enzymes and the evidence level for their application. 
Enzyme Probe Dose 

(µg)
Route 
of ad. 

Metric Evidence level Comment Recommendation
Sens. PK

CYP1A2 Caffeine 25 PO AUC
∞

B B Only evidence for inhibition Data is needed about performance of AUC
∞ 

during enzyme induction

CYP2C9 Glibenclamide 10 PO AUC
∞

NA C/D No information about sensitivity Sensitivity studies at microdose level need 
to be performed

Losartan 100 PO AUC
∞

NA B No information about sensitivity Sensitivity studies at microdose level need 
to be performed

Tolbutamide 25 PO AUC
∞

D B Only evidence for inhibition Sensitivity studies at microdose level need 
to be performed

Warfarin 10-100 PO AUC
∞

NA C No information about sensitivity Sensitivity studies at microdose level need 
to be performed 

CYP2C19 Lansoprazole 50-70 PO AUC
∞

NA D Difference in enzyme activity between 
genotypes

Sensitivity studies at microdose level need 
to be performedCl/F NA D

AUC 5-OH/LSP NA D

Omeprazole 100 PO AUC0-24 A/B C/D Suitable for in vivo phenotyping at 
microdose level 

CYP2D6 Yohimbine 50 PO AUC
∞

C/D A/B Sensitivity studies at microdose level need 
to be performedAUC YH/11-OH YH C/D A/B

Cl/F A/C A/B

CYP2E1 Chlorzoxazone 2.5-50 PO AUC
∞

NA A/B Sensitivity studies at microdose level need 
to be performedCl/F NA A/B

CYP3A4 Apixaban 25 PO AUC
∞

A/B B/C Use limited due to affinity for P-gp

Cl/F A/B B/C

Edoxaban 25 PO AUC
∞

B C No effect of voriconazole Use limited due to affinity for P-gp

Cl/F B C No effect of voriconazole 

Midazolam 75 PO AUC 1-OH/MDZ C/D A/B Only evidence for inhibition Not suitable for in vivo phenotyping 

33 PO AUC0-10 B A/B Only evidence for inhibition Suitable for in vivo phenotyping at 
microdose level

10 PO AUC2-4 B A/B Only evidence for inhibition Suitable for in vivo phenotyping at 
microdose level

0.1-75 PO AUC
∞

A/B A/B Dependent on perpetrator dose and rout 
of administration 

Suitable for in vivo phenotyping at 
microdose level

0.1-75 PO Cl/F A/B A/B No effect with cyclosporine with or 
without fluconazole 

Suitable for in vivo phenotyping at 
microdose level

3-10 PO Clmet B A/B Suitable for in vivo phenotyping at 
microdose level

Rivaroxaban 25 PO AUC
∞

B NA Only evidence for inhibition Use limited due to affinity for P-gp

Cl/F B NA Only evidence for inhibition Use limited due to affinity for P-gp
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Table 1. Overview of probes and metrics available for in vivo phenotyping of Cytochrome 
P450 enzymes and the evidence level for their application. 
Enzyme Probe Dose 

(µg)
Route 
of ad. 

Metric Evidence level Comment Recommendation
Sens. PK

CYP1A2 Caffeine 25 PO AUC
∞

B B Only evidence for inhibition Data is needed about performance of AUC
∞ 

during enzyme induction

CYP2C9 Glibenclamide 10 PO AUC
∞

NA C/D No information about sensitivity Sensitivity studies at microdose level need 
to be performed

Losartan 100 PO AUC
∞

NA B No information about sensitivity Sensitivity studies at microdose level need 
to be performed

Tolbutamide 25 PO AUC
∞

D B Only evidence for inhibition Sensitivity studies at microdose level need 
to be performed

Warfarin 10-100 PO AUC
∞

NA C No information about sensitivity Sensitivity studies at microdose level need 
to be performed 

CYP2C19 Lansoprazole 50-70 PO AUC
∞

NA D Difference in enzyme activity between 
genotypes

Sensitivity studies at microdose level need 
to be performedCl/F NA D

AUC 5-OH/LSP NA D

Omeprazole 100 PO AUC0-24 A/B C/D Suitable for in vivo phenotyping at 
microdose level 

CYP2D6 Yohimbine 50 PO AUC
∞

C/D A/B Sensitivity studies at microdose level need 
to be performedAUC YH/11-OH YH C/D A/B

Cl/F A/C A/B

CYP2E1 Chlorzoxazone 2.5-50 PO AUC
∞

NA A/B Sensitivity studies at microdose level need 
to be performedCl/F NA A/B

CYP3A4 Apixaban 25 PO AUC
∞

A/B B/C Use limited due to affinity for P-gp

Cl/F A/B B/C

Edoxaban 25 PO AUC
∞

B C No effect of voriconazole Use limited due to affinity for P-gp

Cl/F B C No effect of voriconazole 

Midazolam 75 PO AUC 1-OH/MDZ C/D A/B Only evidence for inhibition Not suitable for in vivo phenotyping 

33 PO AUC0-10 B A/B Only evidence for inhibition Suitable for in vivo phenotyping at 
microdose level

10 PO AUC2-4 B A/B Only evidence for inhibition Suitable for in vivo phenotyping at 
microdose level

0.1-75 PO AUC
∞

A/B A/B Dependent on perpetrator dose and rout 
of administration 

Suitable for in vivo phenotyping at 
microdose level

0.1-75 PO Cl/F A/B A/B No effect with cyclosporine with or 
without fluconazole 

Suitable for in vivo phenotyping at 
microdose level

3-10 PO Clmet B A/B Suitable for in vivo phenotyping at 
microdose level

Rivaroxaban 25 PO AUC
∞

B NA Only evidence for inhibition Use limited due to affinity for P-gp

Cl/F B NA Only evidence for inhibition Use limited due to affinity for P-gp
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Table 1. Continued. 
Enzyme Probe Dose 

(µg)
Route 
of ad. 

Metric Evidence level Comment Recommendation
Sens. PK

Quinidine 100 PO AUC
∞

NA B Sensitivity studies at microdose level need 
to be performed

AUC 3-OH/QND NA B Sensitivity studies at microdose level need 
to be performed

AUC N-OX/QND NA B Sensitivity studies at microdose level need 
to be performed

Verapamil 100 PO AUC
∞

NA A/B Sensitivity studies at microdose level need 
to be performed

AUC NVP/VPN NA A/B Sensitivity studies at microdose level need 
to be performed

Abbreviations: AUC
∞
, area-under-the-concentration-time-curve extrapolated to infinity; 

AUC0-24, AUC from 0 to 24 hours; AUC0-10, AUC from 0 to 10 hours; AUC2-4, AUC from 2 
to 4 hours; AUC YH/11-OH YH, AUC N-OX/QND, AUC of N-oxide quinidine divided by 
quinidine; AUC NVP/VPN, AUC of norverapamil divided by verapamil; AUC of yohimbine 
divided by 11-hydroxy yohimbine; 

AUC 1-OH/MDZ, AUC of 1’-hydroxy midazolam divided by midazolam; AUC 3-OH/QND, 
AUC of 3-hydroxy quinidine divided by quinidine; AUC 5-OH/LSP, AUC of 5-hydroxy 
lansoprazole divided by lansoprazole; Cl/F, apparent clearance; NA, not available; PK, 
pharmacokinetics; PO, oral administration; Route of Ad., route of administration; Sens., 
sensitivity.

3.2.5 CYP2E1
3.2.5.1 Chlorzoxazone 
The metabolic ratio of 6’-hydroxy chlorzoxazone and chlorzoxazone is a commonly 
used metric for CYP2E1 activity [56,57]. At this moment, there is no data available 
over the sensitivity of the metabolic ratio to perpetrators of CYP2E1 at microdose 
level. However, chlorzoxazone pharmacokinetics was linear over a dose range 
from 25 µg to 5 mg [58]. However, sensitivity studies should be performed before 
the use of chlorzoxazone as a microdose phenotyping test. 

3.2.6 CYP3A
3.2.6.1 Apixaban
CYP3A is the predominant enzyme in the metabolism of apixaban [59,60]. 
Both apixaban AUC

∞
 and Cl/F are sensitive to both inhibition and induction of 

CYP3A4 [27,61-63]. However, these results are complicated since apixaban is 
also a substrate for P-glycoprotein (P-gp) which is visible in the increase in AUC

∞ 

after co-administration with rifampicin (a CYP3A4 inducer and P-gp inhibitor; 
Supplementary table S1) [27]. The pharmacokinetics of apixaban was moderately 
scalable over a dosing range of 25 µg to 10 mg [27,61,63]. While apixaban AUC

∞
 

and Cl/F and are sensitive to changes in CYP3A activity, the interpretation of the 
metrics was complicated by the affinity of apixaban for P-gp. 
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Table 1. Continued. 
Enzyme Probe Dose 

(µg)
Route 
of ad. 

Metric Evidence level Comment Recommendation
Sens. PK

Quinidine 100 PO AUC
∞

NA B Sensitivity studies at microdose level need 
to be performed

AUC 3-OH/QND NA B Sensitivity studies at microdose level need 
to be performed

AUC N-OX/QND NA B Sensitivity studies at microdose level need 
to be performed

Verapamil 100 PO AUC
∞

NA A/B Sensitivity studies at microdose level need 
to be performed

AUC NVP/VPN NA A/B Sensitivity studies at microdose level need 
to be performed

Abbreviations: AUC
∞
, area-under-the-concentration-time-curve extrapolated to infinity; 

AUC0-24, AUC from 0 to 24 hours; AUC0-10, AUC from 0 to 10 hours; AUC2-4, AUC from 2 
to 4 hours; AUC YH/11-OH YH, AUC N-OX/QND, AUC of N-oxide quinidine divided by 
quinidine; AUC NVP/VPN, AUC of norverapamil divided by verapamil; AUC of yohimbine 
divided by 11-hydroxy yohimbine; 

AUC 1-OH/MDZ, AUC of 1’-hydroxy midazolam divided by midazolam; AUC 3-OH/QND, 
AUC of 3-hydroxy quinidine divided by quinidine; AUC 5-OH/LSP, AUC of 5-hydroxy 
lansoprazole divided by lansoprazole; Cl/F, apparent clearance; NA, not available; PK, 
pharmacokinetics; PO, oral administration; Route of Ad., route of administration; Sens., 
sensitivity.

3.2.5 CYP2E1
3.2.5.1 Chlorzoxazone 
The metabolic ratio of 6’-hydroxy chlorzoxazone and chlorzoxazone is a commonly 
used metric for CYP2E1 activity [56,57]. At this moment, there is no data available 
over the sensitivity of the metabolic ratio to perpetrators of CYP2E1 at microdose 
level. However, chlorzoxazone pharmacokinetics was linear over a dose range 
from 25 µg to 5 mg [58]. However, sensitivity studies should be performed before 
the use of chlorzoxazone as a microdose phenotyping test. 

3.2.6 CYP3A
3.2.6.1 Apixaban
CYP3A is the predominant enzyme in the metabolism of apixaban [59,60]. 
Both apixaban AUC

∞
 and Cl/F are sensitive to both inhibition and induction of 

CYP3A4 [27,61-63]. However, these results are complicated since apixaban is 
also a substrate for P-glycoprotein (P-gp) which is visible in the increase in AUC

∞ 

after co-administration with rifampicin (a CYP3A4 inducer and P-gp inhibitor; 
Supplementary table S1) [27]. The pharmacokinetics of apixaban was moderately 
scalable over a dosing range of 25 µg to 10 mg [27,61,63]. While apixaban AUC

∞
 

and Cl/F and are sensitive to changes in CYP3A activity, the interpretation of the 
metrics was complicated by the affinity of apixaban for P-gp. 

3.2.6.2 Edoxaban 
Edoxaban is predominantly metabolized by CYP3A into several different 
metabolites [64,65]. While edoxaban AUC

∞ and Cl/F are sensitive to changes in 
CYP3A activity (evidence level B), the phenotype interpretation is complicated by 
edoxaban’s affinity for P-gp [27,61]. Continuing, AUC

∞ and Cl/F were insensitive to 
CYP3A inhibition by voriconazole [27,61]. The pharmacokinetics of edoxaban was 
moderately scalable over a dosing range of 50 µg to 60 mg [27,61,66]. Concluding, 
the clinical application of edoxaban as a microdose phenotyping probe is limited 
by its affinity to P-gp. 

3.2.6.3 Midazolam 
Midazolam is a highly selective probe for CYP3A activity due to its selective 
metabolism by CYP3A to its main metabolite 1’-hydroxy midazolam [67]. 
Furthermore, midazolam is a recommended CYP3A probe by the EMA [13]. Of the 
available phenotyping metrics AUC

∞ and Cl/F had the best evidence for sensitivity 
(Supplementary Table S1) [7,5,8,9]. The metabolic ratio of 1’-hydroxy midazolam/
midazolam is thought to give a more accurate estimation of CYP3A activity and 
is, therefore, the metric of preference [13].
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Table 2. Overview of the bioanalytical methods used for the quantification of drug 
concentrations in the support of in vivo phenotyping of Cytochrome P450 enzymes at 
microdose level. 

Compound Matrix Sample 
volume (µL)

Internal standard Sample 
preparation

Quantification 
method

Run time 
(min)

LLOQ
(pg/mL)

EMA/
FDA¶

Ref. 

Apixaban Plasma 100 13C2H8-apixaban SPE LC-MS/MS 4.5 2.5 Yes [73,61]
14C-caffeine Plasma 190 Caffeine PP HPLC-AMS 30 5.21 No [21]

Chlorzoxazone# Plasma 500 3H2-chlorzoxazone LLE LC-MS/MS 5.5 2.5 Yes [58]

Dextromethorphan# Urine 100 n.r. LLE LC-MS/MS n.r. 10 No [33]

Edoxaban Plasma 100 2H6-edoxaban SPE LC-MS/MS 4.5 2.5 Yes [73,61]

Glibenclamide Plasma 200 n.r. SPE LC-MS/MS n.r. 1 No [33]

Lansoprazole# Plasma 100 n.r. LLE LC-MS/MS n.r. 10 No [33]

Losartan Plasma 1000 Candesartan LLE LC-MS/MS n.r. 50 No [74]
14C-midazolam Plasma 190 Midazolam PP HPLC-AMS 30 5.75 No [21]
14C-midazolam Plasma 500 Midazolam LLE HPLC-AMS NA 0.1$ No [31]

Midazolam# Plasma 250 2H5-midazolam SPE UHPLC-MS/MS 2.5 0.05 Yes [75]

Midazolam# Plasma 1000 N-ethyloxazepam LLE Gas chromatography NA 10 No [76]

Midazolam Plasma 750 Rosuvastatin SPE LC-MS/MS 6.5 5-200 No [29]

Omeprazole Plasma 300 Lansoprazole LLE LC-MS/MS 2.5 34 No [26,77]

Omeprazole Plasma 100 2H3-omeprazole PPE LC-MS/MS NA 10 Yes [78]

Quinidine# Plasma 500 3H2-Quinidine PP LC-MS/MS 4.5 5 No [71]

Rivaroxaban Plasma 100 13C6-rivaroxaban SPE LC-MS/MS 4.5 2.5 Yes [73,61]
14C-Tolbutamide Plasma 190 Tolbutamide PP HPLC-AMS 30 5.84 No [21]

Yohimbine Plasma 25 13C2H3-yohimbine LLE LC-MS/MS 3 5 Yes [54]
14C-warfarin Plasma 500 Warfarin LLE HPLC-AMS 20 10$ No [31]

Warfarin Plasma 200 n.r. SPE LC-MS/MS n.r. 50,000 No [33]

Verapamil# Plasma 500 2H6-verapmil hydroxide PP LC-MS/MS 4.5 1 No [71]

Abbreviations: LLE: Liquid-Liquid Extraction; LLOQ, Lower Limit of Quantification; n.r., 
not reported; PP: Protein precipitation; SPE = Solid Phase Extraction 
# Simultaneous quantification of metabolite 

$ Lowest measured concentration 
¶ Validated according the guidelines of the European Medicines Agency (EMA) and/or US 
Food and Drug Administration (FDA) [79,80]
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Table 2. Overview of the bioanalytical methods used for the quantification of drug 
concentrations in the support of in vivo phenotyping of Cytochrome P450 enzymes at 
microdose level. 

Compound Matrix Sample 
volume (µL)

Internal standard Sample 
preparation

Quantification 
method

Run time 
(min)

LLOQ
(pg/mL)

EMA/
FDA¶

Ref. 

Apixaban Plasma 100 13C2H8-apixaban SPE LC-MS/MS 4.5 2.5 Yes [73,61]
14C-caffeine Plasma 190 Caffeine PP HPLC-AMS 30 5.21 No [21]

Chlorzoxazone# Plasma 500 3H2-chlorzoxazone LLE LC-MS/MS 5.5 2.5 Yes [58]

Dextromethorphan# Urine 100 n.r. LLE LC-MS/MS n.r. 10 No [33]

Edoxaban Plasma 100 2H6-edoxaban SPE LC-MS/MS 4.5 2.5 Yes [73,61]

Glibenclamide Plasma 200 n.r. SPE LC-MS/MS n.r. 1 No [33]

Lansoprazole# Plasma 100 n.r. LLE LC-MS/MS n.r. 10 No [33]

Losartan Plasma 1000 Candesartan LLE LC-MS/MS n.r. 50 No [74]
14C-midazolam Plasma 190 Midazolam PP HPLC-AMS 30 5.75 No [21]
14C-midazolam Plasma 500 Midazolam LLE HPLC-AMS NA 0.1$ No [31]

Midazolam# Plasma 250 2H5-midazolam SPE UHPLC-MS/MS 2.5 0.05 Yes [75]

Midazolam# Plasma 1000 N-ethyloxazepam LLE Gas chromatography NA 10 No [76]

Midazolam Plasma 750 Rosuvastatin SPE LC-MS/MS 6.5 5-200 No [29]

Omeprazole Plasma 300 Lansoprazole LLE LC-MS/MS 2.5 34 No [26,77]

Omeprazole Plasma 100 2H3-omeprazole PPE LC-MS/MS NA 10 Yes [78]

Quinidine# Plasma 500 3H2-Quinidine PP LC-MS/MS 4.5 5 No [71]

Rivaroxaban Plasma 100 13C6-rivaroxaban SPE LC-MS/MS 4.5 2.5 Yes [73,61]
14C-Tolbutamide Plasma 190 Tolbutamide PP HPLC-AMS 30 5.84 No [21]

Yohimbine Plasma 25 13C2H3-yohimbine LLE LC-MS/MS 3 5 Yes [54]
14C-warfarin Plasma 500 Warfarin LLE HPLC-AMS 20 10$ No [31]

Warfarin Plasma 200 n.r. SPE LC-MS/MS n.r. 50,000 No [33]

Verapamil# Plasma 500 2H6-verapmil hydroxide PP LC-MS/MS 4.5 1 No [71]

Abbreviations: LLE: Liquid-Liquid Extraction; LLOQ, Lower Limit of Quantification; n.r., 
not reported; PP: Protein precipitation; SPE = Solid Phase Extraction 
# Simultaneous quantification of metabolite 

$ Lowest measured concentration 
¶ Validated according the guidelines of the European Medicines Agency (EMA) and/or US 
Food and Drug Administration (FDA) [79,80]
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Surprisingly, the metabolic ratio was not sensitive to CYP3A induction [28]. The 
authors did not comment on this result but concluded that the metabolic ratio 
determined 30 min after administration correlated well with midazolam Cl/F 
(Spearman correlation; p<0.005) [13]. Moreover, two metrics that are determined 
with limited sampling strategies, AUC0-10 and AUC2-4 were investigated. Both of 
these metrics were found to be sensitive to changes in CYP3A activity at microdose 
level. Overall, the pharmacokinetics of midazolam can be considered as good 
scalable over a wide range of doses (0.003-7.5 mg). Concluding, midazolam AUC

∞ 

and Cl/F are both suitable for in vivo phenotyping of CYP3A at microdose level 
(Table 1). 

3.2.6.4 Rivaroxaban 
Rivaroxaban is a substrate for both CYP3A and P-gp [68]. The AUC

∞
 and Cl/F 

of rivaroxaban were sensitive to CYP3A inhibition [27,61]. Both AUC
∞
 and Cl/F 

were insensitive to CYP3A4 induction with rifampicin (Supplementary Table 
S1), probably due to affinity of rivaroxaban for P-gp [27] and a relatively small 
contribution of CYP3A to the metabolism of rivaroxaban (18% of a dose) [69]. The 
pharmacokinetics of rivaroxaban were moderately scalable from a dose of 25 µg 
to 20 mg [27,61,36]. In conclusion, the application of rivaroxaban as a microdose 
phenotyping probe for CYP3A is limited by its affinity for P-gp (Table 1). 

3.2.6.5 Quinidine 
Quinidine is predominantly metabolized by CYP3A4 and CYP2D6 [70]. There is 
currently no information about the sensitivity of microdose phenotyping metric 
for quinidine. Quinidine pharmacokinetics were considered good scalable (0.1-10 
mg), while its metabolite quinidine N-oxide was not well scalable (Supplementary 
Table 2) [71]. Before its application as an in vivo phenotyping probe, sensitivity 
to changes to CYP3A activity at microdose level should be established (Table 1). 

3.2.6.6 Verapamil 
Verapamil is a substrate for both CYP3A and CYP2C8 enzymes [72]. It is currently 
unclear if any of the phenotyping metrics of verapamil are sensitive to changes 
in CYP3A activity. Verapamil had highly scalable pharmacokinetics from a dose 
of 100 µg to 16 mg [71]. Continuing, the metabolic ratio for the main metabolite 
norverapamil and verapamil was good scalable over the same dosing range [71]. 
Preferably sensitivity studies should be performed at microdose level before the 
use of verapamil as in vivo microdose phenotyping probe (Table 1). 
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4 DISCUSSION 

The suitability of microdosing for in vivo phenotyping of CYP enzymes was 
determined. Sensitivity to changes in enzyme activity (e.g., inhibition/induction) 
was reported for 7 probes of 5 different CYP enzymes. Metrics of 6 out of 7 probes, 
were sensitive to changes in CYP enzyme activity. Information about linearity 
between microdose and therapeutic dose was available for 14 probes, of which 7 
demonstrated linear pharmacokinetics. Several recommendations can be made 
regarding the above-described literature regarding the use of microdosing for the 
in vivo phenotyping for CYP enzymes. Microdosing for in vivo phenotyping of 
CYP1A2, CYP2C9, and CYP2E1 is currently not recommended. For these three 
enzymes, sensitivity of the probes at microdose levels needs to be established, 
before their uses could be recommended. However, microdosing can be used for 
the in vivo phenotyping of CYP2C19 and CYP3A4. For CYP2C19 the recommended 
microdose phenotyping test is the omeprazole AUC0-24 after a 100 µg dose. CYP3A 
activity could be best determined with an oral 0.1-75 µg dose of midazolam and 
the midazolam AUC

∞ or Cl. Moreover, there are two metrics available that are 
determined with a limited sampling strategy: AUC0-10 and AUC2-4. 

There are currently no guidelines on in vivo phenotyping of CYP enzymes. However, 
recommended probes and metrics in the drug-drug interaction guidelines from 
the EMA and FDA could be used [13,14]. Characteristics of a validated probe are 
listed in these guidelines, but the use of microdosing for in vivo phenotyping is not 
discussed. Based on the found literature, several recommendations can be defined 
for the extension of probe validation to microdose level. First, sensitivity of a probe 
at microdose level seems to be more relevant than linear pharmacokinetics. This 
is illustrated by omeprazole and tolbutamide (see Table 1). For omeprazole, AUC0-24 
is sensitive to changes in CYP2C19 while its pharmacokinetics is not linear, while 
for tolbutamide the pharmacokinetics is linear, but the phenotyping metric is not 
sensitive to changes in enzyme activity. Therefore, validation studies need to be 
performed where the investigational probe is administered as a microdose alone, 
together with a strong inhibitor of the enzyme, and with a strong inductor of the 
enzyme. Perpetrators should be chosen based on their strength of inhibition or 
induction of the enzyme in question [13,14]. Moreover, the dose [81], duration of 
exposure [14,81,82] and time of administration of the perpetrator [14,81], should be 
chosen in such a way that the inhibition or induction of the enzyme is maximised. 
If the probe is meant to be used in a phenotyping cocktail, drug-drug interactions 
studies at microdose level should be conducted making sure that the individual 
probes in the cocktail do not influence each other metrics. 
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The ultimate aim of in vivo phenotyping is contribution to individualised dosing 
by explaining (in part) the variability in drug clearance. There are indications 
of the clinical relevance of in vivo phenotyping. Simvastatin dosing could be 
improved when CYP3A activity was taken into account [8], accounting for CYP3A 
phenotype in the dose calculation of irinotecan improved the predictability of 
the pharmacokinetic and toxicity profile [9] and midazolam Cl was found to be 
highly correlated with sunitinib exposure and explained a large proportion in 
the observed inter-patient variability in pharmacokinetics [10]. A second study 
reported a significant correlation between the metabolic ratio of midazolam and 
sunitinib but concluded that it did not predict variability in sunitinib clearance 
sufficiently to be useful in clinical dosing strategy [83]. Of these four studies, 
only the first study used a microdose for phenotyping [8]. Another study used 
a microdose cocktail to investigate the influence of renal impairment on the 
pharmacokinetics of the probes [84]. Lastly, microdosing could also be used to 
investigate time course of indication or inhibition [85,86]. 

The clinical application of microdose in vivo phenotyping for clinical dosing 
strategies is enabled by recent advances within the field of bioanalysis. Innovations 
made it possible to use relatively simple equipment as liquid chromatography 
tandem mass spectrometry (LC-MS/MS) for the quantification of extreme low 
plasma concentrations instead of accelerated mass spectrometry (AMS) (see 
Table 2). The advantages of LC-MS/MS over AMS are the fast data acquisition, the 
independency of radioactive isotopes and the higher accessibility in laboratories 
[74]. Another crucial aspect for clinical application is a suitable pharmaceutical 
formulation for microdose phenotyping test. At present, therapeutic formulations 
are adjusted such as the dilution of intravenous infusions or dissolving and dilution 
or oral formulations. However, commercially available microdose formulations 
are desired to increase the reliability of the administrated dose and to increase 
the accessibility of microdose phenotyping. Furthermore, patient burden of 
in vivo microdose phenotyping tests should be minimised. Limited sampling 
strategies could reduce the number of blood samples necessary for phenotyping 
as well as reducing the time spend at the clinic. Single-time concentrations or 
parent over metabolite concentrations could be investigated [87] or maximum 
posteriori Bayesian estimation using population pharmacokinetic models could 
be investigated [88,89]. Moreover, oral administration would be preferable as 
well as less invasive sample collection methods such as volumetric absorptive 
microsampling (VAMS) from a finger prick instead of venepuncture. 
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5 CONCLUSION 

In this review we questioned whether microdoses could be used for in vivo 
phenotyping of CYP enzymes. Based on literature, in vivo phenotyping with 
microdoses is in its infancy. For most CYP enzymes, the use of microdoses for 
in vivo phenotyping cannot be recommended yet. For most probes information 
is lacking regarding its sensitivity to changes in enzyme activity at microdose 
level. However, for phenotyping of CYP2C19, a microdose of 100 µg omeprazole 
can be administered orally and the AUC0-24 determined, while for CYP3A4 an 
oral 0.1-75 µg can be administered and the AUC∞ or Cl calculated. Furthermore, 
a midazolam AUC0-10 or midazolam AUC2-4 can be considered as metric. For 
clinical application, more studies are needed regarding the sensitivity of probes 
at microdose level, the use of in vivo phenotypes in dosing strategies, limited 
sampling strategies and less invasive sampling methods.
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SUPPLEMENTARY MATERIAL 

Supplementary Table S1. Overview of sensitivity information of Cytochrome P450 probes 
at microdose level versus therapeutic level. 
CYP 
enzyme 

Probe Metric Microdose 
(µg)

Route 
of Ad.

Perpetrators# Microdose level Therapeutic level Evidence level Ref.
Fold-difference P-value Fold-difference P-value

CYP1A2 Caffeine AUC
∞

25 PO Ketoconazole 400 mg
Fluvoxamine 100 mg

8.1 <0.01 13.7 <0.01 B [21,41]

CYP2C9 Tolbutamide AUC
∞

25 PO Ketoconazole 400 mg
Fluvoxamine 100 mg

1.8 >0.05 NA NA D [21]

CYP2C19 Omeprazole AUC0-24 100 PO Fluconazole 50 mg 4.07 NA 4.33 NA A [26]
Rifampicin 150 mg 0.16 NA 0.15 NA A [26]

AUC
∞

100 PO Fluconazole 400/200 mg 12.9 <0.05 8.2 <0.05 B [55]
Rifampicin 600 mg 0.17 <0.05 0.09 <0.05 B [55]

Cl/F 100 PO Fluconazole 400/200 mg 0.08 <0.05 0.12 <0.05 B [55]
Rifampicin 600 mg 5.8 <0.05 11.3 <0.05 B [55]

CYP2D6 Yohimbine AUC
∞

50 PO Fluconazole 400/200 mg 1.13-1.14 NA NA NA D [55]
Paroxetine 20 mg 3.9 (EM)

5.7 (IM)
0.8 (PM)

NA 6.7 (EM)
6.2 (EM)
0.7 (PM)

NA C
C
A

[54]

Rifampicin 600 mg 0.71-0.74 NA NA NA C [55]
AUC

∞
 

YH/11-OH
50 PO Paroxetine 50 mg 2.0 (EM)

2.4 (IM)
1.0 (PM)

NA 6.7 (EM)
5.3 (IM)

0.94 (PM)

NA C
C
D

[54]

Cl/F 50 PO Fluconazole 400/200 mg 0.88 NA NA NA C [55]
Paroxetine 20 mg 0.18 (EM)

0.17 (IM)
1.25 (PM)

NA
NA
NA

0.15 (EM)
0.16 (IM)
1.45 (PM)

NA
NA
NA

A
A
C

[54]

Rifampicin 600 mg 1.35-1.40 NA NA NA C [55]
CYP3A4 Apixaban AUC

∞
25 PO Cobicistat 150 mg 1.7 <0.01 NA NA B [27]

Fluconazole 400 mg 1.1 >0.05 NA NA D [69]
Isavuconazole 600 mg 1.3 <0.05 NA NA B [69]
Itraconazole 200 mg 1.4 <0.05 NA NA B [69]
Ketoconazole 400 mg 1.6-1.9 <0.0001 2.0 NA A [61,62,69]
Posaconazole 600 mg 1.6 <0.05 NA NA B [69]

Rifampicin 600 mg 1.3 <0.05 0.48 NA B [27,63]
Voriconazole 200/400 mg 1.3 <0.05 NA NA B [27]

Voriconazole 400 mg 1.2 <0.05 NA NA B [69]
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SUPPLEMENTARY MATERIAL 

Supplementary Table S1. Overview of sensitivity information of Cytochrome P450 probes 
at microdose level versus therapeutic level. 
CYP 
enzyme 

Probe Metric Microdose 
(µg)

Route 
of Ad.

Perpetrators# Microdose level Therapeutic level Evidence level Ref.
Fold-difference P-value Fold-difference P-value

CYP1A2 Caffeine AUC
∞

25 PO Ketoconazole 400 mg
Fluvoxamine 100 mg

8.1 <0.01 13.7 <0.01 B [21,41]

CYP2C9 Tolbutamide AUC
∞

25 PO Ketoconazole 400 mg
Fluvoxamine 100 mg

1.8 >0.05 NA NA D [21]

CYP2C19 Omeprazole AUC0-24 100 PO Fluconazole 50 mg 4.07 NA 4.33 NA A [26]
Rifampicin 150 mg 0.16 NA 0.15 NA A [26]

AUC
∞

100 PO Fluconazole 400/200 mg 12.9 <0.05 8.2 <0.05 B [55]
Rifampicin 600 mg 0.17 <0.05 0.09 <0.05 B [55]

Cl/F 100 PO Fluconazole 400/200 mg 0.08 <0.05 0.12 <0.05 B [55]
Rifampicin 600 mg 5.8 <0.05 11.3 <0.05 B [55]

CYP2D6 Yohimbine AUC
∞

50 PO Fluconazole 400/200 mg 1.13-1.14 NA NA NA D [55]
Paroxetine 20 mg 3.9 (EM)

5.7 (IM)
0.8 (PM)

NA 6.7 (EM)
6.2 (EM)
0.7 (PM)

NA C
C
A

[54]

Rifampicin 600 mg 0.71-0.74 NA NA NA C [55]
AUC

∞
 

YH/11-OH
50 PO Paroxetine 50 mg 2.0 (EM)

2.4 (IM)
1.0 (PM)

NA 6.7 (EM)
5.3 (IM)

0.94 (PM)

NA C
C
D

[54]

Cl/F 50 PO Fluconazole 400/200 mg 0.88 NA NA NA C [55]
Paroxetine 20 mg 0.18 (EM)

0.17 (IM)
1.25 (PM)

NA
NA
NA

0.15 (EM)
0.16 (IM)
1.45 (PM)

NA
NA
NA

A
A
C

[54]

Rifampicin 600 mg 1.35-1.40 NA NA NA C [55]
CYP3A4 Apixaban AUC

∞
25 PO Cobicistat 150 mg 1.7 <0.01 NA NA B [27]

Fluconazole 400 mg 1.1 >0.05 NA NA D [69]
Isavuconazole 600 mg 1.3 <0.05 NA NA B [69]
Itraconazole 200 mg 1.4 <0.05 NA NA B [69]
Ketoconazole 400 mg 1.6-1.9 <0.0001 2.0 NA A [61,62,69]
Posaconazole 600 mg 1.6 <0.05 NA NA B [69]

Rifampicin 600 mg 1.3 <0.05 0.48 NA B [27,63]
Voriconazole 200/400 mg 1.3 <0.05 NA NA B [27]

Voriconazole 400 mg 1.2 <0.05 NA NA B [69]
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Supplementary Table S1. Continued. 
CYP 
enzyme 

Probe Metric Microdose 
(µg)

Route 
of Ad.

Perpetrators# Microdose level Therapeutic level Evidence level Ref.
Fold-difference P-value Fold-difference P-value

Cl/F 25 PO Cobicistat 150 mg 0.60 <0.05 NA NA B [27]
Fluconazole 400 mg 0.91 >0.05 NA NA D [69]

Isavuconazole 200 mg 0.75 <0.05 NA NA B [69]
Itraconazole 200 mg 0.71 <0.05 NA NA B [69]
Ketoconazole 400 mg 0.53-0.61 <0.0001 0.50 NA A [61,62,69]
Posaconazole 300 mg 0.62 <0.05 NA NA B [69]

Rifampicin 600 mg 0.75 <0.05 2.1 NA B [27,63]
Voriconazole 200/400 mg 0.75 <0.05 NA NA B [27]

Voriconazole 400 mg 0.81 <0.05 [69]
CYP3A4 Edoxaban AUC

∞
25-50 PO Ketoconazole 400 mg 2.1-2.3 <0.0001 1.8 NA B [61,66,69]

25 PO Cobicistat 150 mg 1.7 <0.005 NA NA B [27]
Rifampicin 600 mg 1.9 <0.005 0.65 NA B [27,90]

Voriconazole 200/400 mg 1.3 >0.05 NA NA D [27]
50 PO Fluconazole 400 mg 1.1 >0.05 NA NA D [69]

Isavuconazole 600 mg 1.5 <0.05 NA NA B [69]
Itraconazole 200 mg 1.9 <0.05 NA NA B [69]

Posaconazole 600 mg 2.1 <0.05 NA NA B [69]
Voriconazole 400 mg 1.3 <0.05 NA NA B [69]

Cl/F 25-50 PO Ketoconazole 400 mg 0.43-0.48 <0.0001 0.53 NA B [61,66,69]
25 PO Cobicistat 150 mg 0.6 <0.01 NA NA B [27]

Rifampicin 600 mg 0.53 <0.005 1.5 NA B [27,90]
Voriconazole 200/400 mg 0.79 >0.05 NA NA D [27]

Fluconazole 400 mg 0.87 >0.05 NA NA D [69]
Isavuconazole 600 mg 0.66 <0.05 NA NA B [69]
Itraconazole 200 mg 0.54 <0.05 NA NA B [69]

Posaconazole 600 mg 0.48 <0.05 NA NA B [69]
Voriconazole 400 mg 0.79 <0.05 NA NA B [69]

Midazolam AUC
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀

𝑀𝑀𝑀𝑀𝑀𝑀  
75
75

PO
PO

Ketoconazole 400 mg 0.2 NA NA NA C [28]
Rifampicin 450 mg 1.1 NA 0.39-2.9 NA D [28]

AUC0-10 33 PO Itraconazole 200 mg 1.7 <0.05 NA NA B [29]
Rifampicin 600 mg 1.1 >0.05 NA NA D [29]
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Supplementary Table S1. Continued. 
CYP 
enzyme 

Probe Metric Microdose 
(µg)

Route 
of Ad.

Perpetrators# Microdose level Therapeutic level Evidence level Ref.
Fold-difference P-value Fold-difference P-value

Cl/F 25 PO Cobicistat 150 mg 0.60 <0.05 NA NA B [27]
Fluconazole 400 mg 0.91 >0.05 NA NA D [69]

Isavuconazole 200 mg 0.75 <0.05 NA NA B [69]
Itraconazole 200 mg 0.71 <0.05 NA NA B [69]
Ketoconazole 400 mg 0.53-0.61 <0.0001 0.50 NA A [61,62,69]
Posaconazole 300 mg 0.62 <0.05 NA NA B [69]

Rifampicin 600 mg 0.75 <0.05 2.1 NA B [27,63]
Voriconazole 200/400 mg 0.75 <0.05 NA NA B [27]

Voriconazole 400 mg 0.81 <0.05 [69]
CYP3A4 Edoxaban AUC

∞
25-50 PO Ketoconazole 400 mg 2.1-2.3 <0.0001 1.8 NA B [61,66,69]

25 PO Cobicistat 150 mg 1.7 <0.005 NA NA B [27]
Rifampicin 600 mg 1.9 <0.005 0.65 NA B [27,90]

Voriconazole 200/400 mg 1.3 >0.05 NA NA D [27]
50 PO Fluconazole 400 mg 1.1 >0.05 NA NA D [69]

Isavuconazole 600 mg 1.5 <0.05 NA NA B [69]
Itraconazole 200 mg 1.9 <0.05 NA NA B [69]

Posaconazole 600 mg 2.1 <0.05 NA NA B [69]
Voriconazole 400 mg 1.3 <0.05 NA NA B [69]

Cl/F 25-50 PO Ketoconazole 400 mg 0.43-0.48 <0.0001 0.53 NA B [61,66,69]
25 PO Cobicistat 150 mg 0.6 <0.01 NA NA B [27]

Rifampicin 600 mg 0.53 <0.005 1.5 NA B [27,90]
Voriconazole 200/400 mg 0.79 >0.05 NA NA D [27]

Fluconazole 400 mg 0.87 >0.05 NA NA D [69]
Isavuconazole 600 mg 0.66 <0.05 NA NA B [69]
Itraconazole 200 mg 0.54 <0.05 NA NA B [69]

Posaconazole 600 mg 0.48 <0.05 NA NA B [69]
Voriconazole 400 mg 0.79 <0.05 NA NA B [69]

Midazolam AUC
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀

𝑀𝑀𝑀𝑀𝑀𝑀  
75
75

PO
PO

Ketoconazole 400 mg 0.2 NA NA NA C [28]
Rifampicin 450 mg 1.1 NA 0.39-2.9 NA D [28]

AUC0-10 33 PO Itraconazole 200 mg 1.7 <0.05 NA NA B [29]
Rifampicin 600 mg 1.1 >0.05 NA NA D [29]
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Supplementary Table S1. Continued. 
CYP 
enzyme 

Probe Metric Microdose 
(µg)

Route 
of Ad.

Perpetrators# Microdose level Therapeutic level Evidence level Ref.
Fold-difference P-value Fold-difference P-value

AUC2-4 3 PO Erythromycin 1000 mg 5.0 <0.05 NA NA B [30]
Erythromycin 250 mg 1.7 <0.05 NA NA B [30]

10 PO Cobicistat 150 mg 8.8 <0.0001 NA NA B [27]
Itraconazole 400 mg 3.7 <0.05 NA NA B [81]
Fluconazole 400 mg 4.3 <0.05 NA NA B [81]

Ketoconazole 400 mg 8.4 <0.05 NA NA B [81]
Posaconazole 300 mg 2.5 <0.05 NA NA B [81]
Isavuconazole 600 mg 1.9 <0.05 NA NA B [81]

Rifampicin 600 mg 1.3 <0.05 NA NA D [27]
Voriconazole 200/400 mg 8.2 <0.0001 8.3 <0.001 A [27,86]

Voriconazole 400 mg 5.3 <0.05 NA NA B [81]
AUC

∞
1 IV Voriconazole 400 mg 2.02 <0.0001 3.5 <0.001 B [91,92]

Voriconazole 400 mg IV 2.16 <0.001 NA NA B [91]
Voriconazole 50 mg 0.98 0.7944 NA NA D [91]

Voriconazole 50 mg IV 0.96 0.6039 NA NA D [91]
0.1 PO Ketoconazole 400 mg 19.5 NA 9.5 <0.0001 B [32,93,94]
0.3 PO Ketoconazole 400 mg 10.9 NA 9.5 <0.0001 A [32,93,94]

Midazolam AUC
∞

3 PO Voriconazole 400 mg 6.95 <0.0001 9.4 <0.001 B [91,92]
Voriconazole 400 mg IV 3.94 <0.0001 NA NA B [91]

Voriconazole 50 mg 1.84 0.0027 NA NA B [91]
Voriconazole 50 mg IV 1.14 0.1995 NA NA D [91]

10 PO Clarithromycin 1000 mg 4.84 NA 5.8-6.5 NA B [34]
Itraconazole 200 mg 7.04 NA 9.9-11.2 NA B [34,95]
Rifampicin 600 mg 0.94 NA 0.05-1.2 NA D [28,34,94,96]

25 PO Ketoconazole 400 mg
Fluvoxamine 100 mg

12.8 <0.01 NA NA B [21]

30 PO Ciclosporin 100 mg 1.5 NA NA NA C [36]
Ciclosporin 100 mg
Fluconazole 400 mg

4.8 NA NA NA C [36]

75 PO Ketoconazole 400 mg 6.5 <0.05 9.5 <0.0001 B [28,93,94]
Rifampicin 450 mg 0.4 <0.05 0.05 <0.05 B [28]

Cl/F 0.1 PO Ketoconazole 400 mg 0.05 NA 0.07-0.11 <0.0001 B [32,93,94]
0.3 PO Ketoconazole 400 mg 0.05 NA 0.07-0.11 <0.0001 B [32,93,94]
30 PO Ciclosporin 100 mg 0.7 NA NA NA C [36]

Ciclosporin 100 mg
Fluconazole 400 mg

0.2 NA NA NA C [36]

75 PO Ketoconazole 400 mg 0.15 <0.05 0.11 <0.0001 A [28,32,93]
Rifampicin 450 mg 8.5 <0.05 16.9 <0.05 B [28]
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Supplementary Table S1. Continued. 
CYP 
enzyme 

Probe Metric Microdose 
(µg)

Route 
of Ad.

Perpetrators# Microdose level Therapeutic level Evidence level Ref.
Fold-difference P-value Fold-difference P-value

AUC2-4 3 PO Erythromycin 1000 mg 5.0 <0.05 NA NA B [30]
Erythromycin 250 mg 1.7 <0.05 NA NA B [30]

10 PO Cobicistat 150 mg 8.8 <0.0001 NA NA B [27]
Itraconazole 400 mg 3.7 <0.05 NA NA B [81]
Fluconazole 400 mg 4.3 <0.05 NA NA B [81]

Ketoconazole 400 mg 8.4 <0.05 NA NA B [81]
Posaconazole 300 mg 2.5 <0.05 NA NA B [81]
Isavuconazole 600 mg 1.9 <0.05 NA NA B [81]

Rifampicin 600 mg 1.3 <0.05 NA NA D [27]
Voriconazole 200/400 mg 8.2 <0.0001 8.3 <0.001 A [27,86]

Voriconazole 400 mg 5.3 <0.05 NA NA B [81]
AUC

∞
1 IV Voriconazole 400 mg 2.02 <0.0001 3.5 <0.001 B [91,92]

Voriconazole 400 mg IV 2.16 <0.001 NA NA B [91]
Voriconazole 50 mg 0.98 0.7944 NA NA D [91]

Voriconazole 50 mg IV 0.96 0.6039 NA NA D [91]
0.1 PO Ketoconazole 400 mg 19.5 NA 9.5 <0.0001 B [32,93,94]
0.3 PO Ketoconazole 400 mg 10.9 NA 9.5 <0.0001 A [32,93,94]

Midazolam AUC
∞

3 PO Voriconazole 400 mg 6.95 <0.0001 9.4 <0.001 B [91,92]
Voriconazole 400 mg IV 3.94 <0.0001 NA NA B [91]

Voriconazole 50 mg 1.84 0.0027 NA NA B [91]
Voriconazole 50 mg IV 1.14 0.1995 NA NA D [91]

10 PO Clarithromycin 1000 mg 4.84 NA 5.8-6.5 NA B [34]
Itraconazole 200 mg 7.04 NA 9.9-11.2 NA B [34,95]
Rifampicin 600 mg 0.94 NA 0.05-1.2 NA D [28,34,94,96]

25 PO Ketoconazole 400 mg
Fluvoxamine 100 mg

12.8 <0.01 NA NA B [21]

30 PO Ciclosporin 100 mg 1.5 NA NA NA C [36]
Ciclosporin 100 mg
Fluconazole 400 mg

4.8 NA NA NA C [36]

75 PO Ketoconazole 400 mg 6.5 <0.05 9.5 <0.0001 B [28,93,94]
Rifampicin 450 mg 0.4 <0.05 0.05 <0.05 B [28]

Cl/F 0.1 PO Ketoconazole 400 mg 0.05 NA 0.07-0.11 <0.0001 B [32,93,94]
0.3 PO Ketoconazole 400 mg 0.05 NA 0.07-0.11 <0.0001 B [32,93,94]
30 PO Ciclosporin 100 mg 0.7 NA NA NA C [36]

Ciclosporin 100 mg
Fluconazole 400 mg

0.2 NA NA NA C [36]

75 PO Ketoconazole 400 mg 0.15 <0.05 0.11 <0.0001 A [28,32,93]
Rifampicin 450 mg 8.5 <0.05 16.9 <0.05 B [28]
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Supplementary Table S1. Continued. 
CYP 
enzyme 

Probe Metric Microdose 
(µg)

Route 
of Ad.

Perpetrators# Microdose level Therapeutic level Evidence level Ref.
Fold-difference P-value Fold-difference P-value

Clmet 3 PO Erythromycin 1000 mg 0.18 <0.05 NA NA B [30]
Erythromycin 250 mg 0.58 <0.05 NA NA B [30]

10 PO Cobicistat 150 mg 0.11 <0.0001 NA NA B [27]
Fluconazole 400 mg 0.22 <0.05 NA NA B [81]
Itraconazole 400 mg 0.27 <0.05 NA NA B [81]

Isavuconazole 600 mg 0.52 <0.05 NA NA B [81]
Ketoconazole 400 mg 0.11 <0.05 NA NA B [81]

Rifampicin 600 mg 0.77 <0.05 NA NA B [27]
Posaconazole 600 mg 0.40 <0.05 NA NA B [81]

Voriconazole 200/400 mg 0.16 0.0009 NA NA B [27]
Voriconazole 400 mg 0.19 <0.05 NA NA B [81]

Rivaroxaban AUC
∞

25 PO Cobicistat 150 mg 2.0 <0.001 NA NA B [27]
Fluconazole 400 mg 1.3 <0.05 NA NA B [81]

Isavuconazole 200 mg 1.1 >0.05 NA NA D [81]
Itraconazole 200 mg 1.5 <0.05 NA NA B [81]
Ketoconazole 400 mg 2.3 <0.0001 2.6 NA A [61,68,81]
Posaconazole 600 mg 1.4 <0.05 NA NA B [81]

Rifampicin 600 mg 1.3 >0.05 NA NA D [27]
Voriconazole 200/400 mg 1.3 <0.05 NA NA B [27]

Voriconazole 400 mg 1.2 <0.05 NA NA N [81]
Cl/F 25 PO Cobicistat 150 mg 0.5 <0.05 NA NA B [27]

Fluconazole 400 mg 0.79 <0.05 0.71 NA B [81,68]
Isavuconazole 0.88 >0.05 NA NA D [81]

Itraconazole 200 mg 0.68 <0.05 NA NA B [81]
Ketoconazole 400 mg 0.43 <0.0001 0.39 NA A [61,68,81]
Posaconazole 300 mg 0.73 <0.05 NA NA B [81]

Rifampicin 600 mg 0.76 >0.05 NA NA D [27]
Voriconazole 200/400 mg 0.76 <0.05 NA NA B [27]

Voriconazole 400 mg 0.86 <0.05 NA NA B [81]
Abbreviations: AUC

∞
, area-under-the-concentration-time-curve extrapolated to infinity; 

AUC0-24, AUC from 0 to 24 hours; AUC0-10, AUC from 0 to 10 hours; AUC2-4, AUC from 2 to 4 
hours; Cl/F, apparent clearance; Clmet, metabolic clearance; 

AUC
∞
 1-OH MDZ/MDZ, AUC of 1-hydroxy midazolam divided by midazolam; AUC

∞
 YH/11-

OH, AUC of yohimbine divided 11-hydroxy yohimbine. 
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Supplementary Table S1. Continued. 
CYP 
enzyme 

Probe Metric Microdose 
(µg)

Route 
of Ad.

Perpetrators# Microdose level Therapeutic level Evidence level Ref.
Fold-difference P-value Fold-difference P-value

Clmet 3 PO Erythromycin 1000 mg 0.18 <0.05 NA NA B [30]
Erythromycin 250 mg 0.58 <0.05 NA NA B [30]

10 PO Cobicistat 150 mg 0.11 <0.0001 NA NA B [27]
Fluconazole 400 mg 0.22 <0.05 NA NA B [81]
Itraconazole 400 mg 0.27 <0.05 NA NA B [81]

Isavuconazole 600 mg 0.52 <0.05 NA NA B [81]
Ketoconazole 400 mg 0.11 <0.05 NA NA B [81]

Rifampicin 600 mg 0.77 <0.05 NA NA B [27]
Posaconazole 600 mg 0.40 <0.05 NA NA B [81]

Voriconazole 200/400 mg 0.16 0.0009 NA NA B [27]
Voriconazole 400 mg 0.19 <0.05 NA NA B [81]

Rivaroxaban AUC
∞

25 PO Cobicistat 150 mg 2.0 <0.001 NA NA B [27]
Fluconazole 400 mg 1.3 <0.05 NA NA B [81]

Isavuconazole 200 mg 1.1 >0.05 NA NA D [81]
Itraconazole 200 mg 1.5 <0.05 NA NA B [81]
Ketoconazole 400 mg 2.3 <0.0001 2.6 NA A [61,68,81]
Posaconazole 600 mg 1.4 <0.05 NA NA B [81]

Rifampicin 600 mg 1.3 >0.05 NA NA D [27]
Voriconazole 200/400 mg 1.3 <0.05 NA NA B [27]

Voriconazole 400 mg 1.2 <0.05 NA NA N [81]
Cl/F 25 PO Cobicistat 150 mg 0.5 <0.05 NA NA B [27]

Fluconazole 400 mg 0.79 <0.05 0.71 NA B [81,68]
Isavuconazole 0.88 >0.05 NA NA D [81]

Itraconazole 200 mg 0.68 <0.05 NA NA B [81]
Ketoconazole 400 mg 0.43 <0.0001 0.39 NA A [61,68,81]
Posaconazole 300 mg 0.73 <0.05 NA NA B [81]

Rifampicin 600 mg 0.76 >0.05 NA NA D [27]
Voriconazole 200/400 mg 0.76 <0.05 NA NA B [27]

Voriconazole 400 mg 0.86 <0.05 NA NA B [81]
Abbreviations: AUC

∞
, area-under-the-concentration-time-curve extrapolated to infinity; 

AUC0-24, AUC from 0 to 24 hours; AUC0-10, AUC from 0 to 10 hours; AUC2-4, AUC from 2 to 4 
hours; Cl/F, apparent clearance; Clmet, metabolic clearance; 

AUC
∞
 1-OH MDZ/MDZ, AUC of 1-hydroxy midazolam divided by midazolam; AUC

∞
 YH/11-

OH, AUC of yohimbine divided 11-hydroxy yohimbine. 
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Supplementary Table S2. Pharmacokinetic parameters of drugs from trials in which both 
microdose and therapeutic doses were administered. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 
CYP2C9 Losartan 100 50 PO Cmax = 0.88

Tmax = 1.45
AUC = 3.62

t1/2 = 3.31

Cmax = 0.86
Tmax = 1.4

AUC = 3.41
t1/2 = 3.41

B [47]

Cmax = 0.88
Tmax = 1.45
AUC = 3.62

t1/2 = 3.31

Cmax = 0.83
Tmax = 1.35
AUC = 3.48

t1/2 = 317

B [47]#

CYP2C19 Omeprazole 100 20 PO AUC = 2.59
t1/2 = 1.21

AUC = 8.24
t1/2 = 2.40

D [26]

Cmax = 4.48
Tmax = 0.86
AUC = 264
Cl/F = 379 
V/F = 26.1 

5-OH omeprazole
AUC = 107 

Cmax = 1.87
Tmax = 3.0 

AUC = 258
Cl/F = 388
V/F = 90.8 

5-OH omeprazole
AUC = 130

C [55]

CYP2D6 Yohimbine 50 5 PO Cmax = 0.15
Tmax = 0.36
AUC = 0.15
t1/2 = 0.68
Cl/F = 669
V/F = 810

11-OH yohimbine 
AUC = 8.7

AUC YH/11-OH YH = 0.02

Cmax = 0.35
Tmax = 0.36
AUC = 0.32
t1/2 = 0.64
Cl/F = 308
V/F = 313

11-OH yohimbine 
AUC = 9.6

AUC YH/11-OH YH = 0.03

B [54]$

Cmax = 0.53
Tmax = 0.75

AUC = 0.912
t1/2 = 0.64
Cl/F = 110
V/F = 226

11-OH yohimbine 
AUC = 4.12

AUC YH/11-OH YH = 0.10

Cmax = 1.06
Tmax = 0.75
AUC = 1.57
t1/2 = 0.96

Cl/F = 63.5
V/F = 115

11-OH yohimbine 
AUC = 7.52

AUC YH/11-OH YH = 0.21

B [54]¶
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Supplementary Table S2. Pharmacokinetic parameters of drugs from trials in which both 
microdose and therapeutic doses were administered. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 
CYP2C9 Losartan 100 50 PO Cmax = 0.88

Tmax = 1.45
AUC = 3.62

t1/2 = 3.31

Cmax = 0.86
Tmax = 1.4

AUC = 3.41
t1/2 = 3.41

B [47]

Cmax = 0.88
Tmax = 1.45
AUC = 3.62

t1/2 = 3.31

Cmax = 0.83
Tmax = 1.35
AUC = 3.48

t1/2 = 317

B [47]#

CYP2C19 Omeprazole 100 20 PO AUC = 2.59
t1/2 = 1.21

AUC = 8.24
t1/2 = 2.40

D [26]

Cmax = 4.48
Tmax = 0.86
AUC = 264
Cl/F = 379 
V/F = 26.1 

5-OH omeprazole
AUC = 107 

Cmax = 1.87
Tmax = 3.0 

AUC = 258
Cl/F = 388
V/F = 90.8 

5-OH omeprazole
AUC = 130

C [55]

CYP2D6 Yohimbine 50 5 PO Cmax = 0.15
Tmax = 0.36
AUC = 0.15
t1/2 = 0.68
Cl/F = 669
V/F = 810

11-OH yohimbine 
AUC = 8.7

AUC YH/11-OH YH = 0.02

Cmax = 0.35
Tmax = 0.36
AUC = 0.32
t1/2 = 0.64
Cl/F = 308
V/F = 313

11-OH yohimbine 
AUC = 9.6

AUC YH/11-OH YH = 0.03

B [54]$

Cmax = 0.53
Tmax = 0.75

AUC = 0.912
t1/2 = 0.64
Cl/F = 110
V/F = 226

11-OH yohimbine 
AUC = 4.12

AUC YH/11-OH YH = 0.10

Cmax = 1.06
Tmax = 0.75
AUC = 1.57
t1/2 = 0.96

Cl/F = 63.5
V/F = 115

11-OH yohimbine 
AUC = 7.52

AUC YH/11-OH YH = 0.21

B [54]¶
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Supplementary Table S2. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

Cmax = 4.38
Tmax = 1.42
AUC = 30.5
t1/2 = 5.85
Cl/F = 3.3
V/F = 28.4

11-OH yohimbine 
AUC = 8.8

AUC YH/11-OH = 3.53

Cmax = 3.96
Tmax = 1.42
AUC = 40.9
t1/2 = 6.59
Cl/F = 2.4
V/F = 24.5

11-OH yohimbine 
AUC = 11.7

AUC YH/11-Oh = 3.50

A [54]¥

CYP2E1 Chlorzoxazone 2.5 2.5 PO Cmax = 1.6
AUC = 2.64

t1/2 = 1.02
Cl/F = 37.9
V/F = 55.5

Cmax = 2.1
AUC = 3.23

t1/2 = 1.27
Cl/F = 31.0
V/F = 56.9

B [58]

Cmax = 1.6
AUC = 2.64

t1/2 = 1.02
Cl/F = 37.9
V/F = 55.5

Cmax = 1.5
AUC = 2.13

t1/2 = 1.14
Cl/F = 46.9
V/F = 77.2

B [58]

5 2.5 PO Cmax = 1.00
Cmax MR = 0.033

AUC = 2.37
t1/2 = 1.00

Cl/F = 42.1
V/F = 60.7

Cmax = 2.1
Cmax MR = 0.027

AUC = 3.23
t1/2 = 1.27

Cl/F = 31.0
V/F = 56.9

A [58]

Cmax = 1.00
Cmax MR = 0.033

AUC = 2.37
t1/2 = 1.00

Cl/F = 42.1
V/F = 60.7

Cmax = 1.5
Cmax MR = 0.041

AUC = 2.13
t1/2 = 1.14

Cl/F = 46.9
V/F = 77.2

A [58]

25 2.5 PO Cmax = 2.4
Cmax MR = 0.020

AUC = 3.41
t1/2 = 1.05

Cl/F = 29.28
V/F = 44.4

Cmax = 2.1
Cmax MR = 0.027

AUC = 3.23
t1/2 = 1.27

Cl/F = 31.0
V/F = 56.9

A [58]
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Supplementary Table S2. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

Cmax = 4.38
Tmax = 1.42
AUC = 30.5
t1/2 = 5.85
Cl/F = 3.3
V/F = 28.4

11-OH yohimbine 
AUC = 8.8

AUC YH/11-OH = 3.53

Cmax = 3.96
Tmax = 1.42
AUC = 40.9
t1/2 = 6.59
Cl/F = 2.4
V/F = 24.5

11-OH yohimbine 
AUC = 11.7

AUC YH/11-Oh = 3.50

A [54]¥

CYP2E1 Chlorzoxazone 2.5 2.5 PO Cmax = 1.6
AUC = 2.64

t1/2 = 1.02
Cl/F = 37.9
V/F = 55.5

Cmax = 2.1
AUC = 3.23

t1/2 = 1.27
Cl/F = 31.0
V/F = 56.9

B [58]

Cmax = 1.6
AUC = 2.64

t1/2 = 1.02
Cl/F = 37.9
V/F = 55.5

Cmax = 1.5
AUC = 2.13

t1/2 = 1.14
Cl/F = 46.9
V/F = 77.2

B [58]

5 2.5 PO Cmax = 1.00
Cmax MR = 0.033

AUC = 2.37
t1/2 = 1.00

Cl/F = 42.1
V/F = 60.7

Cmax = 2.1
Cmax MR = 0.027

AUC = 3.23
t1/2 = 1.27

Cl/F = 31.0
V/F = 56.9

A [58]

Cmax = 1.00
Cmax MR = 0.033

AUC = 2.37
t1/2 = 1.00

Cl/F = 42.1
V/F = 60.7

Cmax = 1.5
Cmax MR = 0.041

AUC = 2.13
t1/2 = 1.14

Cl/F = 46.9
V/F = 77.2

A [58]

25 2.5 PO Cmax = 2.4
Cmax MR = 0.020

AUC = 3.41
t1/2 = 1.05

Cl/F = 29.28
V/F = 44.4

Cmax = 2.1
Cmax MR = 0.027

AUC = 3.23
t1/2 = 1.27

Cl/F = 31.0
V/F = 56.9

A [58]
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Supplementary Table S2. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

Cmax = 2.4
Cmax MR = 0.020

AUC = 3.41
t1/2 = 1.05

Cl/F = 29.28
V/F = 44.4

Cmax = 1.5
Cmax MR = 0.041

AUC = 2.13
t1/2 = 1.14

Cl/F = 46.9
V/F = 77.2

B [58]

50 2.5 PO Cmax = 1.74
Cmax MR = 0.029

AUC = 2.49
t1/2 = 1.10

Cl/F = 40.2
V/F = 63.8

Cmax = 2.1
Cmax MR = 0.027

AUC = 3.23
t1/2 = 1.27

Cl/F = 31.0
V/F = 56.9

A [58]

5 PO Cmax = 1.74
Cmax MR = 0.029

AUC = 2.49
t1/2 = 1.10

Cl/F = 40.2
V/F = 63.8

Cmax = 1.5
Cmax MR = 0.041

AUC = 2.13
t1/2 = 1.14

Cl/F = 46.9
V/F = 77.2

A [58]

CYP3A4 Midazolam 0.1 1 PO AUC = 1.07
t½ = 1.52
Cl = 93.0 
V = 225

AUC = 0.944
t½ = 4.54
Cl = 106.2 
V = 445

C [32]

3 PO AUC = 1.07
t½ = 1.52
Cl = 93.0 
V = 225

AUC = 1.06
t½ = 4.11
Cl = 94.2
V = 353

C [32]

0.3 1 PO AUC = 1.10
t½ = 3.54
Cl = 91.2
V = 376

AUC = 0.944
t½ = 4.54
Cl = 106.2 
V = 445

B [32]

3 PO AUC = 1.10
t½ = 3.54
Cl = 91.2
V = 376

AUC = 1.06
t½ = 4.11
Cl = 94.2
V = 353

B [32]

1 1 PO AUC = 0.970
t½ = 3.11
Cl = 103.2 
V = 382

AUC = 0.944
t½ = 4.54
Cl = 106.2 
V = 445

B [32]

3 PO AUC = 0.970
t½ = 3.11
Cl = 103.2 
V = 382

AUC = 1.06
t½ = 4.11
Cl = 94.2
V = 353

B [32]
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Supplementary Table S2. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

Cmax = 2.4
Cmax MR = 0.020

AUC = 3.41
t1/2 = 1.05

Cl/F = 29.28
V/F = 44.4

Cmax = 1.5
Cmax MR = 0.041

AUC = 2.13
t1/2 = 1.14

Cl/F = 46.9
V/F = 77.2

B [58]

50 2.5 PO Cmax = 1.74
Cmax MR = 0.029

AUC = 2.49
t1/2 = 1.10

Cl/F = 40.2
V/F = 63.8

Cmax = 2.1
Cmax MR = 0.027

AUC = 3.23
t1/2 = 1.27

Cl/F = 31.0
V/F = 56.9

A [58]

5 PO Cmax = 1.74
Cmax MR = 0.029

AUC = 2.49
t1/2 = 1.10

Cl/F = 40.2
V/F = 63.8

Cmax = 1.5
Cmax MR = 0.041

AUC = 2.13
t1/2 = 1.14

Cl/F = 46.9
V/F = 77.2

A [58]

CYP3A4 Midazolam 0.1 1 PO AUC = 1.07
t½ = 1.52
Cl = 93.0 
V = 225

AUC = 0.944
t½ = 4.54
Cl = 106.2 
V = 445

C [32]

3 PO AUC = 1.07
t½ = 1.52
Cl = 93.0 
V = 225

AUC = 1.06
t½ = 4.11
Cl = 94.2
V = 353

C [32]

0.3 1 PO AUC = 1.10
t½ = 3.54
Cl = 91.2
V = 376

AUC = 0.944
t½ = 4.54
Cl = 106.2 
V = 445

B [32]

3 PO AUC = 1.10
t½ = 3.54
Cl = 91.2
V = 376

AUC = 1.06
t½ = 4.11
Cl = 94.2
V = 353

B [32]

1 1 PO AUC = 0.970
t½ = 3.11
Cl = 103.2 
V = 382

AUC = 0.944
t½ = 4.54
Cl = 106.2 
V = 445

B [32]

3 PO AUC = 0.970
t½ = 3.11
Cl = 103.2 
V = 382

AUC = 1.06
t½ = 4.11
Cl = 94.2
V = 353

B [32]
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Supplementary Table S2. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

1 IV AUC = 3.79
t½ = 3.55
Cl = 26.34

Clmet = 15.18
V = 83.5

Ae (1-OH MDZ) = 59.9

AUC = 3.9
t½ = 4.02
Cl = 25.68

Clmet = 16.68
V = 73.5

Ae (1-OH MDZ) = 61.2

A [97]

3 1 PO AUC = 1.11
t½ = 3.68
Cl = 90.6 
V = 373

AUC = 0.944
t½ = 4.54
Cl = 106.2 
V = 445

B [32]

3 PO AUC = 1.11
t½ = 3.68
Cl = 90.6 
V = 373

AUC = 1.06
t½ = 4.11
Cl = 94.2
V = 353

B [32]

AUC = 0.887
t½ = 3.26
Cl = 112.8

CLmet = 77.16
V = 413

Ae (1-OH MDZ) = 69.4
F = 23.4 

AUC = 0.813
t½ = 3.96
Cl = 123.0

Clmet = 71.94
V = 469

Ae (1-OH MDZ) = 67.5
F = 20.9

A [97]

30 1 PO AUC = 1.05
t½ = 3.93
Cl = 95.4 
V = 344

AUC = 0.944
t½ = 4.54
Cl = 106.2 
V = 445

B [32]

3 PO AUC = 1.05
t½ = 3.93
Cl = 95.4 
V = 344

AUC = 1.06
t½ = 4.11
Cl = 94.2
V = 353

B [32]

1 PO AUC = 1.05
t½ = 4.53
Cl = 95.4 
V = 383

AUC = 0.944
t½ = 4.54
Cl = 106.2 
V = 445

B [32]

3 PO AUC = 1.05
t½ = 3.93
Cl = 95.4 
V = 344

AUC = 1.06
t½ = 4.11
Cl = 94.2
V = 353

B [32]
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Supplementary Table S2. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

1 IV AUC = 3.79
t½ = 3.55
Cl = 26.34

Clmet = 15.18
V = 83.5

Ae (1-OH MDZ) = 59.9

AUC = 3.9
t½ = 4.02
Cl = 25.68

Clmet = 16.68
V = 73.5

Ae (1-OH MDZ) = 61.2

A [97]

3 1 PO AUC = 1.11
t½ = 3.68
Cl = 90.6 
V = 373

AUC = 0.944
t½ = 4.54
Cl = 106.2 
V = 445

B [32]

3 PO AUC = 1.11
t½ = 3.68
Cl = 90.6 
V = 373

AUC = 1.06
t½ = 4.11
Cl = 94.2
V = 353

B [32]

AUC = 0.887
t½ = 3.26
Cl = 112.8

CLmet = 77.16
V = 413

Ae (1-OH MDZ) = 69.4
F = 23.4 

AUC = 0.813
t½ = 3.96
Cl = 123.0

Clmet = 71.94
V = 469

Ae (1-OH MDZ) = 67.5
F = 20.9

A [97]

30 1 PO AUC = 1.05
t½ = 3.93
Cl = 95.4 
V = 344

AUC = 0.944
t½ = 4.54
Cl = 106.2 
V = 445

B [32]

3 PO AUC = 1.05
t½ = 3.93
Cl = 95.4 
V = 344

AUC = 1.06
t½ = 4.11
Cl = 94.2
V = 353

B [32]

1 PO AUC = 1.05
t½ = 4.53
Cl = 95.4 
V = 383

AUC = 0.944
t½ = 4.54
Cl = 106.2 
V = 445

B [32]

3 PO AUC = 1.05
t½ = 3.93
Cl = 95.4 
V = 344

AUC = 1.06
t½ = 4.11
Cl = 94.2
V = 353

B [32]
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Supplementary Table S2. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

75 7.5 PO AUC = 0.91
t½ = 1.7
Cl = 128
V = 276

1-OH MDZ
AUC = 0.24

t½ = 1.3
Cl = 516
V = 878

AUC = 0.89
t½ = 2.2
Cl = 129
V = 383

1-OH MDZ
AUC = 0.43

t½ = 2.0
Cl = 258
V = 713

A [28]

100 7.5 IV AUC = 4.53
t½ = 4.87
Cl = 21.2

AUC = 4.68
t½ = 2.55
Cl = 20.4

B [31]

PO t½ = 4.87
F = 22.8%

t½ = 3.31
F = 20.9%

B [31]

AUC = 2.46
t½ = 1.01

AUCt = 6.195
t½ = 2.12

D [26]

Quinidine 100 1 PO AUC = 0.813
t½ = 5.07
3-OH QND

AUC0-12 = 0.116
AUC 3 − 𝑂𝑂𝑂𝑂	𝑄𝑄𝑄𝑄𝑄𝑄

𝑄𝑄𝑄𝑄𝑄𝑄  = 0.19
QND N-oxide
AUC0-12 =0.701

AUC  !"#	"%&'()*
!"#

 = 1.1

AUC = 1.05
t½ = 5.73
3-OH QND

AUC0-12 = 0.157
AUC 3 − 𝑂𝑂𝑂𝑂	𝑄𝑄𝑄𝑄𝑄𝑄

𝑄𝑄𝑄𝑄𝑄𝑄  = 0.20
QND N-oxide
AUC0-12 = 2.27

AUC  !"#	"%&'()*
!"#

 = 2.9

B [71]

10 PO AUC = 0.813
t½ = 5.07
3-OH QND

AUC0-12 = 0.116
AUC 3 − 𝑂𝑂𝑂𝑂	𝑄𝑄𝑄𝑄𝑄𝑄

𝑄𝑄𝑄𝑄𝑄𝑄  = 0.19
QND N-oxide
AUC0-12 =0.701

AUC  !"#	"%&'()*
!"#

 = 1.1

AUC = 1.48
t½ = 5.24
3-OH QND

AUC0-12 = 0.212
AUC 3 − 𝑂𝑂𝑂𝑂	𝑄𝑄𝑄𝑄𝑄𝑄

𝑄𝑄𝑄𝑄𝑄𝑄  = 0.19
QND N-oxide
AUC0-12 = 1.88

AUC  !"#	"%&'()*
!"#

 = 1.7

B [71]

100 PO AUC = 0.813
t½ = 5.07
3-OH QND

AUC0-12 = 0.116

AUC 3 − 𝑂𝑂𝑂𝑂	𝑄𝑄𝑄𝑄𝑄𝑄
𝑄𝑄𝑄𝑄𝑄𝑄  = 0.19

QND N-oxide
AUC0-12 =0.701

AUC  !"#	"%&'()*
!"#

 = 1.1

AUC = 2.08
t½ = 5.59
3-OH QND

AUC0-12 = 0.441

AUC 3 − 𝑂𝑂𝑂𝑂	𝑄𝑄𝑄𝑄𝑄𝑄
𝑄𝑄𝑄𝑄𝑄𝑄  = 0.28

QND N-oxide
AUC0-12 =2.27

AUC  !"#	"%&'()*
!"#

 = 1.4

[71]
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Supplementary Table S2. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

75 7.5 PO AUC = 0.91
t½ = 1.7
Cl = 128
V = 276

1-OH MDZ
AUC = 0.24

t½ = 1.3
Cl = 516
V = 878

AUC = 0.89
t½ = 2.2
Cl = 129
V = 383

1-OH MDZ
AUC = 0.43

t½ = 2.0
Cl = 258
V = 713

A [28]

100 7.5 IV AUC = 4.53
t½ = 4.87
Cl = 21.2

AUC = 4.68
t½ = 2.55
Cl = 20.4

B [31]

PO t½ = 4.87
F = 22.8%

t½ = 3.31
F = 20.9%

B [31]

AUC = 2.46
t½ = 1.01

AUCt = 6.195
t½ = 2.12

D [26]

Quinidine 100 1 PO AUC = 0.813
t½ = 5.07
3-OH QND

AUC0-12 = 0.116
AUC 3 − 𝑂𝑂𝑂𝑂	𝑄𝑄𝑄𝑄𝑄𝑄

𝑄𝑄𝑄𝑄𝑄𝑄  = 0.19
QND N-oxide
AUC0-12 =0.701

AUC  !"#	"%&'()*
!"#

 = 1.1

AUC = 1.05
t½ = 5.73
3-OH QND

AUC0-12 = 0.157
AUC 3 − 𝑂𝑂𝑂𝑂	𝑄𝑄𝑄𝑄𝑄𝑄

𝑄𝑄𝑄𝑄𝑄𝑄  = 0.20
QND N-oxide
AUC0-12 = 2.27

AUC  !"#	"%&'()*
!"#

 = 2.9

B [71]

10 PO AUC = 0.813
t½ = 5.07
3-OH QND

AUC0-12 = 0.116
AUC 3 − 𝑂𝑂𝑂𝑂	𝑄𝑄𝑄𝑄𝑄𝑄

𝑄𝑄𝑄𝑄𝑄𝑄  = 0.19
QND N-oxide
AUC0-12 =0.701

AUC  !"#	"%&'()*
!"#

 = 1.1

AUC = 1.48
t½ = 5.24
3-OH QND

AUC0-12 = 0.212
AUC 3 − 𝑂𝑂𝑂𝑂	𝑄𝑄𝑄𝑄𝑄𝑄

𝑄𝑄𝑄𝑄𝑄𝑄  = 0.19
QND N-oxide
AUC0-12 = 1.88

AUC  !"#	"%&'()*
!"#

 = 1.7

B [71]

100 PO AUC = 0.813
t½ = 5.07
3-OH QND

AUC0-12 = 0.116

AUC 3 − 𝑂𝑂𝑂𝑂	𝑄𝑄𝑄𝑄𝑄𝑄
𝑄𝑄𝑄𝑄𝑄𝑄  = 0.19

QND N-oxide
AUC0-12 =0.701

AUC  !"#	"%&'()*
!"#

 = 1.1

AUC = 2.08
t½ = 5.59
3-OH QND

AUC0-12 = 0.441

AUC 3 − 𝑂𝑂𝑂𝑂	𝑄𝑄𝑄𝑄𝑄𝑄
𝑄𝑄𝑄𝑄𝑄𝑄  = 0.28

QND N-oxide
AUC0-12 =2.27

AUC  !"#	"%&'()*
!"#

 = 1.4

[71]
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Supplementary Table S2. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

Verapamil 100 3 PO AUC = 0.139
t½ = 2.48

Norverapamil
AUC0-12 = 0.285

AUC 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉  = 2.2

AUC = 0.165
t½ = 3.29

Norverapamil
AUC0-12 = 0.35

AUC 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉  = 2.3

A [71]

80 PO AUC = 0.139
t½ = 2.48

Norverapamil
AUC0-12 = 0.285

AUC 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉  = 2.2

AUC = 0.32
t½ = .3.21

Norverapamil
AUC0-12 = 0.538

AUC 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉  = 1.8

B [71]

16 PO AUC = 0.139
t½ = 2.48

Norverapamil
AUC0-12 = 0.285

AUC 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉  = 2.2

AUC = 0.238
t½ = 3.04

Norverapamil
AUC0-12 = 0.441

AUC 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉  = 1.9

A [71]

Abbreviations: AUC, Area-under-the-concentration-time-curve extrapolated to infinity; 
Cl/F, apparent clearance; Cmax, maximum concentration; MR, metabolic ratio; route of 
Ad., route of administration; t1/2, half-life; QND N-oxide, quinidine N-oxide; 3-OH QND, 
3-hydroxy quinidine, YH, yohimbine; 11-OH YH, 11-hydroxy yohimbine. 

# Hypertensive patients 
$ Extensive metabolizers 
¶ Intermediate metabolizers
¥ Poor metabolizers 

Supplementary Table S3. Pharmacokinetic parameters of drugs from microdose trials in 
which no therapeutic dose was administered. Microdose pharmacokinetics were compared 
to pharmacokinetic of the therapeutic dose as described in literature. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 
CYP1A2 Caffeine 25 100 PO Cmax = 2.4

Tmax = 0.58
AUC = 10.76

t1/2 = 4.1

Cmax = 1.5
Tmax = 1.0

AUC = 15.50
t1/2 = 5.5

B [21,42]

200 PO Cmax = 2.4
Tmax = 0.58

AUC = 10.76
t1/2 = 4.1

Cmax = 2.5
Tmax = 1.2

AUC = 24.35
t1/2 = 6.1

D [21,43]

250 PO Cmax = 2.4
Tmax = 0.58

AUC = 10.76
t1/2 = 4.1

Cmax = 2.3
Tmax = 1.1

AUC = 18.52
t1/2 = 4.9

B [21,41]
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Supplementary Table S2. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

Verapamil 100 3 PO AUC = 0.139
t½ = 2.48

Norverapamil
AUC0-12 = 0.285

AUC 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉  = 2.2

AUC = 0.165
t½ = 3.29

Norverapamil
AUC0-12 = 0.35

AUC 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉  = 2.3

A [71]

80 PO AUC = 0.139
t½ = 2.48

Norverapamil
AUC0-12 = 0.285

AUC 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉  = 2.2

AUC = 0.32
t½ = .3.21

Norverapamil
AUC0-12 = 0.538

AUC 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉  = 1.8

B [71]

16 PO AUC = 0.139
t½ = 2.48

Norverapamil
AUC0-12 = 0.285

AUC 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉  = 2.2

AUC = 0.238
t½ = 3.04

Norverapamil
AUC0-12 = 0.441

AUC 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉  = 1.9

A [71]

Abbreviations: AUC, Area-under-the-concentration-time-curve extrapolated to infinity; 
Cl/F, apparent clearance; Cmax, maximum concentration; MR, metabolic ratio; route of 
Ad., route of administration; t1/2, half-life; QND N-oxide, quinidine N-oxide; 3-OH QND, 
3-hydroxy quinidine, YH, yohimbine; 11-OH YH, 11-hydroxy yohimbine. 

# Hypertensive patients 
$ Extensive metabolizers 
¶ Intermediate metabolizers
¥ Poor metabolizers 

Supplementary Table S3. Pharmacokinetic parameters of drugs from microdose trials in 
which no therapeutic dose was administered. Microdose pharmacokinetics were compared 
to pharmacokinetic of the therapeutic dose as described in literature. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 
CYP1A2 Caffeine 25 100 PO Cmax = 2.4

Tmax = 0.58
AUC = 10.76

t1/2 = 4.1

Cmax = 1.5
Tmax = 1.0

AUC = 15.50
t1/2 = 5.5

B [21,42]

200 PO Cmax = 2.4
Tmax = 0.58

AUC = 10.76
t1/2 = 4.1

Cmax = 2.5
Tmax = 1.2

AUC = 24.35
t1/2 = 6.1

D [21,43]

250 PO Cmax = 2.4
Tmax = 0.58

AUC = 10.76
t1/2 = 4.1

Cmax = 2.3
Tmax = 1.1

AUC = 18.52
t1/2 = 4.9

B [21,41]
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Supplementary Table S3. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

CYP2C9 Glibenclamide 10 0.875 PO Cmax = 1.3
Tmax = 4.0

AUC = 8.39
t1/2 = 2.37

Cmax = 5.0
Tmax = 1.3

AUC = 15.2
t1/2 = 2.4 

C [33,44]

2.5 PO Cmax = 1.3
Tmax = 4.0

AUC = 8.39
t1/2 = 2.37

Cl/F = 12.6

Cmax = 6.3
Tmax = 2.1

AUC = 55.06
t1/2 = 5.09

Cl/F = 1.94

D [33,45]

Tolbutamide 25 125 PO Cmax = 14.9
AUC = 167.3

t1/2 = 8.13

Cmax = 13.0
AUC = 143.0

t1/2 = 7.70

B [21,49]

Warfarin 10 7.5 PO AUC0-12 = 47.77
AUC0-12 = 56.35

AUC0-12 = 68.00 C [33,50]

100 5 PO AUC = 571
t1/2 = 274
V = 67.3

AUC = 416
t1/2 = 48.6
V = 17.9

C [31,51]

CYP2C19 Lansoprazole 50-70 30 PO AUC0-12 = 0.13-0.18
t1/2 = 1.26

AUC0-12 = 12.17
t1/2 = 1.46

D [33,53]

AUC0-12 = 0.12-0.17
t1/2 = 0.97

AUC0-12 = 12.17
t1/2 = 1.46

D [33,53]

CYP3A4 Apixaban 25 10 PO AUC = 25.54
t1/2 = 6.80

Cl/F = 3.92

AUC = 17.95
t1/2 = 13.91
Cl/F = 5.57

C [61,63]

AUC = 21.36
t1/2 = 6.32

Cl/F = 4.68

AUC = 17.95
t1/2 = 13.91
Cl/F = 5.57

C [27,63]

AUC = 31.09
t1/2 = 8.37

Cl/F = 53.6

AUC = 17.95
t1/2 = 13.91
Cl/F = 5.57

B [27,63]

AUC = 25.09
t1/2 = 5.85

Cl/F = 3.98

AUC = 17.95
t1/2 = 13.91
Cl/F = 5.57

C [27,63]

Cmax = 3.7 
Tmax = 1 

AUC = 29.86
t1/2 = 5.63

Cl/F = 3.35
V = 28.3 

Cmax = 1.5
Tmax = 3 

AUC = 17.95
t1/2 = 13.91
Cl/F = 5.57
V = 20.39

C [63,69]
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Supplementary Table S3. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

CYP2C9 Glibenclamide 10 0.875 PO Cmax = 1.3
Tmax = 4.0

AUC = 8.39
t1/2 = 2.37

Cmax = 5.0
Tmax = 1.3

AUC = 15.2
t1/2 = 2.4 

C [33,44]

2.5 PO Cmax = 1.3
Tmax = 4.0

AUC = 8.39
t1/2 = 2.37

Cl/F = 12.6

Cmax = 6.3
Tmax = 2.1

AUC = 55.06
t1/2 = 5.09

Cl/F = 1.94

D [33,45]

Tolbutamide 25 125 PO Cmax = 14.9
AUC = 167.3

t1/2 = 8.13

Cmax = 13.0
AUC = 143.0

t1/2 = 7.70

B [21,49]

Warfarin 10 7.5 PO AUC0-12 = 47.77
AUC0-12 = 56.35

AUC0-12 = 68.00 C [33,50]

100 5 PO AUC = 571
t1/2 = 274
V = 67.3

AUC = 416
t1/2 = 48.6
V = 17.9

C [31,51]

CYP2C19 Lansoprazole 50-70 30 PO AUC0-12 = 0.13-0.18
t1/2 = 1.26

AUC0-12 = 12.17
t1/2 = 1.46

D [33,53]

AUC0-12 = 0.12-0.17
t1/2 = 0.97

AUC0-12 = 12.17
t1/2 = 1.46

D [33,53]

CYP3A4 Apixaban 25 10 PO AUC = 25.54
t1/2 = 6.80

Cl/F = 3.92

AUC = 17.95
t1/2 = 13.91
Cl/F = 5.57

C [61,63]

AUC = 21.36
t1/2 = 6.32

Cl/F = 4.68

AUC = 17.95
t1/2 = 13.91
Cl/F = 5.57

C [27,63]

AUC = 31.09
t1/2 = 8.37

Cl/F = 53.6

AUC = 17.95
t1/2 = 13.91
Cl/F = 5.57

B [27,63]

AUC = 25.09
t1/2 = 5.85

Cl/F = 3.98

AUC = 17.95
t1/2 = 13.91
Cl/F = 5.57

C [27,63]

Cmax = 3.7 
Tmax = 1 

AUC = 29.86
t1/2 = 5.63

Cl/F = 3.35
V = 28.3 

Cmax = 1.5
Tmax = 3 

AUC = 17.95
t1/2 = 13.91
Cl/F = 5.57
V = 20.39

C [63,69]
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Supplementary Table S3. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

Edoxaban 25 10 PO AUC = 2.39
t1/2 = 5.42

Cl/F = 43.7
V/F = 341

AUC = 2.75
t1/2 = 11.86
Cl/F = 38.9
V/F = 666

C [61,66]

AUC = 1.89
t1/2 = 5.47

Cl/F = 52.9
V/F = 373

AUC = 2.75
t1/2 = 11.86
Cl/F = 38.9
V/F = 666

C [27,66]

AUC = 2.59
t1/2 = 5.60

Cl/F = 38.6
V/F = 297

AUC = 2.75
t1/2 = 11.86
Cl/F = 38.9
V/F = 666

C [27,66]

AUC = 2.45
t1/2 = 5.19

Cl/F = 40.9
V/F = 302

AUC = 2.75
t1/2 = 11.86
Cl/F = 38.9
V/F = 666

C [27,66]

50 10 PO Cmax = 0.264
Tmax = 1 

AUC = 1.72
t1/2 = 4.92 

Cl/F = 58.1

Cmax = 0.408
Tmax = 1.02
AUC = 2.75 
t1/2 = 11.86 
Cl/F = 38.9

C [66,69]

Midazolam 1 7.5 PO AUC = 0.608
t½ = 2.29
V = 543

Cl = 164.4
AUC0.5-24 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.5

AUC = 0.89
t½ = 2.2
V = 383
Cl = 129

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

A [28,75]

3 7.5 PO AUC = 0.97
t½ = 2.32
V = 344

Cl = 103.0
AUC0.5-24 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.2

AUC = 0.89
t½ = 2.2
V = 383
Cl = 129

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

A [28,75]

10 7.5 PO AUC = 0.604
t½ = 2.49
V = 596

Cl = 165.7
AUC0.5-24 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

AUC = 0.89
t½ = 2.2
V = 383
Cl = 129

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

A [28,75]

AUC = 1.97
t½ = 5.8

AUC = 0.89
t½ = 2.2

C [28,34]

25 7.5 PO AUC = 1.76
t½ = 4.01

AUC = 0.89
t½ = 2.2

B [21,28]
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Supplementary Table S3. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

Edoxaban 25 10 PO AUC = 2.39
t1/2 = 5.42

Cl/F = 43.7
V/F = 341

AUC = 2.75
t1/2 = 11.86
Cl/F = 38.9
V/F = 666

C [61,66]

AUC = 1.89
t1/2 = 5.47

Cl/F = 52.9
V/F = 373

AUC = 2.75
t1/2 = 11.86
Cl/F = 38.9
V/F = 666

C [27,66]

AUC = 2.59
t1/2 = 5.60

Cl/F = 38.6
V/F = 297

AUC = 2.75
t1/2 = 11.86
Cl/F = 38.9
V/F = 666

C [27,66]

AUC = 2.45
t1/2 = 5.19

Cl/F = 40.9
V/F = 302

AUC = 2.75
t1/2 = 11.86
Cl/F = 38.9
V/F = 666

C [27,66]

50 10 PO Cmax = 0.264
Tmax = 1 

AUC = 1.72
t1/2 = 4.92 

Cl/F = 58.1

Cmax = 0.408
Tmax = 1.02
AUC = 2.75 
t1/2 = 11.86 
Cl/F = 38.9

C [66,69]

Midazolam 1 7.5 PO AUC = 0.608
t½ = 2.29
V = 543

Cl = 164.4
AUC0.5-24 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.5

AUC = 0.89
t½ = 2.2
V = 383
Cl = 129

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

A [28,75]

3 7.5 PO AUC = 0.97
t½ = 2.32
V = 344

Cl = 103.0
AUC0.5-24 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.2

AUC = 0.89
t½ = 2.2
V = 383
Cl = 129

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

A [28,75]

10 7.5 PO AUC = 0.604
t½ = 2.49
V = 596

Cl = 165.7
AUC0.5-24 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

AUC = 0.89
t½ = 2.2
V = 383
Cl = 129

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

A [28,75]

AUC = 1.97
t½ = 5.8

AUC = 0.89
t½ = 2.2

C [28,34]

25 7.5 PO AUC = 1.76
t½ = 4.01

AUC = 0.89
t½ = 2.2

B [21,28]
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Supplementary Table S3. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

30 7.5 PO AUC = 1.08
t½ = 3.95
V = 526

Cl = 92.22
AUC0.5-24 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.4

AUC = 0.89
t½ = 2.2
V = 383
Cl = 129

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

A [28,75]

3 PO Clmet = 38.4 Clmet = 32.58 B [98,99]

7.5 PO AUC = 3.53
t½ = 3.25

Cl = 0.0283
Clmet = 14.4
1-OH MDZ

AUC = 0.763
t½ = 4.02

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 4.86

AUC = 0.89
t½ = 2.2
Cl = 129

Clmet = 32.58
1-OH MDZ
AUC = 0.43

t½ = 2.0
AUC 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

D [28,35,99]

7.5 PO‡ AUC = 4.217
t½ = 3.96

Cl = 0.0237
Clmet = 13.8
1-OH MDZ

AUC = 0.923
t½ = 4.12

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 4.79

AUC = 0.89
t½ = 2.2
Cl = 129

Clmet = 32.58
1-OH MDZ
AUC = 0.43

t½ = 2.0
AUC 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

D [28,35,99]

7.5 PO AUC = 1.66
t½ = 5.9
Cl = 60.4
V = 514

AUC = 0.89
t½ = 2.2
Cl = 129
V = 383

C [28,36]

30 7.5 PO AUC = 883
Clmet = 43.2

AUC = 0.89
Clmet = 32.6 

D
C

[28,37,53]

3 PO AUC2-4 = 0.325
Clmet = 17.4

AUC2-4 = 0.373
Clmet = 32.6

B [38,99]

100 7.5 PO AUC = 0.686
t½ = 3.30
V = 694

Cl = 145.8
AUC 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.0

AUC = 0.89
t½ = 2.2
V = 383
Cl = 129

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

A [28,75]

Cl = 112 Cl = 129 B [28,39]
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Supplementary Table S3. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

30 7.5 PO AUC = 1.08
t½ = 3.95
V = 526

Cl = 92.22
AUC0.5-24 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.4

AUC = 0.89
t½ = 2.2
V = 383
Cl = 129

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

A [28,75]

3 PO Clmet = 38.4 Clmet = 32.58 B [98,99]

7.5 PO AUC = 3.53
t½ = 3.25

Cl = 0.0283
Clmet = 14.4
1-OH MDZ

AUC = 0.763
t½ = 4.02

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 4.86

AUC = 0.89
t½ = 2.2
Cl = 129

Clmet = 32.58
1-OH MDZ
AUC = 0.43

t½ = 2.0
AUC 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

D [28,35,99]

7.5 PO‡ AUC = 4.217
t½ = 3.96

Cl = 0.0237
Clmet = 13.8
1-OH MDZ

AUC = 0.923
t½ = 4.12

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 4.79

AUC = 0.89
t½ = 2.2
Cl = 129

Clmet = 32.58
1-OH MDZ
AUC = 0.43

t½ = 2.0
AUC 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

D [28,35,99]

7.5 PO AUC = 1.66
t½ = 5.9
Cl = 60.4
V = 514

AUC = 0.89
t½ = 2.2
Cl = 129
V = 383

C [28,36]

30 7.5 PO AUC = 883
Clmet = 43.2

AUC = 0.89
Clmet = 32.6 

D
C

[28,37,53]

3 PO AUC2-4 = 0.325
Clmet = 17.4

AUC2-4 = 0.373
Clmet = 32.6

B [38,99]

100 7.5 PO AUC = 0.686
t½ = 3.30
V = 694

Cl = 145.8
AUC 

𝑀𝑀𝑀𝑀𝑀𝑀
1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.0

AUC = 0.89
t½ = 2.2
V = 383
Cl = 129

AUC 
𝑀𝑀𝑀𝑀𝑀𝑀

1 − 𝑂𝑂𝑂𝑂	𝑀𝑀𝑀𝑀𝑀𝑀  = 2.1

A [28,75]

Cl = 112 Cl = 129 B [28,39]
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Supplementary Table S3. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

Rivaroxaban 25 20 PO AUC = 14.81
t½ = 4.90
Cl = 6.78
V = 47.7

AUC = 13.80
t½ = 5.00
Cl = 7.26

V = 35
AUC = 14.74

t½ = 5.02
Cl = 6.78

V = 33
AUC = 15.97

t½ = 4.70
Cl = 6.24

V = 29

AUC = 10.44
t½ = 9.3
Cl = 9.6
V = 128

C 

C

C

C 

[36,27,61]

Cmax = 3288
Tmax = 0.6

AUC = 14.5
t1/2 = 4.7

Cl/F = 6.9
V/F = 35.8 

Cmax = 1175
Tmax = 2.0

AUC = 10.44
t1/2 = 9.3

Cl/F = 9.6
V/F = 128 

C [36,81]

Abbreviations: AUC, Area-under-the-concentration-curve; AUC0-12, AUC from 0 to 12 
hours; Cl/F, apparent clearance; Cmax, maximum concentration Clmet, metabolic clearance; 

MDZ, midazolam; t1/2, half-life; Tmax = time to maximum concentration; V/F, apparent 
volume of distribution; 1-OH MDZ, 1-hydroxy midazolam
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Supplementary Table S3. Continued. 
CYP enzyme Probe Microdose (µg) Therapeutic dose (mg) Route of Ad. Microdose PK Therapeutic PK Evidence level Ref. 

Rivaroxaban 25 20 PO AUC = 14.81
t½ = 4.90
Cl = 6.78
V = 47.7

AUC = 13.80
t½ = 5.00
Cl = 7.26

V = 35
AUC = 14.74

t½ = 5.02
Cl = 6.78

V = 33
AUC = 15.97

t½ = 4.70
Cl = 6.24

V = 29

AUC = 10.44
t½ = 9.3
Cl = 9.6
V = 128

C 

C

C

C 

[36,27,61]

Cmax = 3288
Tmax = 0.6

AUC = 14.5
t1/2 = 4.7

Cl/F = 6.9
V/F = 35.8 

Cmax = 1175
Tmax = 2.0

AUC = 10.44
t1/2 = 9.3

Cl/F = 9.6
V/F = 128 

C [36,81]

Abbreviations: AUC, Area-under-the-concentration-curve; AUC0-12, AUC from 0 to 12 
hours; Cl/F, apparent clearance; Cmax, maximum concentration Clmet, metabolic clearance; 

MDZ, midazolam; t1/2, half-life; Tmax = time to maximum concentration; V/F, apparent 
volume of distribution; 1-OH MDZ, 1-hydroxy midazolam
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Chapter 5
Safety of the triple combination 

lapatinib, binimetinib, and 
vinorelbine for RAS mutated 
metastatic colorectal cancer 

patients: A preliminary analysis 
of the first dose levels from the 
RASTRIC Phase I/II clinical trial

Interim analysis 



ABSTRACT

Background: Treatment options for patients with metastatic RAS-mutated 
colorectal cancer (CRC) are limited. Promising results were observed for triple 
therapy consisting of MEK inhibitors, pan-HER inhibitors, and a microtubule 
targeting agent (MTA) in patient derived organoids. Triple therapy of binimetinib 
(MEK inhibitor), lapatinib (pan-HER inhibitor), and vinorelbine (MTA) was 
investigated in a Phase I/II trial (RASTRIC study). 

Methods: The main objective was to determine safety and the Recommended 
Phase 2 Dose of this triple therapy. Patients with RAS mutated CRC were treated 
with escalating dosed of binimetinib twice daily (BID), lapatinib once daily (QD), 
starting at 15 mg BID and 750 mg QD, respectively, and vinorelbine 17.5 mg/m2 
weekly in an intermittent schedule during two out of three weeks.

Results: At data cut-off (February 2022), 14 patients were included across the first 
four dose levels. Dose-limiting adverse events were reported in 3 out of 14 patients, 
including diarrhoea (n=3), decreased neutrophil count (n=1), dehydration (n=1), 
and febrile neutropenia (n=1). Most frequent toxicities were diarrhoea (n=10), rash 
(n=11), and anaemia (n=4). A dose of 1000 mg lapatinib QD, 30 mg binimetinib 30 
mg BID, and 17.5 mg/m2 vinorelbine was tolerable. Pharmacokinetic data (PK) 
showed a direct dose-exposure relationship for binimetinib but not for lapatinib, 
consistent with their relative increase in toxicity. No drug-drug interactions were 
observed. 

Conclusion: The dose of lapatinib 1000mg QD, binimetinib 30mg BID and 
vinorelbine 17,5 mg/m2 in a rest week schedule was safe and well tolerated. 
No relevant PK interactions were found. Subsequent dose levels are ongoing to 
optimise vinorelbine dose and treatment schedule to define the recommended 
phase 2 dose. 
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1 INTRODUCTION

The RAS-RAF-MEK-ERK pathway, or Mitogen Activated Protein Kinase-(MAPK) 
pathway, is of vital importance for growth and survival in colorectal carcinomas 
(CRC). Around half of all metastatic CRC (mCRC) patients have a mutation in 
the RAS gene. Compared to mCRC patients with RAS/BRAF wildtype, these 
patients have fewer available treatment options and a worse overall prognosis 
[1]. Targeting RAS has been found challenging for many years [2] but recently 
targeting of the G12C and G12D KRAS mutations have become possible [3,4]. 
Despite promising results, these treatments are available only for a subset of KRAS 
mutations. Moreover, resistance to treatment remains an issue [5] Therefore, for 
most patients with RAS-mutated mCRC, there is a dire need of effective therapy 
to improve prognosis. 

The possibility of such an effective therapy might lie in combining multiple 
drugs targeting both upstream and downstream of the mutated gene. This 
double inhibition approach has proved to more effective than targeting MAPK 
components as single agent [6]. Combining selective BRAF V600E inhibitors with 
EGFR targeting antibodies improved efficacy and could overcome resistance 
which is now applied as standard treatment in BRAF-mutated CRC [7,8]. Similarly, 
combining KRAS G12C inhibitors with EGFR targeting is more effective than 
monotherapy [9]. However, early Phase trials combining EGFR-targeting pan-
HER with MEK inhibitors to target RAS-mutated colorectal cancer has led to 
disappointing results [10–12]. 

One explanation for the lack of effect as observed in these clinical trials is the 
observation that in patient-derived organoids (PDOs), the double targeting strategy 
was cytostatic rather than cytotoxic [13]. Even at high dose, these combinations 
did not result in a killing effect when observed with brightfield microscopy, while 
a (almost) complete metabolic shutdown was observed, and thus seen as ‘dead’ 
in classical ATP-based screening assays. Using a microscopy based screen, we 
identified that adding microtubule targeting agents (MTA) to the double targeting 
strategy has a synergistic killing effect [14] We predicted that the combination 
of pan-HER inhibitor lapatinib, MEK-inhibitor binimetinib and MTA vinorelbine 
could have a good balance between efficacy and safety based on available safety 
data [15–17]. 
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Indeed, we found this triple combination to be effective in 23/25 predominantly 
RAS-mutated PDOs and safe and effective in a xenotransplant mouse model [14]. 
Lapatinib is a tyrosine kinase inhibitor targeting the ERBB-family, comprised of 
amongst others HER2 and EGFR [18] and is routinely used in combination with 
MTA vinorelbine in HER2+ breast cancer patients [16]. Binimetinib is one of the 
first developed MEK-inhibitors [17]] and is widely used in BRAF V600E mutant 
CRC patients [8]. However, safety of this triple combination has not been tested 
in humans before.

Therefore, in this RASTRIC Phase 1 dose-escalation trial, we investigate the 
safety and pharmacokinetics of the triple combination of lapatinib, binimetinib 
and vinorelbine in colorectal cancer patients for whom no effective palliative 
treatment was available. Here we present the results of the first interim analysis 
with regards to initial pharmacokinetics and preliminary safety of the first four 
dose levels. The RASTRIC trial is currently ongoing and additional dose levels are 
being evaluated. 
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2 METHODS 

2.1 Study design and treatment
This study is an ongoing open-label Phase 1 dose-escalation trial with a 3+3 
design to test the safety and efficacy of a combination of lapatinib, binimetinib, 
and vinorelbine. The study is conducted in the University Medical Center Utrecht 
in Utrecht, the Netherlands. 

To find the optimal combination of doses for this triplet, we prioritized to escalate 
binimetinib first, lapatinib second, and vinorelbine third, since the combination 
of lapatinib and vinorelbine had already been established [19–21]. We started 
with a rest week schedule, with a three-week-cycle consisting of two treatment 
weeks with lapatinib and binimetinib 5 days on and 2 days off with vinorelbine 
infusion every third day of lapatinib of that week, and one week without study 
drugs (representation of the schedule in Figure 1, lower left panel). In treatment 
weeks, patients took oral doses of lapatinib once daily in the morning before 
breakfast and oral doses of binimetinib twice daily 12 hours apart. On the third 
day of binimetinib and lapatinib treatment, patients received intravenous dose of 
vinorelbine at the clinical ward in the morning. Additional dose levels evaluating 
different treatment schedules are currently ongoing. 

2.2 Patients
Patients with mCRC are included if they have a proven RAS mutation after failure 
of standard chemotherapeutic regimens including at least 5-FU/capecitabine-
oxaliplatin and irinotecan based standard treatment (unless contra-indications 
for either oxaliplatin or irinotecan). Other inclusion criteria are WHO performance 
status of 0-1, willing and able to undergo a biopsy of a metastasis lesion, adequate 
bone marrow-, kidney-, and liver function. 

Exclusion criteria are symptomatic or untreated leptomeningeal disease, 
symptomatic brain metastasis, history of interstitial lung disease or pneumonitis, 
significant cardiovascular disease, history of retinal vein occlusion, incapacity to 
ingest oral drugs or known malabsorption, ileostomy, and prior therapy containing 
targeted drug combinations known to interfere with EGFR, HER2, HER3, HER4 
or MAPK- and PI3K-pathway components. Further exclusion criteria are serum 
albumin <30g/L, serum LDH >2x ULN and a left ventricular ejection fraction  
< 50%. The study protocol provides a full list of all inclusion and exclusion criteria. 
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2.3 Safety and efficacy assessments
The primary endpoint of this trial is the incidence of dose-limiting toxicity (DLT) 
resulting in a recommended phase 2 regimen (RP2R). All patients who received 
at least one administration of all three trial drugs are included in the safety 
population. Adverse events are graded using CTCAE version 5.0 and are monitored 
continuously. All patients in the study are discussed at least weekly by a Phase 1 
team consisting of medical oncologists and research nurses and pharmacists. 

DLT is defined as an adverse event of predefined severity occurring during the 
first complete treatment cycle of three weeks, or longer if a delay occurs during 
treatment, and determined to be at least probably related to lapatinib, binimetinib 
or vinorelbine. DLT definitions included grade 3 or higher non-haematological 
adverse events, grade 4 or higher haematological adverse events, any retinal vein 
occlusion or retinopathy of grade 2 or higher, a drop in LVEF below 45% or grade 
2 or higher toxicity occurring beyond 21 days, which in the judgement of the 
investigator was a DLT. 

To assess disease-activity, CT scans are performed at baseline and every 6 weeks 
post-baseline until progression of disease according to RECIST 1.1, or withdrawal 
of patient’s consent. Patients are evaluable if they have received two cycles of 
trial treatment and at least one response outcome post baseline. 

2.4 Adverse event management
Prophylactic schedules are used to limit the occurrence and severity of diarrhoea 
and skin toxicity. In the event of unformed or frequent stools, standard supportive 
care for diarrhoea involved the administration of loperamide, with an initial dose 
of 4 mg followed by 2 mg every four hours or after each loose stool.

Starting from dose level 4, we adjusted our approach to diarrhoea treatment based 
on results from the CONTROL trial, which tested several prophylactic regimens 
for the HER2-targeting drug, neratinib [22]. Our schedule included a daily dose 
of budesonide 9 mg during the first and second treatment cycles, along with the 
standard prophylactic dosage of loperamide.

For skin toxicity, patients are encouraged to avoid sunlight, if possible, use 
sunscreen SPF ≥30 and thick alcohol-free emollient cream on dry areas. At 
first symptoms of rash, additional measures were taken to prevent severe rash 
from developing: prescription of doxycycline and class 3 topical steroids (e.g., 
betamethasone 1 mg/g) on affected skin lesions. 
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2.5 Pharmacokinetic assessments
In the first four dose levels presented in this interim analysis, blood samples were 
obtained from all patients on day 1 of cycle 1 before and 0.5, 1, 2, 6, 8, and 24 h after 
administration of the first dose for pharmacokinetic analysis. On day 3 of cycle 1, 
blood samples were collected before and 1, 2, 6, 8, and 24 h after administration 
of the first dose. 

Plasma concentrations of lapatinib and vinorelbine were quantified with 
previously reported validated liquid-chromatography tandem mass spectrometry 
(LC-MS/MS) methods [23,24]. Binimetinib plasma concentrations were quantified 
as follows: binimetinib was extracted from plasma with protein precipitation 
with acetonitrile. An Acquity BEH C18 Column (50 x 2.1 mm, 1.7 µm particle size) 
was used for liquid chromatography. Detection was performed with an TQ6500+ 
tandem mass spectrometer equipped with a turbo ion spray interface operating 
in positive ion mode. The transition m/z 441.9 to 379.9 was monitored for the 
detection of binimetinib. A stable isotope-labelled internal standard was used. The 
lower limit of quantification was 10.0 ng/mL and the upper limit of quantification 
was 1000 ng/mL. 

Pharmacokinetic parameters were calculated in R using a validated script for 
non-compartmental pharmacokinetic analyses (version 4.2.1). 

2.6 Patient-Derived Organoid (PDO) culture and drug screens
To evaluate if pharmacokinetic observations in this trial correspond to levels used 
in preclinical drug screens, drug screens were performed on CRC PDOs from a 
biobank established and characterized previously according to ethical principles 
and regulation [25,26]. All organoids were established after ethical committee 
approved informed consent forms were signed by patients [25] . 

The method of our drug screen is written in detail in our previous work [14]. 
In short: organoids were plated in 384 well plates 5-7 day after seeding. Drugs 
were added using a Tecan D300e Digital Dispenser. After 72 hours of incubation, 
organoids were imaged in the presence of 10µg/mL Hoechst. Afterwards an 
imaging pipeline was used to assess organoid survival per well. 

2.7 Ethical considerations and regulation
The study protocol and all amendments were reviewed and accepted by the 
Medical Research Ethics Committee associated with the UMC Utrecht (NedMec) 
and the Dutch competent authority (CCMO). The study is conducted in full 
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conformance with the principles of the declaration of Helsinki, guidelines for Good 
Clinical Practice and local legislation, taking priority for whichever afforded the 
greater protection for our participants. The trial was registered with the European 
Clinical Trials Database (EudraCT) under identifier: 2019-004987-23.
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3 RESULTS

This trial is still ongoing and in this interim analysis, the data of the finished 
dose levels 1-4 are presented. Consequently, the data cut-off of this interim 
analysis is February 2022.

3.1 Patient Characteristics
In dose level 1-4, a total of 14 mCRC patients were included. An overview 
of patient characteristics can be found in Table 1. Patients were heavily 
pretreated, all patients received treatment lines containing a fluoropyrimidine, 
oxaliplatin and irinotecan. Most patients had a liver metastasis, and almost all 
had a pathogenic KRAS mutation. One patient was included that had a KRAS 
wildtype amplification which was considered as causing an aberrant increase 
of KRAS activity. 

3.2 Dose Administration and Escalation 
A diagram of the dose levels in this trial is given in Figure 1. Binimetinib 
dosing was initiated at 15 mg BID and escalated to 30 mg and 45 mg after dose 
level 1 and 2 were cleared with manageable toxicity. The 45 mg dose was not 
tolerated by both patients in this dose level, both not able to complete the first 
cycle due to diarrhoea despite adequate prophylactic treatment (grade 3 and 
grade 2 diarrhoea, with the latter not being able to complete 75% of prescribed 
cycle 1 dose), no third patient was included in this dose level. 

Dose level 4 was then initiated, where the lapatinib dose was escalated to 
1000 mg QD. The first patient in this dose level had a DLT of grade 3 diarrhoea 
and febrile neutropenia grade 3. The dose level was expanded to include a 
total of six patients, but no other patients experienced a DLT. The subsequent 
patients received a more stringent prophylactic diarrhoea protocol, with daily 
loperamide on treatment days given to prevent severe diarrhoea. The following 
patients had manageable toxicity in this dose level with no higher diarrhoea 
grade than 2 in 4 patients. 
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Table 1. Descriptive characteristics of the study population, median (range) or N (%)

Characteristic Total (N=14)
Median Age in years (Range) 55 (31-67)

Female Sex - N (%) 8 (57)

WHO Performance Score - N (%)

0 4 (29)

1 10 (71)

Median prior lines (Range) 3 (2-4)

Type of therapy - N (%)

Fluoropyrimidine 14 (100)

Oxaliplatin 14 (100)

Irinotecan 14 (100)

Anti-VEGF 9 (64)

Anti-EGF 1 (7)

KRAS G12C inhibitor 1 (7)

Primary Tumour Location - N (%)

Left 11 (79)

Right 1 (7)

Rectum 2 (14)

Metastatic laesion site - N (%)

Lymph Node 7 (50)

Liver 13 (93)

Lung 12 (86)

Bone 5 (36)

Peritoneal 3 (21)

Other 5 (36)

Number of metastatic sites - N (%)

1 1 (7)

2 5 (36)

3 3 (21)

≥ 4 5 (36)

Molecular status - N (%)

KRAS codon 12 mutation 9 (64)

KRAS codon 13 mutation 2 (14)

Non-exon 2 KRAS mutation 2 (14)

KRAS WT amplification 1 (7)

BRAF mutation 0 (0)
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3.3 Safety 
Treatment-related adverse events of any grade occurred in all 14 patients evaluable 
for safety during the first treatment cycle (Table 2). The most common adverse 
events were rash (maculopapular or papulopustular), diarrhoea, and anaemia 
in respectively 79%, 71%, and 29% of patients. Three patients experienced a 
grade 3 or higher adverse event during the first cycle: diarrhoea in 2 patients 
and a neutrophil count decrease in 1 patient. Adverse events lead to treatment 
discontinuation in 12% of patients, and dose reduction in 18%. All other patients 
were discontinued from treatment due to progressive disease.

3.4 Pharmacokinetic analysis
Pharmacokinetic parameters of lapatinib and binimetinib on day 1 and day 3 
of cycle 1 and of vinorelbine on day 3 of cycle 1 are summarized in Table 3. 
Area under the plasma-concentration-time curve from time 0 to 8 h (AUC0-8) was 
calculated for binimetinib and AUC from time 0 to 24 h (AUC0-24) for lapatinib and 
vinorelbine. 

Lapatinib pharmacokinetics were characterized by a large interindividual 
variability (see Figure 2A-B). Maximum concentration (Cmax) and AUC0-24 were 
relatively constant over the different dose levels, except dose level 1 for cycle 1, 
indicating that there was no dose-linearity between the 750 and 1000 mg doses. 
The AUC0-24 between day 1 and day 3 of cycle 1 increased approximately 1.1 to 2.7-
fold after multiple dosing, which is consistent with previous studies [10]. The time 
to reach the maximum concentration (Tmax) ranged between 2.5-6.0 h suggesting 
a highly variable absorption rate of lapatinib between patients. One patient in dose 
level 3 never reached a true Cmax for day 3 (see Figure 2B), but rather reached a 
plateau during the period of sample collection. 

The pharmacokinetics of binimetinib were characterized by a fast absorption 
(Tmax range: 0.8-2.2) and a short half-life (mean: 3.4 h, range: 1.7-9.0 h, see Figure 
2C-D). Both Cmax and AUC0-8 demonstrated dose-proportional increase, suggesting 
dose-linearity. There was no increase in Cmax and AUC between day 1 and day 
3 indicating no accumulation of binimetinib, which is consistent with the short 
half-life of binimetinib. 

We observed low interindividual variability for the pharmacokinetics of 
vinorelbine (CV% ≤25.6). The AUC0-24 was relatively constant over the different 
dose-levels consistent with the observed low variability in the data (see Figure 
2E). 
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3.4.1 Drug interaction
The AUC of the three drugs is depicted together per dose level in Figure 3. An increase 
of 1.6-fold in lapatinib AUC0-24 between dose level 1 and 2 could be observed. However, 
exposure of the three drugs is in line with the observed exposure for monotherapy. 

3.4.2 Association pharmacokinetics and toxicity
The AUC0-8 of binimetinib was higher for patients who experienced a DLT compared 
to patients who did not experience a DLT (geometric mean (CV%): 1400 ng/mL*h 
(47.1) vs 826 ng/mL*h (54.2), respectively). Patients who experienced a DLT also 
had a slightly higher lapatinib AUC0-24 (7825 ng/mL*h (42.5) vs 6681 ng/mL*h (40.8), 
respectively). The AUC0-24 of vinorelbine was similar between patients with a DLT and 
patients without a DLT (88.9 ng/mL*h (15.6) vs 87.6 ng/mL*h (19.3), respectively). 

3.5 Determining optimal dosing based on organoid drug screens
Our earlier research demonstrated the synergistic impact of using a microtubule 
targeting agent in combination with a pan-HER inhibitor and a MEK inhibitor [14]. To 
evaluate if the observed PK parameters for the specific mix of lapatinib, binimetinib, 
and vinorelbine correspond to levels needed in vitro to elicit efficacy, drug screening 
tests were performed before the trial was started. The aim was to evaluate efficacy 
in vitro at an optimal dose range for this combination therapy, using in vitro drug 
concentrations similar to serum concentrations achieved in patients, which we call 
“achievable” (as seen in Figure 4 and boxes in 4A and 4B). Then, the aim was to 
evaluate if the drug concentrations found in our study are within this range so that 
a potential biological effect may be expected.

We conducted these drug screenings on four unique patient-derived organoids 
(PDOs) harbouring a KRAS mutation from a biobank established earlier [25].

The screening results, both with and without vinorelbine for P9T, are exemplified in 
Figure 4A and B. The boxes indicate the range of drug concentrations for lapatinib 
(301 to 3219 ng/mL) and binimetinib (122 to 1297 ng/mL). The nine achievable drug 
concentrations falling within these ranges were summarized for the four patient-
derived organoids (PDOs) in screenings with and without vinorelbine at 77 ng/mL, 
as illustrated in Figure 4C. For binimetinib, a steady state Cmax (maximum serum 
concentration) of 654 ng/mL was measured for the 45 mg twice-daily dose after 
15 days in combination with encorafinib [27]. For lapatinib, the steady state Cmax for 
the daily dose of 1200 mg was 1.39 ng/mL [28]. Lastly, the concentration at 30 min 
after administration for intravenously administered vinorelbine at 20 mg/m2 was 
647 ng/ml [29]. 
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Table 2. Summary of treatment-related adverse events during the first treatment cycle

Toxicities leading to: Dose-level 1 (n=3) Dose-level 2 (n=3) Dose-level 3 (n=2) Dose-level 4 (n=6) All dose levels (n=14)
DLT 0 (0) 0 (0) 2 (100) 1 (17) 3 (21)

Dose discontinuation 0 (0) 0 (0) 0 (0) 1 (17) 1 (7)

Dose interruption 0 (0) 0 (0) 1 (50) 2 (33) 3 (21)

Dose reduction 0 (0) 1 (33) 1 (50) 1 (17) 3 (21)

Highest related adverse events grade per patient* during safety period – amount of 
patient (percentage of dose level/total)

Dose-level 1 (n=3) Dose-level 2 (n=3) Dose-level 3 (n=2) Dose-level 4 (n=6) All dose levels (n=14)
Grade 1 or 2 Grade ≥3 Grade 1 or 2 Grade ≥3 Grade 1 or 2 Grade ≥3 Grade 1 or 2 Grade ≥3 Any grade Grade 1 or 2 Grade ≥3

Highest grade related toxicity 3 (100) 0 (0) 3 (100) 0 (0) 0 (0) 2 (100) 5 (83) 1 (17) 14 (100) 11 (79) 3 (21)

Rash 3 (100) 0 (0) 3 (100) 0 (0) 1 (50) 0 (0) 4 (67) 0 (0) 11 (79) 11 (79) 0 (0)

Diarrhoea 0 (0) 0 (0) 3 (100) 0 (0) 1 (50) 1 (50) 4 (67) 1 (17) 10 (71) 8 (57) 2 (14)

Anaemia 1 (33) 0 (0) 2 (67) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 4 (29) 4 (29) 0 (0)

CPK increased 1 (33) 0 (0) 0 (0) 0 (0) 1 (50) 0 (0) 1 (17) 0 (0) 3 (21) 3 (21) 0 (0)

Nausea 1 (33) 0 (0) 1 (33) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 3 (21) 3 (21) 0 (0)

Abdominal distension 3 (100) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 4 (29) 4 (29) 0 (0)

Hypokalaemia 2 (67) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 1 (17) 0 (0) 4 (29) 4 (29) 0 (0)

Neutrophil count decreased 0 (0) 0 (0) 0 (0) 0 (0) 1 (50) 0 (0) 0 (0) 1 (17) 2 (14) 1 (7) 1 (7)

AST increased 0 (0) 0 (0) 1 (33) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 2 (14) 2 (14) 0 (0)

Fatigue 0 (0) 0 (0) 0 (0) 0 (0) 1 (50) 0 (0) 1 (17) 0 (0) 2 (14) 2 (14) 0 (0)

Hypoalbuminaemia 0 (0) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 1 (17) 0 (0) 2 (14) 2 (14) 0 (0)

Hypomagnesaemia 1 (33) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (14) 2 (14) 0 (0)

Hypophosphatemia 0 (0) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 1 (17) 0 (0) 2 (14) 2 (14) 0 (0)

Vomiting 0 (0) 0 (0) 1 (33) 0 (0) 1 (50) 0 (0) 2 (33) 0 (0) 4 (29) 4 (29) 0 (0)

Dehydration 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17) 1 (7) 0 (0) 1 (7)

Lymphocyte count decreased 1 (33) 0 (0) 0 (0) 0 (0) 0 (0) 1 (50) 0 (0) 0 (0) 2 (14) 1 (7) 1 (7)

ALT increased 0 (0) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (7) 1 (7) 0 (0)

Dry skin 0 (0) 0 (0) 1 (33) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 2 (14) 2 (14) 0 (0)

Dyspepsia 0 (0) 0 (0) 0 (0) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 1 (7) 1 (7) 0 (0)

Hyperglycemia 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17) 0 (0) 1 (7) 1 (7) 0 (0)

Hyperphosphatemia 1 (33) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (14) 2 (14) 0 (0)

LDH increased 0 (0) 0 (0) 0 (0) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 1 (7) 1 (7) 0 (0)

Mucositis oral 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17) 0 (0) 1 (7) 1 (7) 0 (0)

Febrile neutropenia 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17) 1 (7) 0 (0) 1 (7)

White blood cell decreased 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

* Only adverse events grade 1 or 2 occurring in >1 patient or any event grade 3 or higher 
is listed in this table. 
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Table 2. Summary of treatment-related adverse events during the first treatment cycle

Toxicities leading to: Dose-level 1 (n=3) Dose-level 2 (n=3) Dose-level 3 (n=2) Dose-level 4 (n=6) All dose levels (n=14)
DLT 0 (0) 0 (0) 2 (100) 1 (17) 3 (21)

Dose discontinuation 0 (0) 0 (0) 0 (0) 1 (17) 1 (7)

Dose interruption 0 (0) 0 (0) 1 (50) 2 (33) 3 (21)

Dose reduction 0 (0) 1 (33) 1 (50) 1 (17) 3 (21)

Highest related adverse events grade per patient* during safety period – amount of 
patient (percentage of dose level/total)

Dose-level 1 (n=3) Dose-level 2 (n=3) Dose-level 3 (n=2) Dose-level 4 (n=6) All dose levels (n=14)
Grade 1 or 2 Grade ≥3 Grade 1 or 2 Grade ≥3 Grade 1 or 2 Grade ≥3 Grade 1 or 2 Grade ≥3 Any grade Grade 1 or 2 Grade ≥3

Highest grade related toxicity 3 (100) 0 (0) 3 (100) 0 (0) 0 (0) 2 (100) 5 (83) 1 (17) 14 (100) 11 (79) 3 (21)

Rash 3 (100) 0 (0) 3 (100) 0 (0) 1 (50) 0 (0) 4 (67) 0 (0) 11 (79) 11 (79) 0 (0)

Diarrhoea 0 (0) 0 (0) 3 (100) 0 (0) 1 (50) 1 (50) 4 (67) 1 (17) 10 (71) 8 (57) 2 (14)

Anaemia 1 (33) 0 (0) 2 (67) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 4 (29) 4 (29) 0 (0)

CPK increased 1 (33) 0 (0) 0 (0) 0 (0) 1 (50) 0 (0) 1 (17) 0 (0) 3 (21) 3 (21) 0 (0)

Nausea 1 (33) 0 (0) 1 (33) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 3 (21) 3 (21) 0 (0)

Abdominal distension 3 (100) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 4 (29) 4 (29) 0 (0)

Hypokalaemia 2 (67) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 1 (17) 0 (0) 4 (29) 4 (29) 0 (0)

Neutrophil count decreased 0 (0) 0 (0) 0 (0) 0 (0) 1 (50) 0 (0) 0 (0) 1 (17) 2 (14) 1 (7) 1 (7)

AST increased 0 (0) 0 (0) 1 (33) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 2 (14) 2 (14) 0 (0)

Fatigue 0 (0) 0 (0) 0 (0) 0 (0) 1 (50) 0 (0) 1 (17) 0 (0) 2 (14) 2 (14) 0 (0)

Hypoalbuminaemia 0 (0) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 1 (17) 0 (0) 2 (14) 2 (14) 0 (0)

Hypomagnesaemia 1 (33) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (14) 2 (14) 0 (0)

Hypophosphatemia 0 (0) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 1 (17) 0 (0) 2 (14) 2 (14) 0 (0)

Vomiting 0 (0) 0 (0) 1 (33) 0 (0) 1 (50) 0 (0) 2 (33) 0 (0) 4 (29) 4 (29) 0 (0)

Dehydration 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17) 1 (7) 0 (0) 1 (7)

Lymphocyte count decreased 1 (33) 0 (0) 0 (0) 0 (0) 0 (0) 1 (50) 0 (0) 0 (0) 2 (14) 1 (7) 1 (7)

ALT increased 0 (0) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (7) 1 (7) 0 (0)

Dry skin 0 (0) 0 (0) 1 (33) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 2 (14) 2 (14) 0 (0)

Dyspepsia 0 (0) 0 (0) 0 (0) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 1 (7) 1 (7) 0 (0)

Hyperglycemia 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17) 0 (0) 1 (7) 1 (7) 0 (0)

Hyperphosphatemia 1 (33) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (14) 2 (14) 0 (0)

LDH increased 0 (0) 0 (0) 0 (0) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0) 1 (7) 1 (7) 0 (0)

Mucositis oral 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17) 0 (0) 1 (7) 1 (7) 0 (0)

Febrile neutropenia 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17) 1 (7) 0 (0) 1 (7)

White blood cell decreased 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

* Only adverse events grade 1 or 2 occurring in >1 patient or any event grade 3 or higher 
is listed in this table. 
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Table 3. Pharmacokinetic parameters of lapatinib, binimetinib and vinorelbine. 

Dose level 1 2 3 4
Lapatinib QD 750 mg (5/2) 750 mg (5/2) 750 mg (5/2) 1000 mg (5/2)

Binimetinib BID 15 mg (5/2) 30 mg (5/2) 45 mg (5/2) 30 mg (5/2)

Vinorelbine Q3W 17.5 mg/m2 17.5 mg/m2 17.5 mg/m2 17.5 mg/m2

Lapatinib Cycle 1 Day 1 All 750 mg doses All 1000 mg doses
Geometric mean (CV%) n=3 n=3 n=2 n=6 n=8 n=6

Cmax (ng/mL) 754 (34.3) 1242 (47.5) 1570 (22.7) 1070 (38.0) 1092 (47.1) 1070 (38.0)

tmax (h) 2.5 2.6 6.0 4.3 3.2 4.3

AUC0-24 (ng/mL*h) 4290 (32.2) 7033 (41.9) 9062 (29.4) 5860 (41.4) 6225 (46.1) 5860 (41.4)

Lapatinib Cycle 1 Day 3 All 750 mg doses All 1000 mg doses
Geometric mean (CV%) n=3 n=3 n=1 n=6 n=7 n=6

Cmax (ng/mL) 1031 (46.5) 1394 (53.2) 1085 1490 (45.6) 1182 (43.4) 1490 (43.4)

tmax (h) 3.4 3.5 - 5.1 3.5 5.1

AUC0-24 (ng/mL*h) 6736 (45.0) 7934 (15.8) 6916 9143 (39.2) 7253 (28.3) 9143 (39.2)

Binimetinib Cycle 1 Day 1 All 15 mg doses All 30 mg doses All 45 mg doses
Geometric mean (CV%) n=3 n=3 n=2 n=6 n=3 n=12 n=2

Cmax (ng/mL) 156 (24.6) 376 (20.9) 514 (30.7) 327 (59.1) 156 (24.6) 342 (47.4) 514 (30.7)

tmax (h) 1.0 0.8 1.4 1.1 1.0 1.0 1.4

AUC0-8 (ng/mL*h) 432 (18.9) 882 (6.4) 1650 (19.0) 1062 (38.5) 432 (18.9) 998 (31.8) 1650 (19.0)

Binimetinib Cycle 1 Day 3 All 15 mg doses All 30 mg doses All 45 mg doses
Geometric mean (CV%) n=3 n=3 n=1 n=6 n=3 n=9 n=1

Cmax (ng/mL) 123 (120) 236 (23.5) 276 332 (39.7) 123 (120) 296 (37.9) 276

tmax (h) 1.5 1.3 2.2 1.8 1.5 1.7 2.2

AUC0-8 (ng/mL*h) 473 (78.9) 940 (12.5) 1569 1408 (33.5) 473 (78.9) 1230 (34.3) 1569

Vinorelbine Cycle 1 Day 3 All patients
Geometric mean (CV%) n=3 n=3 n=1 n=5 n=12

AUC0-24 (ng/mL*h) 94.01 (11.8) 88.58 (12.0) 92.34 83.34 (25.6) 87.96 (17.7)

Abbreviations: Cmax, peak plasma concentration; CV%; coefficient of variation; tmax, time 
of maximum plasma concentration; AUC0-8, area under the plasma concentration-time 
curve from time zero to 8 hours after administration; 

AUC0-24, area under the plasma concentration-time curve from time zero to 24 hours after 
administration; 5/2, 5 days on/2 days off. 
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Table 3. Pharmacokinetic parameters of lapatinib, binimetinib and vinorelbine. 

Dose level 1 2 3 4
Lapatinib QD 750 mg (5/2) 750 mg (5/2) 750 mg (5/2) 1000 mg (5/2)

Binimetinib BID 15 mg (5/2) 30 mg (5/2) 45 mg (5/2) 30 mg (5/2)

Vinorelbine Q3W 17.5 mg/m2 17.5 mg/m2 17.5 mg/m2 17.5 mg/m2

Lapatinib Cycle 1 Day 1 All 750 mg doses All 1000 mg doses
Geometric mean (CV%) n=3 n=3 n=2 n=6 n=8 n=6

Cmax (ng/mL) 754 (34.3) 1242 (47.5) 1570 (22.7) 1070 (38.0) 1092 (47.1) 1070 (38.0)

tmax (h) 2.5 2.6 6.0 4.3 3.2 4.3

AUC0-24 (ng/mL*h) 4290 (32.2) 7033 (41.9) 9062 (29.4) 5860 (41.4) 6225 (46.1) 5860 (41.4)

Lapatinib Cycle 1 Day 3 All 750 mg doses All 1000 mg doses
Geometric mean (CV%) n=3 n=3 n=1 n=6 n=7 n=6

Cmax (ng/mL) 1031 (46.5) 1394 (53.2) 1085 1490 (45.6) 1182 (43.4) 1490 (43.4)

tmax (h) 3.4 3.5 - 5.1 3.5 5.1

AUC0-24 (ng/mL*h) 6736 (45.0) 7934 (15.8) 6916 9143 (39.2) 7253 (28.3) 9143 (39.2)

Binimetinib Cycle 1 Day 1 All 15 mg doses All 30 mg doses All 45 mg doses
Geometric mean (CV%) n=3 n=3 n=2 n=6 n=3 n=12 n=2

Cmax (ng/mL) 156 (24.6) 376 (20.9) 514 (30.7) 327 (59.1) 156 (24.6) 342 (47.4) 514 (30.7)

tmax (h) 1.0 0.8 1.4 1.1 1.0 1.0 1.4

AUC0-8 (ng/mL*h) 432 (18.9) 882 (6.4) 1650 (19.0) 1062 (38.5) 432 (18.9) 998 (31.8) 1650 (19.0)

Binimetinib Cycle 1 Day 3 All 15 mg doses All 30 mg doses All 45 mg doses
Geometric mean (CV%) n=3 n=3 n=1 n=6 n=3 n=9 n=1

Cmax (ng/mL) 123 (120) 236 (23.5) 276 332 (39.7) 123 (120) 296 (37.9) 276

tmax (h) 1.5 1.3 2.2 1.8 1.5 1.7 2.2

AUC0-8 (ng/mL*h) 473 (78.9) 940 (12.5) 1569 1408 (33.5) 473 (78.9) 1230 (34.3) 1569

Vinorelbine Cycle 1 Day 3 All patients
Geometric mean (CV%) n=3 n=3 n=1 n=5 n=12

AUC0-24 (ng/mL*h) 94.01 (11.8) 88.58 (12.0) 92.34 83.34 (25.6) 87.96 (17.7)

Abbreviations: Cmax, peak plasma concentration; CV%; coefficient of variation; tmax, time 
of maximum plasma concentration; AUC0-8, area under the plasma concentration-time 
curve from time zero to 8 hours after administration; 

AUC0-24, area under the plasma concentration-time curve from time zero to 24 hours after 
administration; 5/2, 5 days on/2 days off. 
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Figure 2. Plasma-concentration-time curves per dose level for lapatinib (A and B), 
binimetinib (C and D), and vinorelbine (E) for day 1 of cycle 1 or day 3 for cycle 2, 
respectively. 
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◀ Figure 4. Results of preclinical drug screens were used to create an estimate of achievable 
killing dose for different KRAS mutated organoids. A & B) Results of a microscopy-based 
drug screen showing percentage survival per condition for P9T PDO with a matrix of 
descending doses of lapatinib (columns) and ascending doses of binimetinib (rows) with 
and without vinorelbine at 77 ng/mL. Doses for lapatinib were (from low to high): 8.6, 
27.5, 92.9, 301, 985, 3219, 10534, and 34423 ng/mL. Dose for binimetinib were (from low 
to high): 11.3, 36.3, 122, 397, 1297, 4240, 13878, and 45352 ng/mL. Boxes show range of 
approximate Cmax found in literature and three doses below. The intersect of these two 
boxes represent 9 approximate achievable dose conditions represented in C. C) Boxplot 
summarizing survival results in the 9 achievable dose conditions shown for P9T in the 
bold box in A and B. Data is shown for KRAS mutated PDOs P9T, P24aT, P26T and P16T 
without and with vinorelbine 77 ng/mL doses (blue and green respectively). All 4 PDO 
lines had KRAS-mutations. 

The observed drug concentration in the current study fell within the ranges of 
the above predefined drug concentrations. For lapatinib, plasma concentrations of 
all dose levels fell within the predefined range, with the observed concentrations 
ranging from 298-2480 ng/mL. For binimetinib, the minimum observed 
concentration of the first dose level fell outside the predefined range (11.9 ng/
mL), while all observed concentrations from the other dose levels fell within 
the predefined range (20.7-679 ng/mL). Vinorelbine concentrations ranged 
from 4.2 to 38.4 ng/mL. However, the first vinorelbine sample collected was 1 
h after administration. Considering the fast initial drop in vinorelbine plasma 
concentrations (Figure 2E) it is possible that a concentration of 77 ng/mL was 
achieved. 
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4 DISCUSSION

Our preliminary findings show that lapatinib, binimetinib and vinorelbine can 
be combined with manageable toxicity at approximately 67% of the single agent 
dose. The fourth dose level consisting of 1000 mg lapatinib QD, 30 mg binimetinib 
BID and 17.5 mg/m2 vinorelbine once weekly at a 5 days on/2 days off schedule 
during two weeks with one rest week was safe in 5 out of 6 patients. One patient 
experienced a DLT, while the five other patient in this dose level experienced 
grade 2 or lower toxicities. We successfully mitigated adverse events, which often 
limit the applicability of MEK- and pan-HER inhibitors, by implementing two 
relatively novel measures. First, our study design incorporated the 5 days on/2 
days off schedule and prophylactic skin care regimens used in previous trials 
combining MEK- and pan-HER inhibitors [10,12]. Second, during our study we 
adopted an extensive prophylactic protocol tested in the CONTROL trial, which 
aimed to reduce diarrhoea in breast cancer patients receiving neratinib [22]. This 
approach effectively decreased the frequency and severity of diarrhoea. Thanks 
to these measures, we achieved clinically relevant drug levels.

Dose-escalation of binimetinib was limited due to dose-limiting diarrhoea in 
patients receiving 45 mg BID. While this binimetinib dose is used in the BEACON 
combination, which combines BRAF V600E, EGFR, and MEK inhibitors [8], this 
dose was found to be intolerable in the current triple therapy with lapatinib and 
vinorelbine. Pharmacokinetics of binimetinib depicted a linear dose-exposure 
relationship, which was consistent with previous studies [17]. Moreover, patients 
with DLTs had a 1.7-fold higher binimetinib exposure compared to patients 
without DLTs, suggesting an exposure-toxicity relationship. Conversely, lapatinib 
pharmacokinetics showed no dose-exposure relationship and were characterized 
by large inter-individual variability, which was consistent with literature [15]. 
Furthermore, patients with a DLT had a 1.2-fold higher lapatinib exposure 
compared to patients without a DLT, which is very small when considering the 
large inter-individual variability. Previous studies, however, reported a dose-
toxicity relationship for lapatinib and diarrhoea over a dose range of 500 to 1600 
mg[15]. 

Treatment-related adverse events of the triple therapy where largely similar to the 
combination therapy of MEK and pan-HER inhibitors [10–12]. The incidence of skin 
toxicity and diarrhoea was slightly lower compared to the combination therapy 
(79% vs 90% for skin toxicity and 71% vs 82% for diarrhoea, respectively [10–12], 
which might be due to the prophylactic protocols for skin toxicity and diarrhoea in 
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the current study. Both diarrhoea and skin toxicity are well known class-effects of 
both pan-HER inhibitors and MEK inhibitors [12,15,30–34]. Currently, it is unclear 
which drug class contributes more to toxicity. The exposure-toxicity relationships 
observed in the current study, suggests binimetinib might contribute more to the 
incidence of DLTs in the triple therapy. However, this data is limited, and a more 
extensive exposure-toxicity analysis needs to be performed before more definite 
conclusions can be drawn. The third most common treatment-related adverse 
event, anaemia, was not previously reported as part of the combination therapy. 
However, anaemia is a well-known adverse event of vinorelbine. Other well-
known adverse events of vinorelbine were also observed in the current study, 
such as decreased neutrophil count and febrile neutropenia. These adverse events 
could not be explained by variability in vinorelbine exposure. 

Several options can be considered regarding the further dose-optimisation of 
triple therapy with lapatinib, binimetinib, and vinorelbine. First, the observed 
exposure of lapatinib, binimetinib, and vinorelbine corresponded well with the 
observed effective concentrations in PDOs. While binimetinib dose could not 
be escalated to 45 mg BID, skin biopsies obtained from patients receiving 30 
mg BID demonstrated inhibition of downstream MAPK activity marker pERK, 
indicating sufficient activity for the 30 mg dose level. Therefore, binimetinib 
dose was thought to be optimal for the current combination therapy. Second, co-
administration with food could be considered for lapatinib. Lapatinib exposure 
increased with 167% when co-administrated with a low-fat breakfast and 325% 
with a high-fat breakfast [35]. Using this strategy, lapatinib dose could be decreased 
while maintaining similar exposure. Co-administration with food has already 
been implemented for abiraterone [36]. Third, dose increase for vinorelbine could 
be considered. Lastly, continuous dosing of lapatinib and binimetinib with weekly 
administration of vinorelbine could be considered. 
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5 CONCLUSION 

Safety and pharmacokinetic results of the first four dose levels of the triple 
therapy with lapatinib, binimetinib and vinorelbine were described. Lapatinib 100 
mg QD and binimetinib 30 mg BID in a 5 days on/2 days off schedule with weekly 
administrations of vinorelbine 17.5 mg/m2 for two consecutive weeks followed 
by a rest week was found to be safe with manageable toxicity in mCRC patients. 
Most common treatment-related adverse events were skin toxicity, diarrhoea, 
and anaemia. Dose increase for vinorelbine or continuous dosing for lapatinib 
and binimetinib could be considered for future dose levels. 
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ABSTRACT

Aim: For patients with Kirsten rat sarcoma viral oncogene homolog (KRAS) 
mutated (m) tumours, the combination of MEK and pan-HER inhibitors provides a 
promising treatment option based on preclinical research. Dose-escalation of this 
combination therapy was limited by toxicity. Insight in the relationship between 
exposure and toxicity could help in determining the optimal doses. Therefore, a 
pharmacokinetic (PK)-toxicodynamic (TOX) model was developed to quantify 
the relationship between exposure to MEK and pan-HER inhibitors and the 
occurrence of dose-limiting toxicities (DLTs). 

Methods: PK and TOX data of 118 patients was used for the development of the 
PK-TOX model. PK was linked to toxicity using an effect compartment model, 
representing latent damage. Normalised plasma concentrations of MEK and 
pan-HER inhibitors were used as input in the effect compartment, to account 
for inter-drug differences in plasma concentrations. Development of a DLT was 
modelled using a logistic regression model based on the latent variable to account 
for cumulative toxic effects.

Results: The final PK-TOX model described the relationship between the latent 
variable and the probability of DLT. The probability of developing a DLT during 
the first 28 days of treatment was related to normalised cumulative exposure. The 
relative contribution of MEK inhibitors on overall toxicity compared to pan-HER 
inhibitor was estimated at 7.6-fold (relative standard error: 1.3%). The maximum 
estimated probability of DLT increased from 6% in week 1 to 17% in week 4, 
corresponding to an observed incidence of 22%. 

Conclusion: Relationship between pan-HER and MEK inhibitor exposure and the 
probability of DLT was quantified. The PK-TOX model was able to discriminate 
between the impact of exposure of pan-HER and MEK inhibitors on the probability 
of developing DLTS. Based on our findings, exposure optimisation of MEK 
inhibitors should be prioritised for safety. 
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1 INTRODUCTION

Persistent activation of the Ras-Raf-MEK-ERK mitogen-activated-protein-
kinase (MAPK) signalling pathway is frequently observed in human cancers 
and is associated with sustained malignant cell growth and proliferation. Often, 
mutations in the Kirsten rat sarcoma viral oncogene homolog (KRAS) protein 
underlie this persistent pathway activation. Mutations in the KRAS gene occur as 
frequently as 45% in colorectal cancer (CRC), 35% in non-small cell lung cancer 
(NSCLC) and 90% in pancreatic cancer (PC) [1]. Targeting the KRAS protein or 
other proteins in the MAPK pathway provides an attractive treatment option for 
these groups of patients. However, attempts to inhibit KRAS-induced cell growth 
with Raf, MEK, or ERK inhibitors have not resulted in sustained clinical responses 
so far [2-5]. Hence, a high unmet medical need exists for patients with KRAS 
mutant (KRASm) tumours.

RAS

RAF

MEK

ERK

PI3K

AKT

mTOR

S6

HER1 HER2 HER3 HER4

pan-HERi

MEKi

Growth factor

Cell membrane

Figure 1. Schematic overview of the mitogen-activated protein kinase (MAPK) and 
phosphoinositide 3-kinase (PI3K) pathway

Preclinical experiments have shown that combined inhibition of MEK and 
multiple (pan-) human epidermal growth factor receptors (HER-1, HER-2, HER-3, 
HER-4) can lead to complete suppression of cell growth of KRASm cell lines [5]. 
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The underlying mechanism is that upon MEK inhibition, overexpression of HER, 
in particular HER-2 and HER-3, occurs which re-activates not only the MAPK-
pathway but also the phosphoinositide 3-kinase (PI3K)-AKT pathway (Figure 1) 
[6]. This resistance mechanism can be overcome by combining MEK and pan-
HER inhibitors [7]. Based on this preclinical evidence, three clinical trials were 
conducted in which different combinations of MEK and pan-HER inhibitors 
were administrated [8-10]. The best clinical response in these studies was stable 
disease, indicating that in humans this combination inhibited growth but was not 
cytotoxic [8-10]. Subsequent preclinical studies with patient-derived organoids 
demonstrated strong cytotoxic effects when MEK and pan-HER inhibitors were 
combined with a microtubule-targeting agent, such as vinorelbine [11]. Currently, 
a clinical trial testing the safety and efficacy of this triple therapy combination 
is in progress [12].

Results from these studies indicated that toxicities limit dose-escalation 
and clinical use of these agents, which was previously also reported for the 
combination of MEK and HER-1 (EGFR) inhibitors [13]. Frequently observed dose-
limiting toxicities (DLTs) included diarrhoea, nausea, skin toxicity, dehydration 
and liver damage, which is in line with the known safety profiles of single agent 
use [14-19]. Particularly skin toxicity and diarrhoea are well known class-effects 
of both MEK and HER inhibitors. In previous (single agent) phase I studies, skin 
toxicity occurred in about 70% of the patients on MEK as well as HER inhibitors, 
and diarrhoea occurred in 80% of patients on MEK inhibitors versus 50% on 
HER inhibitors. With the combination therapy, >90% of patients experienced 
skin toxicity and >82% diarrhoea, which was dose-limiting in 4% and 6% of the 
patients, respectively [8-10], while the incidence of skin toxicity and diarrhoea in 
the interim analysis of the triple therapy study was 79% and 71%, respectively. 
In addition, nausea and fatigue are known overlapping toxicities (40%-50% on 
MEK or HER inhibitors as single agents [14,18,20-23]), which was reflected in the 
data of the combination therapy as well, where approximately 40% of patients 
experienced nausea and fatigue. [8-10,12]

Upon the occurrence of a DLT, dose-reduction of either or both drugs is required to 
manage toxicity for the individual patient. However, due to the overlap in the type 
of toxicities related to MEK and pan-HER inhibitors, it is difficult to decide which 
of the drugs in the combination should be administered at a reduced dose. To 
investigate whether it is more rational to prioritise escalation of MEK or pan-HER 
inhibitor doses in combination therapy, the here reported pharmacokinetic (PK)- 
toxicodynamic (TOX) model was developed. We aimed to relate the exposure 
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to the MEK inhibitors selumetinib, trametinib, mirdametinib, binimetinib, and 
pan-HER inhibitors afatinib, lapatinib and dacomitinib to the probability of 
encountering DLTs. Ultimately, this could provide supportive evidence for dose- 
and schedule-selection for dose-escalation trials of these and comparable drug 
combinations. 
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2 METHODS

2.1 Clinical studies 
In three separate clinical studies, patients with KRASm colorectal cancer, non-
small cell lung cancer and pancreatic cancer were treated with one of the MEK 
inhibitors selumetinib, trametinib or mirdametinib in a dual combination with one 
of the pan-HER inhibitors afatinib, lapatinib or dacomitinib, respectively [8-10]. 
Doses were escalated according to pre-specified criteria, starting with 20-50% 
of the recommended monotherapy doses for each agent up to 75%-100% of the 
monotherapy doses. In a fourth study, patients with KRASm colorectal cancer 
were treated with lapatinib, binimetinib and vinorelbine [12]. In this study, dose-
escalation of binimetinib was prioritized starting at 33% of the recommended 
monotherapy dose up to 100% of the monotherapy dose, while lapatinib dose-
escalation was conducted secondly with two dose levels. Dose-escalation was 
limited by the occurrence of dose-limiting toxicities (DLTs) during the first 28 
days of treatment (21 days for the triple therapy study). Pre-defined criteria for 
DLTs were given in the study protocols and were consistent throughout the three 
studies, graded according to Common Terminology Criteria for Adverse Events 
version 4.0. DLTs were defined as severe neutropenia, anaemia or thrombopenia 
(grade 3 for > 5 days or grade 4), grade ≥ 3 nausea, vomiting or diarrhoea in the 
presence of maximal supportive care, grade ≥2 neuropathy, severe liver enzyme 
elevations (aspartate aminotransferase (AST), alanine aminotransferase (ALT)), 
> 10% decrease in left-ventricular ejection fraction, significant treatment delay 
(> 7 days of delay or administration of <75% of planned doses in cycle 1), any 
other non-haematological toxicity grade ≥ 3, or any grade 2 toxicity which was 
considered a DLT in the judgement of the investigator. The dual therapy studies 
were conducted at the Netherlands Cancer Institute and three other hospitals in 
the Netherlands according to good clinical practice (GCP) guidelines and were 
registered at ClinicalTrials.gov as NCT02039336, NCT02450656, NCT02230553. 
The triple therapy study was conducted at the University Medical Center Utrecht 
and was registered at EU trial register under EudraCT Number 2019-004987-23. 
All patients signed informed consent prior to start according to the Declaration 
of Helsinki. 

2.2 PK data
The occurrence of DLTs was evaluated at minimum at day 1, 2, 8, 15, 21 and 28 
and in case of DLT at additional time points. Plasma concentration levels were 
measured in venous blood obtained by extensive pharmacokinetic sampling on 
day 1 (predose and 7 or 8 times postdose) and single pre-dose sampling on day 



193

Exposure-response of MEK and pan-HER inhibitors

C
H

A
PT

ER
 6

2, 4, 7, 15, 21 and 28 for the dual therapy studies. For the triple therapy study, 
venous blood was obtained on day 1 and day 3 (predose and 5 or 6 times postdose). 
A combined validated assay was used to determine total drug concentrations 
administered in the dual therapy studies in the Good Laboratory Practice 
Certified (GLP) Bioanalytical Laboratory of the Netherlands Cancer Institute. 
Lower and upper limits of quantifications (LLOQs-ULOQs) were 0.5 – 50 ng/mL 
for dacomitinib, trametinib and afatinib, 5 – 500 ng/mL for mirdametinib and 
selumetinib and 50 – 5,000 ng/mL for lapatinib. For samples obtained during 
the triple therapy study, total drug concentrations were quantified with separate 
validated assay in the GLP Bioanalytical Laboratory of the Netherlands Cancer 
Institute. The limits of quantifications were 50-1,000 ng/mL for lapatinib, 10-1,000 
ng/mL for binimetinib, and 0.0250-10 ng/mL for vinorelbine. Concentrations 
below the LLOQ were included in the dataset as LLOQ/2 for any post-dose 
timepoint or as 0 if the time since the last administration exceeded five times 
the half-life of the compound.

2.3 Model development and evaluation
For each compound, a PK model was developed based on the measured drug 
concentrations, taking into account all dose-interruptions based on real intake 
data from patient diaries and electronic patient dossiers. The PK models were 
accepted if successful minimization was reached, parameters and relative 
standard errors (RSE) could be estimated and weighted residuals were within 
acceptable ranges and without trends. Visual model evaluation was performed 
by visual predictive checks and by several other goodness-of-fit plots. These 
PK models were integrated in the TOX model using the individual parameter 
estimate as input according to the sequential individual PK parameters (IPP) 
modelling approach [24]. For each drug, plasma concentrations were normalized 
to the mean weekly AUC of the Recommend Phase 2 Dose established in the 
individual studies to account for inter-drug differences in the expected plasma 
concentrations and to allow a pooled analysis of all four trials. For example, the 
recommended Phase 2 dose for dacomitinib was 15 mg QD dosed in a 21 days on 
7 days off dosing schema. The average week AUC is therefore the average weekly 
dose (78.75 mg) divided by dacomitinib clearance (21.16 L/h), resulting in an AUC 
of 3.14 mg/mL*h (see Table S2). 

The normalized concentration-time data of each compound was used as input 
in an effect compartment, representing a latent variable accounting for the 
cumulative toxic effects of the combinations, which was subsequently linked 
to the probability of DLT (Figure 2). This was based on the null hypothesis that 
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each compound contributed equally to the probability of toxicity. Subsequently, 
a scaling factor was evaluated for the MEK inhibitor exposure to account for 
differences between classes (pan-HER inhibitor versus MEK inhibitor) in their 
contribution to overall probability of DLT.

HERi
Dacomitinib
Afatinib
Lapatinib

MEKi
Mirdametinib
Selumetinib
Trametinib
Binimetinib

Cumulative 
exposure

(Acumulative)

Probability 
of DLT

Normalised
concentration

Normalised
concentration

Individual PK models Individual PK models

Figure 2. Schematic presentation of the pharmacokinetic (PK) – toxicodynamic (TOX) 
model for MEK and pan-HER inhibitors (i). DLT, dose-limiting toxicity.

The probability of a DLT was modelled using the following equations:
𝑑𝑑𝐴𝐴!"#"$%&'()

dt	
= 	𝐶𝐶*+, + 	𝑆𝑆 ∗ 𝐶𝐶-+.  

𝑓𝑓	 = 𝐵𝐵! +	𝐵𝐵" ∗ (𝐴𝐴#$%$&'()*+/1000) 

𝑃𝑃!"# =
exp	(𝑓𝑓)

1 + exp	(𝑓𝑓)
 



195

Exposure-response of MEK and pan-HER inhibitors

C
H

A
PT

ER
 6

Where dAcumulative
 represents the effect compartment, being a latent variable 

accounting for the cumulative toxic effects of MEK and pan-HER inhibitors 
over time (dt), CHER + S * CMEK represents the normalized concentration of MEK 
and pan-HER inhibitors in the central compartment with a scaling factor (S) 
on MEK concentration, f is a linear function of Acumulative

 with B0 as intercept 
and B1 as the slope of the exposure-toxicity relationship. PDLT is the probability 
of DLT as a function of logit-transformed f, in line with common probability 
estimations.

First-order elimination (representing recovery of the latent cumulative toxicity 
effects) from the effect compartment was initially included in the model. The 
PK-TOX models were evaluable only if successful minimization was reached 
with plausible and precise parameter estimates. Models were considered 
significantly improved in case of decreases in objective function values 
(OFVs) meeting the significance level of p < 0.01 (with 1 degree of freedom this 
corresponds to a decrease in OFV >6.6) with lower or equal relative standard 
errors to the parameter estimates [25-27]. The PK-TOX model was considered 
successful if all of the above requirements were met and if it could be applied 
on the data of the four clinical studies as well as the combined data. For model-
evaluation, the cumulative exposure and the maximum probability per week 
of treatment was extracted from the model output. This was plotted together 
with the observed number of patients with and without DLT for every week 
of treatment. 

2.4 Extrapolation to a new dose level
The final PK-TOX model was used to predict the probability of DLTs of a new 
dose level in the ongoing clinical trial investigating the triple therapy. Patients 
in this dose level will receive 1000 mg lapatinib QD and 30 mg binimetinib BID 
in a 5 days on 2 days off regimen for 3 weeks. Vinorelbine was administered 
on day 3 and 10 of treatment. The final PK models for lapatinib and binimetinib 
were used to obtain PK parameter for 1000 typical patients. These PK 
parameters were used in the integrated PK-TOX model for the prediction of 
the probability of a DLT for these 1000 typical patients during the first 21 days 
of treatment. 

2.5 Software
Model estimations were performed using NONMEM (version 7.5.0, ICON 
Development Solutions, Ellicott City, MD, USA) together with Pirana (version 
3.0.0) as graphical interface [28]. R (version 4.1.2) was used for data processing 
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and graphical presentations [29]. For the PK modelling the first order conditional 
estimation option with interaction (FOCE-I) was used. Individual Bayesian 
parameter estimates were generated using the POSTHOC option of NONMEM. 
For the modelling of probability of DLT, FOCE was used in combination with 
the LAPLACE and LIKELIHOOD options. 
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3 RESULTS

3.1 Clinical data 
Description of the clinical data is provided in Table 1. A total of 118 patients were 
included in the data analysis for both the PK analysis and the PK-TOX analysis. 
In this population, 26 patients experienced a DLT and 31 DLTs were reported, 
indicating that some patients experienced multiple DLTs. The most common 
DLTs were diarrhoea (8.5%), followed by dehydration (3.4%), and increased 
ALT/AST (2.5%) and skin rash (2.5%). These DLTS are well known toxicities of 
MEK inhibition and pan-HER inhibition. One patient receiving the triple therapy 
with lapatinib, binimetinib, and vinorelbine had decreased neutrophil count and 
febrile neutropenia, which could be attributed to vinorelbine. No other patients 
experienced vinorelbine-associated DLTs. It was considered rational to merge the 
PK and TOX data from four trials based on the known similarities in toxicities 
within the class of MEK inhibitors (selumetinib, trametinib, mirdametinib, 
binimetinib) and HER inhibitors (afatinib, dacomitinib, lapatinib) [8-10,12]. 

3.2 PK-TOX model
Parameter estimates of the PK models for each of the seven drugs can be found in 
Table S1. Estimation of the first-order elimination rate from the effect compartment 
(recovery rate, Kr) resulted in negative and very low estimates. Therefore, the 
elimination from the effect compartment was omitted from the model and the 
effect compartment can be interpreted as a latent variable accounting for the 
cumulative toxic effects of pan-HER inhibitors and MEK inhibitors. 

3.3 Contribution of MEK and pan-HER inhibition to toxicity 
Parameter estimates of the relationship between the latent variable for cumulative 
toxicity and the probability of DLT assuming equal contribution of MEK and 
HER inhibitors were -4.42 (RSE: 6.3%) for B0 and 141 (RSE: 32%) for B1. A steep 
exposure-toxicity relationship with a sharp increase in the probability of DLT 
already at low exposures was identified, which is in accordance with the clinical 
observation of occurrence of DLT already at low dose levels. The latent variable for 
cumulative damage in the clinical studies was on average 6 h-1 [range: 0-25 h-1]. At 
the mean of the latent variable, the estimated probability of DLT was 3%, whereas 
at the maximum of the latent variable the estimated probability of DLT was 29%.
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Table 1. Descriptive clinical data of the four dose-escalation studies. 

Study 1 [8] 2 [10] 3 [9] 4 [12] All 
studiesPK data 

Number of patients (n=) 41 34 26 17 118

Pan-HER inhibitor Dacomitinib Lapatinib Afatinib Lapatinib -

Dose (mg/day) 15, 30 500, 750 20, 30 750, 1000 -

PK samples (n=) 649 428 490 211 1778

MEK inhibitor Mirdame-
tinib

Trame-
tinib

Selume-
tinib

Binime-
tinib

-

Dose (mg/day) 4, 6, 8, 10, 12 1, 1.5, 2 50, 100, 15, 30, 45 -

PK samples (n=1) 649 428 490 211 1778

TOX data
DLT (n, (%)) 9 (22) 6 (18) 8 (31) 8 (47) 31 (26)

Decreased appetite 0 (0) 0 (0) 1 (3.8) 0 (0) 1 (0.8)

Decreased neutrophil count 0 (0) 0 (0) 0 (0) 1 (5.9) 1 (0.8)

Dehydration 1 (2.4) 0 (0) 2 (7.7) 1 (5.9) 4 (3.4)

Diarrhoea 1 (2.4) 2 (5.9) 3 (12) 4 (24) 10 (8.5)

Dyspnoea 1 (2.4) 0 (0) 0 (0) 0 (0) 1 (0.8)

Fatigue 2 (4.9) 0 (0) 0 (0) 0 (0) 2 (1.7)

Febrile neutropenia 0 (0) 0 (0) 0 (0) 1 (5.9) 1 (0.8)

Increased AST/ALT 2 (4.9) 1 (2.9) 0 (0) 1 (5.9) 3 (2.5)

Mucositis 0 (0) 0 (0) 1 (3.8) 0 (0) 1 (0.8)

Nausea 0 (0) 1 (2.9) 1 (3.8) 0 (0) 2 (1.7)

Neuropathy 1 (2.4) 0 (0) 0 (0) 0 (0) 1 (0.8)

Skin rash 1 (2.4) 2 (5.9) 0 (0) 0 (0) 3 (2.5)

Abbreviations: DLT, dose-limiting toxicity; PK, pharmacokinetics; TOX, toxicity. 

To assess the relative contributions of MEK and pan-HER inhibitors, a scaling factor 
(S) was applied to the normalised MEK concentrations. The scaling factor was 
estimated at 7.6 (RSE: 1.3%) indicating that the relative contribution of normalised 
exposure of MEK inhibitors to the latent damage variable is higher compared to 
the normalised exposure of pan-HER inhibitors, suggesting optimisation of MEK 
inhibitor exposure should be prioritised for safety. The parameter estimates and 
the corresponding relationship between the amount in the effect compartment 
and the probability of a DLT with a scaling factor of 7.6 for the contribution of 
MEK inhibitors are shown in Table 2 and Figure 3. The normalized cumulative 
exposure was on average 20 h-1 [range: 0-70 h-1]. The probability of a DLT was 2.6% 
at the average value of the latent variable and 18% at the maximum observed 
latent variable. 
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Table 2. Parameter estimates for the combined model of MEK and pan-HER inhibitors.

Parameters Estimate RSE (%) 95% CI
Intercept (B0) -4.49 6.2% -5.1 to -4.0

Slope (B1) 42.5 28 16.0 to 62.3

Scaling factor 7.6 1.3 7.5 to 7.8

Abbreviations: 95% CI, 95% confidence interval; RSE, relative standard error. 
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Figure 3. Relationship between the latent variable for cumulative toxic effects (h-1) and 
the predicted probability of dose-limiting toxicity (DLT) for the combined model with the 
maximum observed normalized cumulative exposure indicated by the red line. 

Figure 4 illustrates the normalized cumulative exposure with S=7.6 per week 
of treatment and the corresponding predicted probability for DLT as well as the 
observed incidence of DLTs. With an increase of the normalised cumulative 
exposure, also the incidence of DLT increase from 2.5% in the first week of 
treatment (Week 1), to 7.8% in week 2, and 10% in week 3 followed by 3.7% in 
week 4. This corresponds with an increasing maximum predicted probability per 
week from 6.0% in week 1 to 14% in week 2, 20.3% in week 4 and 17% in week 4, 
corresponding to an observed incidence of 22%. The DLT period in the lapatinib-
binimetinib-vinorelbine study was shorter (21 days versus 28 days). 
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Figure 4. The latent variable for cumulative toxic effects of MEK and pan-HER inhibitors 
(left y-axis) per week of treatment (white bars) with the corresponding observed incidence 
of DLTs (% (blue bars)) and the predicted individual probability of DLT (% (red dots)) (right 
y-axis). 

Subsequently, the scaling factor S was estimated separately for the different 
studies. No significant differences were found for the scaling factor S between the 
different studies. Lastly, a scaling factor for the relative contribution of vinorelbine 
to the probability of a DLT was considered since one patient had vinorelbine-
associated DLTs. A scaling factor of the relative contribution of vinorelbine to the 
probability of a DLT was estimated. However, the parameter was unidentifiable 
and was therefore excluded from the model. The parameter unidentifiability 
might be explained by the small inter-individual variability in vinorelbine 
pharmacokinetics (RSE% ≤16) and that only one patient experienced a DLT which 
could be attributed to vinorelbine. Moreover, preclinical studies investigating the 
triple therapy reported no additional toxicities from the triple therapy with a 
microtubule targeting agent compared to the combination therapy with pan-HER 
and MEK inhibitors [11]. 
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3.4 Extrapolation to a new dose level
The probability of experiencing a DLT within the first 21 days of treatment was 
predicted for 1000 typical patients receiving 1000 mg lapatinib QD and 30 mg 
binimetinib BID in a 5 days on 2 days off regimen for 3 weeks. The maximum 
predicted probability of experiencing a DLT was 2.7% within the first week of 
treatment, 6.7% within the second week of treatment, and 15.4% within the third 
week of treatment. Generally, in Phase I clinical trials, a maximum probability 
of 16.7% is considered acceptable [30]. Based on the extrapolation, it is expected 
that the new dose level will result in acceptable toxicity. 
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4 DISCUSSION

The relationship between exposure and toxicity was described by a PK-TOX 
model which related the latent variable for cumulative toxicity of MEK and 
pan-HER inhibitors to the probability of DLT using a logistic regression model. 
This model was applied to the following combinations of pan-HER and MEK 
inhibitors: afatinib-selumetinib, lapatinib-trametinib, dacomitinib-mirdametinib, 
and lapatinib-binimetinib. 

With this model, we provide a novel approach to combine pharmacokinetic and 
toxicodynamic data from different clinical studies that investigate the same 
concept. We used a unique set of extensive PK and toxicity data from four clinical 
trials, of which one is still ongoing. Based on the similarities in toxicities within the 
class of MEK inhibitors and pan-HER inhibitors [8-10,12], and on the comparable 
trial design, data collection and data handling procedures, it was considered 
rational to merge the PK and toxicity data from the four trials. Dose finding in 
all four studies, according to a rule-based design, proved to be complicated due 
to occurrence of toxicity at relatively low dose levels. The nature of DLTs in the 
different studies were similar and consistent mainly with diarrhoea, nausea, 
skin toxicity, liver damage and dehydration. Taken together, it was considered 
a rational approach to combine data to be able to quantify the relationship 
between drug exposure and toxicity and to assess contribution of drug class and/
or individual drugs on toxicity. This model may assist in rational dose finding of 
this combination by predicting the maximum probability of DLT for dose levels 
and prioritising dose levels on their probabilities of DLTs as described for the new 
dose level for the ongoing triple therapy study. 

Importantly, there may be a discrepancy between the plasma levels and the tissue 
levels. In particular, the pan-HER inhibitors have a large volume of distribution 
(see Table S1) which may mean that more drug is distributed to the tissues with 
the potential of inducing damage. This is not reflected by our PK-TOX model and 
may lead to an underestimation of the effects of HER inhibition when there is a 
poor correlation between plasma exposure and tissue exposure. Furthermore, 
this model does not differentiate between free and protein-bound fraction. 
Plasma concentrations were generated from the PK model which is based on 
measured total (bound and unbound) fraction. Although all drugs have extensive 
protein binding (in the range of >95%-99.9%) it is unsure if the use of total drug 
concentrations affects the ability of the model to discriminate between the effects 
of MEK and pan-HER inhibitors.
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A scaling factor was used to discriminate between the influence of drugs class 
on probability of DLT. Other descriptive PK-TOX models for dual combinations 
have been described [31,32], but the distinction between effects of two classes of 
drugs has not been addressed earlier. The relative contribution of MEK inhibitors 
to the probability was estimated to be 7.6 (RSE%: 1.6) suggesting normalised 
exposure of MEK inhibitors affect the probability of DLT relatively more than the 
normalised exposure to pan-HER inhibitors. Estimating the scaling factor for the 
individual studies, resulted in scaling factors ranging from 2.95 to 12.6, suggesting 
inter-compound variability regarding the relative contribution to the probability 
of DLT. However, the dOFV was small and parameter precision decreased. Taken 
together, that the results suggest that normalised exposure of MEK inhibitors 
contribute more to the probability of a DLT compared to normalised exposure of 
pan-HER inhibitors. 

Clinical implementation of these findings requires some caution [33]. First of all, 
DLTs were modelled as binary outcome while in practice this is a gradual process. 
However, the binary approach is in line with clinical trial practice, as it guides 
dose finding in the rule-based design of the studies. Although the model could be 
refined by defining toxicity as any toxicity that results in clinical interventions 
or treatment interruptions, for the scope of this study we aimed to select the 
most relevant toxicities by using DLTs as primary toxicity parameter. Secondly, 
MEK inhibitors were escalated over a larger dose range compared to pan-HER 
inhibitors (Table 1), which could have resulted an underestimation of the effect 
of pan-HER inhibitors on the probability of DLT. Lastly, the external validity of 
this model is unclear since only our internal dataset was available. Emerging data 
from the ongoing trials may help in establishing the robustness of the model. To 
test external validity, also data from other trials should be incorporated if feasible 
in the future. 

The ultimate goal of this model was to develop an algorithm that could explain 
how exposure to MEK, or pan-HER inhibitors relates to toxicity to assist dose 
finding in combination trials. In the combined PK-TOX model, the relative 
contribution to the probability of DLT was higher of MEK inhibitors compared to 
pan-HER inhibitors. This suggest that there is a class-specific impact on toxicity 
of MEK inhibitors versus pan-HER implying that exposure optimisation of MEK 
inhibitors should be prioritised before pan-HER inhibitors for safety. 
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Our model confirmed and quantified our clinical finding that the dose range in 
which MEK and pan-HER inhibitors can be safely combined is narrow. Generally, 
a maximum probability of DLT of 16.7% is accepted for Phase I clinical trials 
[30]. Although this incidence was not exceeded in the three clinical trials, our 
predictions show that the probability increased steeply with higher cumulative 
normalized exposure. This may also be a consequence of the fact that the dose-
escalation started at 20-50% of the recommended single agent doses, and no 
information on lower dose-levels could be included. A better prediction of the 
dose-toxicity relationship could be obtained by including data from trials with 
these combinations in lower doses.

5 CONCLUSION

Based on our findings, the probability of DLT is relatively more dependent on 
exposure to MEK inhibitors compared to HER inhibitors. There seems to be inter-
compound variability regarding the relative contribution of MEK inhibitors to 
the probability of DLT. These results suggest that exposure optimisation of MEK 
inhibitors should be prioritised for safety. However, in view of efficacy, it should be 
considered that inhibition of MEK forms the basis for the responsive upregulation 
of HER proteins [5]. Therefore, maintenance of clinical effective plasma 
concentration should be an aim when dose reductions are being considered. 
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SUPPLEMENTARY MATERIAL

Supplementary Table S1. Final parameter estimates of the population pharmacokinetic 
models of the three pan-HER inhibitors and four MEK inhibitors. 

Structural model parameters [unit] Estimate RSE% Estimate 

Lapatinib Population 
estimate

Between-
subject 

variability

Ke [h-1] 0.0387 9.4 0.285

Vd [L] 790 8.2 0.291

Ka [h-1] 2.9 5.1 0.102

K12 [h-1] 0.0312 14.5 -

K21 [h-1] 0.00159 17.6 -

Trametinib Theta

Ke [h-1] 0.0150 20.8 0.462

Vd [L] 247 11.4 0.082

Ka [h-1] 2.17 12.6 0.249

K12 [h-1] 0.703 17.2 -

K21 [h-1] 0.151 0.0863 -

Binimetinib

CL [L/h] 17.9 8.7 0.105

Vd [L] 12.2 36.2 2.06

Ka [h-1] 0.589 13.0 -

Q [L/h] 15.9 14.0 -

Vp [L] 112 15.2 -

Dacomitinib Theta

Ke [h-1] 0.0129 10.6 0.229

Vd [L] 1949 8.4 0.196

Ka [h-1] 0.769 12.3 0.484

K12 [h-1] 0.0256 38.9 -

K21 [h-1] 0.0276 43.0 -

Mirdametinib Theta

Ke [h-1] 0.229 13.6 0.323

Vd [L] 18.9 8.7 0.097

Ka [h-1] 5.2 11.0 0.170

K12 [h-1] 0.633 10.8 -

K21 [h-1] 0.151 7.8 -

K13 [h-1] 0.0620 22.6 -

K31 [h-1] 0.00102 36.3 -
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Supplementary Table S1. Continued. 

Structural model parameters [unit] Estimate RSE% Estimate 

Afatinib Parameters were fixed based on litera-
ture model (Freiwald et al. 2014 [1])

Theta

Cl [L*h-1] 42.3 - -

Vd [L] 456 - -

Ka [h-1] 0.252 - 0.432

K23 [h-1] 0.17 - -

K32 [h-1] 0.0685 - -

ALAG [h] 0 - -

F1 - 1 - 0.179

Weight on 
CL

Weight fixed to: 75 kg (power 
function)

0.595 - -

Creatinin on 
CL

Creatinin clearance fixed to: 79 ml/
min (< 120 mL/min vs ≥120 mL/min) 

0.0048 - -

Female Female decrease versus male 0.871 - -

Weight on 
Vd

Weight fixed to: 75 kg (power 
function)

0.899 - -

Dose ≤70 mg YES (dose-dependent power 
function)

0.485 - -

Selumetinib Parameters were fixed based on 
literature model (Patel et al. 2017 [2]) 

Theta

Cl [L/h] 13.5 - 0.0700

Vd [L] 32.6 - 0.201

Ka [h-1] 3.7 - -

K23 [h-1] 0.252 - 0.295

K32 [h-1] 0.149 - 0.295

ALAG1 [h] 0.319 - 0.165

F1 - 1 - -

D1 [h-1] 0.622 - 0.171

Vd (3) [L] 55 - 0.388

BSA on CL BSA mean 1.95 (power function) 0.923 - -

ALT on CL ALT fixed to: 20 (power function) 0.187 - -

BSA on Vd (2) BSA mean:1.95 (power function) 1.24 - -

Age on Vd (2) Age mean: 65 (power function) 0.327 - -

Vinorelbine 

CL [L/h] 133 9.4 -

Vd [L] 822 12.8 0.205

Q [L/h] 362 9.0 -

Vp [L[ 1240 7.7 -
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Supplementary Table S1. Continued.

Abbreviations: ALAG, lag time; ALT, Alanine aminotransferase; BSA, body surface area; CL, 
clearance; D1; duration of administration in compartment 1; F1, oral bioavailability; K12, 
rate constant from compartment 1 to compartment 2; K13, rate constant from compartment 
1 to compartment 3; K21, rate constant from compartment 2 to compartment 1; K23, rate 
constant from compartment 2 to compartment 3; K31, rate constant from compartment 
3 to compartment 1; K32, rate constant from compartment 3 to compartment 2; Ka, 
absorption rate constant, Ke, elimination rate constant; Vd, central volume of distribution. 

REFERENCES:

1.	 Freiwald M, Schmid U, Fleury A, Wind S, Stopfer P, Staab A. Population pharmacokinetics 
of afatinib, an irreversible ErbB family blocker, in patients with various solid tumors. 
Cancer Chemother Pharmacol. 2014;73(4):759-770. doi:10.1007/s00280-014-2403-2.

2.	 Patel Y, Daryani V, Patel P, et al. Population Pharmacokinetics of Selumetinib and Its 
Metabolite N-desmethyl-selumetinib in Adult Patients With Advanced Solid Tumors 
and Children With Low-Grade Gliomas. CPT Pharmacometrics Syst Pharmacol. 
2017;6(5):305-314. doi:10.1002/psp4.12175.
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Supplementary Table S2. Overview of the recommended Phase 2 Dose for the different 
MEK and pan-HER inhibitors and the corresponding average week exposure. 

Study RP2D Drug Average 
week 

dose (mg)

Cl 
(L/h)

Average 
AUCweek

(mg/mL*h)
1 Dacomitinib 15 mg QD + 

mirdametinib 6 mg BID 
(21/7)

Dacomitinib 78.75 25.2 3.13

Mirdametinib 63 4.33 14.6

2 Afatinib 20 mg QD + 
selumetinib 25 mg BID (21/7)

Afatinib 105 42.3 2.48

Selumetinib 262.5 13.5 19.4

3 Lapatinib 750 mg QD + 
trametinib 1 mg BID

Lapatinib 5250 30.6 172

Trametinib 7 3.71 1.89

4 Lapatinib 1000 mg QD + 
binimetinib 30 mg BID (5/2)#

Lapatinib 5000 30.6 163

Binimetinib 300 17.9 16.8

Abbreviations: (5/2), 5 days on, 2 days off; (21/7), 21 days on 7 days off; AUCweek, area-
under-the-concentration-time-curve over a week; BID, bidaily weekly dosing; CL, 
clearance; RP2D, recommended Phase 2 Dose; QD, once daily dosing.

REFERENCES: 

1.	 van Geel, R., et al. (2020). Phase 1 study of the pan-HER inhibitor dacomitinib plus the 
MEK1/2 inhibitor PD-0325901 in patients with KRAS-mutation-positive colorectal, non-
small-cell lung and pancreatic cancer. Br J Cancer 122(8): 1166-1174.

2.	 van Brummelen, E. M. J., et al. (2021). Phase I Study of Afatinib and Selumetinib in 
Patients with KRAS-Mutated Colorectal, Non-Small Cell Lung, and Pancreatic Cancer. 
Oncologist 26(4): 290-e545.

3.	 Huijberts, S., et al. (2020). Phase I study of lapatinib plus trametinib in patients with 
KRAS-mutant colorectal, non-small cell lung, and pancreatic cancer. Cancer Chemother 
Pharmacol 85(5): 917-930.

4.	 Utrecht Medical Center. A Dose-Escalating Phase I/II Study in Patients with RAS-
Mutated Metastatic Colorectal Cancer to Investigate Safety and Clinical Activity of the 
Triple Combination of: MEK-inhibitor binimetinib, Pan-EGFR inhibitor lapatinib and 
the Microtubule Targeting Agent (MTA) vinorelbine [Internet]. Clinicaltrialsregister.eu 
[Citer 2023 June 12]. Available from: https://www.clinicaltrialsregister.eu/ctr-search/
trial/2019-004987-23/NL 
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ABSTRACT

Patients with metastatic castration resistant prostate cancer (mCRPC) have 
a lower docetaxel exposure compared to patients with other advanced solid 
tumours when treated with the same dose. A lower exposure could influence 
treatment outcomes such as efficacy and toxicity. The current study aimed to 
find a dose resulting for oral docetaxel with ritonavir in a similar exposure to the 
recommended Phase 2 dose (RP2D) of the combination in other solid tumours 
using an update of a previously published population pharmacokinetic model the 
combination of for oral docetaxel and ritonavir. Data from 23 mCRPC patients were 
pooled with data from 149 patients with other solid tumours. mCRPC was tested as 
a binary covariate on ritonavir clearance and oral bioavailability and on docetaxel 
intrinsic clearance and oral bioavailability. Oral docetaxel exposure defined as 
the area-under-the-plasma concentration time curve for 1 week (AUC1wk) was 
simulated over different docetaxel-ritonavir dose levels in a bidaily once weekly 
dosing scheme. mCRPC patients had a 2.3-fold higher ritonavir clearance (RSE%: 
7.1) and a 1.5-fold higher docetaxel intrinsic clearance (RSE%: 14.6). A morning 
dose of 30 mg docetaxel and 200 mg ritonavir with an evening dose of 20 mg 
docetaxel and 200 mg ritonavir (denoted as 30-20/200-200) and 30-30/200-100 
in mCRPC patients had an AUC1wk similar to the RP2D in patients with other 
solid tumours (simulated AUC1wk 1.80 [1.13-2.80] mg/L*h and 1.80 [1.14-2.81] 
mg/L*h vs 1.77 [1.12-2.81] mg/L*h, respectively). The RP2D for mCRPC patients 
(30-20/200-100) had a similar exposure to doses 20-20/200-200, 20-30/200-100, 
and 20-30/100-200 despite having different pharmacokinetic profiles. Its clinical 
relevance is currently unknown. 
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1 INTRODUCTION 

Docetaxel is a well-established treatment of several solid tumours including 
non-small cell-lung cancer (NSCLC), breast cancer, head and neck cancer, 
gastric cancer and prostate cancer. It is most commonly administered as a 
3-weekly 1-hour intravenous infusion. Oral administration of docetaxel could 
reduce the patient burden associated with intravenous administration due to its 
administration at home and avoidance of infusion reactions due to additives such 
as polysorbate 80 and ethanol in the intravenous formulation [1].

Oral administration of docetaxel is, however, hampered by a high first-pass effect 
and poor water solubility. The high first-pass metabolism is caused by docetaxel’s 
high affinity for drug transporters such as P-glycoprotein (P-gp) and metabolism 
by Cytochrome P450 (CYP) 3A [2]. The first pass effect could be decreased by 
co-administrating oral docetaxel with the CYP3A and a P-gp inhibitor ritonavir, 
which was demonstrated in a proof-of-concept study [3]. The development of two 
solid dispersion pharmaceutical formulations for oral use: ModraDoc001 capsule 
(10 mg docetaxel, freeze-dried), and ModraDoc006 tablet (10 mg docetaxel, spray 
dried) improved the water solubility of docetaxel [4-6]. 

Clinical trials in patients with advanced solid tumours have a defined 
recommended Phase 2 dose (RP2D) for the ModraDoc006 tablets for bidaily once 
weekly administration in a morning dose of 30 mg docetaxel co-administrated 
with 100 mg ritonavir (r) and an evening dose of 20 mg docetaxel in combination 
with 100 mg ritonavir, denoted as ModraDoc006/r 30-20/100-100 [4,7,8]. However, 
a different RP2D might be required for patients with metastatic castration resistant 
prostate cancer (mCRPC). mCRPC patients demonstrated a lower area-under-the-
plasma concentration time curve (AUC) for both intravenous docetaxel (1.8-fold) 
[9] and oral docetaxel (2.4-fold)[10] than in patients with other solid tumours. 
Furthermore, a lower docetaxel exposure after intravenous administration in 
mCRPC patients was associated with 2.2-fold lower odds for the development of 
neutropenia [9] and might affect efficacy of the treatment. The defined RP2D for 
the bidaily once weekly regimen for mCRPC patients (30-20/200-100) contains a 
higher ritonavir dose compared to the RP2D for other solid tumours (30-20/100-
100) but the associated exposure was lower than the latter (0.367 mg/L*h vs 
0.894 mg/L*h) [10]. The observed difference in docetaxel pharmacokinetics might 
be caused by an altered metabolism via CYP3A or an upregulated hepatic uptake, 
resulting in a higher clearance and lower exposure [11,12]. 
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There is a need for dose optimisation for oral docetaxel in the mCRPC populations. 
The aim of the current study was to find a dose of oral docetaxel and ritonavir 
with a similar exposure, AUC over 1 week (AUC1wk), to the RP2D (30-20/100-100) 
in patients with other solid tumours using an update of a previously published 
population pharmacokinetic model for dose simulations [13]. The model was 
updated with data from a recent Phase I trial in mCRPC patients [12]. The 
objectives were two-fold. The first objective was to quantify the difference in 
pharmacokinetics between the two patient populations (mCRPC vs other solid 
tumours). The influence of mCRPC on docetaxel clearance and bioavailability 
was investigated for this. The second objective was to perform dose simulations 
with the final updated model to identify dose regimens for mCRPC with a similar 
AUC1wk to the RP2D in other solid tumours. 
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2 METHODS

2.1 Clinical studies
The population pharmacokinetics of both intravenous and oral docetaxel with 
and without ritonavir was described in a previously published population 
pharmacokinetic analysis [13]. For the current analysis, the data regarding the 
oral administration of docetaxel, administered as drinking solution, ModraDoc001 
capsules or ModraDoc006 tablets, were included. Pharmacokinetic data was 
obtained from patients with advanced solid tumours who were included in several 
clinical trials [3-5,7,14,15,8]. No patients with prostate cancer were included in 
these studies. This dataset was updated with all the available pharmacokinetic 
data from a dose-escalation study in mCRPC patients [12]. An overview of the data 
included from the different clinical studies is provided in Table 1. A summary of 
the individual clinical studies is described in the sections below. 

2.1.1 Study 1
This proof-of-concept study investigated ritonavir as a boosting agent for oral 
docetaxel. Intravenous docetaxel formulation (Taxotere®) was orally ingested 
as a drinking solution at a single dose of 10 or 100 mg docetaxel in combination 
with ritonavir soft gel capsules (Norvir; Abbott, Illinois, USA) at a dose of 100 mg. 
The study is described in detailed by Oostendorp., et al [3]. 

2.1.2 Study 2
A dose-escalation study of orally administered docetaxel in combination with 
ritonavir was executed. The docetaxel-ritonavir combination was administrated 
at a once-weekly schedule. Three different oral docetaxel formulations were 
included in the study: the intravenous docetaxel formulation ingested as a 
drinking solution, ModraDoc001 capsule formulation, and ModraDoc006 tablet 
formulation. The formulation of ritonavir was switched during the execution of 
the study by the manufacturer from a soft gel capsule to a tablet formulation 
(Norvir; Abbott, Illinois, USA). Oral docetaxel was administered in doses of 20-
80 mg in combination with 100 or 200 mg ritonavir. Pharmacokinetic data was 
obtained during cycle 1, 2 and 3 of treatment (1 cycle corresponds to 1 week). The 
study is described in detail by Moes., et al [4], Koolen., et al [14] and Marchetti., 
et al [15]. 
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Table 1. Overview of the included oral docetaxel data per study. 
Study 1 [3] Study 2 [4,14,15] Study 3 [7] Study 4 [5] Study 5 [12]

Number of patients
Total 25 89 29 6 23

ModraDoc001 capsule - 68 17 6 -

ModraDoc006 tablet - 10 12 - 23

Docetaxel drinking solution 25 11 - - -

Docetaxel
Dose (mg/day) 10, 100 20, 30, 40, 60, 80 40, 50, 60, 80 40 40, 50

Dosing time (hours) t=0, t=1 t=0 t=0, 7 t=0 t=0,7

Formulation Drinking solution Drinking solution
ModraDoc001
ModraDoc006

ModraDoc001
ModraDoc006

ModraDoc001 ModraDoc006

PK data Yes Yes Yes Yes Yes

Ritonavir 
Dose (mg/day) 0, 100 0, 100, 200 200 100, 200 200, 300, 400

Dosing times (hours) t=0, t=1 t=0 t=0, 7 t=0 t=0,7

Ritonavir formulation Capsules Capsules
Tablets

Tablets Tablets Tablets

PK data No Yes Yes Yes Yes

2.1.3 Study 3
In this dose-escalation study, a weekly bi-daily dosing schedule of oral docetaxel 
was administered as either ModraDoc001 capsules or ModraDoc006 tablets (both 
with 10 mg docetaxel). Docetaxel and ritonavir were administered at t = 0 and t = 
7 hours. The total daily doses of docetaxel were 40-80 mg and ritonavir 200 mg. 
Pharmacokinetic data were obtained during cycle 1, 2 and 3 of treatment. The 
study is described in detail by de Weger., et al [7]. 

2.1.4 Study 4
A crossover study was performed to compare the exposure of different oral 
docetaxel formulations simultaneously administered with ritonavir. Docetaxel 
was administered at a dose of 40 mg in combination with a 100 or 200 mg ritonavir 
dose. Pharmacokinetic data was obtained during cycle 1, 2, and 3 of treatment. A 
detailed description of the study was published by Moes., et al [5]. 
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Table 1. Overview of the included oral docetaxel data per study. 
Study 1 [3] Study 2 [4,14,15] Study 3 [7] Study 4 [5] Study 5 [12]

Number of patients
Total 25 89 29 6 23

ModraDoc001 capsule - 68 17 6 -

ModraDoc006 tablet - 10 12 - 23

Docetaxel drinking solution 25 11 - - -

Docetaxel
Dose (mg/day) 10, 100 20, 30, 40, 60, 80 40, 50, 60, 80 40 40, 50

Dosing time (hours) t=0, t=1 t=0 t=0, 7 t=0 t=0,7

Formulation Drinking solution Drinking solution
ModraDoc001
ModraDoc006

ModraDoc001
ModraDoc006

ModraDoc001 ModraDoc006

PK data Yes Yes Yes Yes Yes

Ritonavir 
Dose (mg/day) 0, 100 0, 100, 200 200 100, 200 200, 300, 400

Dosing times (hours) t=0, t=1 t=0 t=0, 7 t=0 t=0,7

Ritonavir formulation Capsules Capsules
Tablets

Tablets Tablets Tablets

PK data No Yes Yes Yes Yes

2.1.3 Study 3
In this dose-escalation study, a weekly bi-daily dosing schedule of oral docetaxel 
was administered as either ModraDoc001 capsules or ModraDoc006 tablets (both 
with 10 mg docetaxel). Docetaxel and ritonavir were administered at t = 0 and t = 
7 hours. The total daily doses of docetaxel were 40-80 mg and ritonavir 200 mg. 
Pharmacokinetic data were obtained during cycle 1, 2 and 3 of treatment. The 
study is described in detail by de Weger., et al [7]. 

2.1.4 Study 4
A crossover study was performed to compare the exposure of different oral 
docetaxel formulations simultaneously administered with ritonavir. Docetaxel 
was administered at a dose of 40 mg in combination with a 100 or 200 mg ritonavir 
dose. Pharmacokinetic data was obtained during cycle 1, 2, and 3 of treatment. A 
detailed description of the study was published by Moes., et al [5]. 

2.1.5 Study 5
A dose-escalation study was executed to establish the safety, pharmacokinetics 
and RP2D for mCRPC patients. Oral docetaxel was administered as ModraDoc006 
tablets (with 10 mg docetaxel per tablet) at a total weekly dose of 40 or 50 mg 
in combination with 200, 300 or 400 mg ritonavir. Docetaxel and ritonavir were 
administered at t = 0 and t = 7 hours. Pharmacokinetic data was obtained in cycles 
1 and 2 of treatment. The study has been described in detail by Vermunt., et al [12]. 

2.2 Population pharmacokinetic model
A previously developed semi-mechanistic population pharmacokinetic model for 
intravenous and oral docetaxel and ritonavir was used [13]. The model consisted 
of two linked models for ritonavir and docetaxel (see Figure 1). Stochastic 
approximation expectation maximization (SAEM) was used to avoid local minima 
in the parameter estimation [16].
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Figure 1. Schematic overview of the integrated docetaxel-ritonavir model. CL, clearance; 
CLint, intrinsic clearance of docetaxel; CLint0, uninhibited intrinsic clearance of docetaxel; 
CRTV,plasma, ritonavir plasma concentration, Doc, Docetaxel; EH, hepatic extraction ratio; 
Ka, first-order absorption rate constant; KI, inhibition constant of ritonavir on docetaxel 
metabolism; Q, intercompartment distribution; QH, hepatic blood flow; RTV, ritonavir; Vc, 
central volume of distribution; Vh, hepatic volume of distribution; Vp, peripheral volume 
of distribution.
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2.2.1 Ritonavir
Ritonavir pharmacokinetics was described by a two-compartmental model with 
linear elimination (see Figure 1). Absorption of ritonavir was described with an 
inverse Gaussian density input function (Equation 1) [17]. The model included 
relative bioavailability of the second ritonavir dose compared to the first dose 
(F2nd/1st) and a relative bioavailability of the tablet formulation compared to the 
soft gel capsule (Ftablet). Between subject variability (BSV) was included for the 
variability of mean absorption time, clearance, central volume of distribution, 
F2nd/1st and Ftablet. Inter-occasion variability (IOV) was included on the mean 
absorption time and the variability of mean absorption time. Residual error was 
described with a proportional error model. 

𝑁𝑁!" = 	𝐴𝐴# 	%
$%&

'(×*+!×,"
&
-/'

× exp +−	 (,0$%&)!

'*+!×$%&×,
-                                                                    	 (Equation 1)

In which Nin is the incoming influx transport, AD is the dose, MAT the mean 
absorption time, CV the variation in the mean absorption time, and t is time. 

2.2.2 Docetaxel
Oral docetaxel pharmacokinetics was described by a two-compartment model 
(see Figure 1). Absorption was described by a first order absorption rate constant 
and one transit compartment to the liver compartment. A well-stirred liver 
model was used to describe the overall metabolism of docetaxel by CYP3A and 
the influence of ritonavir on CYP3A. Docetaxel hepatic intrinsic clearance was 
described as a function of the uninhibited intrinsic clearance and the ritonavir 
plasma concentration and an inhibition constant of CYP3A by ritonavir (KI) (see 
Equations 2-4). 

𝐶𝐶𝐶𝐶!"#	(𝑡𝑡) = 	
%&!"#$

(()%%&',)*+,-+(#))/,-
           	 (Equation 2)

𝐸𝐸!(𝑡𝑡) = 	
"#!"#(%)×()

*$+	"#!"#(%)∗()
                                   	 (Equation 3)

𝐹𝐹!(𝑡𝑡) = 1 − 𝐸𝐸!(𝑡𝑡)     	 (Equation 4)

In which Clint is the uninhibited intrinsic docetaxel clearance, Clint0 is the intrinsic 
docetaxel clearance, CRTV,plasma is the ritonavir plasma concentration, EH is the 
hepatic extraction fraction, fu is the free fraction of docetaxel in plasma which 
was fixed to 4.6% [18], QH is the hepatic blood flow which was fixed to 80 L/h[19], 
and FH is the hepatic bioavailability. The volume of the liver compartment was 
assumed to be 1 L [20]. 
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Gut bioavailability of docetaxel (Fg) was described by a function of the relative 
bioavailability of the ModraDoc006 tablets compared to the ModraDoc001 
capsules (Fformulation), the relative bioavailability of docetaxel with and without 
ritonavir (Fritonavir), and lastly the relative bioavailability of the second dose versus 
the first dose (F2nd/1st) (Equation 5). 

𝐹𝐹! = 	𝐹𝐹"#$%&'()*#+ 	×	𝐹𝐹$*)#+(,*$ 	× 	𝐹𝐹-+./01)	      	 (Equation 5)

BSV was included on the absorption rate for both the ModraDoc tablet and capsule 
formulation, and the drinking solution, intrinsic clearance, central volume of 
distribution, F2nd/1st and the bioavailability of the drinking solution. Inter-occasion 
variability was included in the model to describe the within-day and between-day 
variability in bioavailability and absorption rate constant. 

2.3 Covariate analysis 
The influence of mCRPC on the pharmacokinetics of oral docetaxel and 
ritonavir was investigated. The hypothesis behind the observed difference 
in pharmacokinetics was either an altered metabolism via CYP3A and/or an 
upregulated hepatic uptake, leading to a higher clearance and lower exposure [11]. 
Hence, mCRPC was tested as a binary covariate on ritonavir clearance, docetaxel 
intrinsic clearance, and bioavailability according to Equation 6. 

𝑃𝑃! = 	𝑃𝑃"#" 	×	𝜃𝜃$#%&'!&()       	 (Equation 6)

In which, Pi is the respective pharmacokinetic parameter for patient i, Ppop is the 
typical value of the respective pharmacokinetic parameter for the population, 
and θcovariate is the theta representing the effect of mCRPC on the respective 
pharmacokinetic parameter. mCRPC was retained in the model as a covariate 
when the drop in Objective Function Value (dOFV, equal to minus two times 
the log-likelihood) exceeded 3.841 (P < 0.05 based on χ2 distribution with one 
degree of freedom), which was considered statistically significant for hierarchical 
models. Model performance was evaluated with visual predictive checks (n = 
1000). 

2.4 Simulations 
Simulation studies were executed for the ModraDoc006 tablet and ritonavir 
tablet combination (ModraDoc006/r), as mCRPC patients exclusively received 
this formulation [12]. Oral docetaxel plasma concentrations were simulated for 
16 bidaily once weekly dosing regimens where oral docetaxel is co-administrated 
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with ritonavir at t = 0 hours and t = 7 hours. The 16 dosing regimens were variations 
of the following daily once weekly doses of docetaxel (40, 50, 60 mg) and ritonavir 
(200, 300, 400 mg), taking into account the availability of 10 mg docetaxel tablets 
and 100 mg ritonavir tablets. Variations in docetaxel and ritonavir doses were 
simulated which the aim of finding a dose with a similar exposure in mCRPC 
patients compared to the simulated exposure of the RP2D (30-20/100-100) in 
patients with other solid tumours [7]. The area-under-the-plasma concentration-
time curve for 1 week (AUC1wk) corresponding to the exposure during a single 
cycle was used to compare the dosing regimens for mCRPC patients to the 
RP2D for patients with other solid tumours. For each dosing regimen, plasma 
concentrations were simulated for 1000 patients. 

2.5 Software 
NONMEM (version 7.5, ICON Development Solutions, Ellicott City, MD, USA) 
was used for model estimation. Parameter precision was obtained using the 
$COVARIANC option of NONMEM. Perl-speaks-NONMEM (PsN, version 5.2.6) 
was used to obtain visual predictive checks. R (version 4.1.2) was used for data 
preparation and visualisation of the data. 
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3 RESULTS 

Data from 23 mCRPC patients were pooled with the dataset of 149 patients with other 
solid tumours. A total of 735 ritonavir and 735 docetaxel plasma concentrations 
were obtained from the mCRPC patients of which 5 concentrations were below 
the lower limit of quantification (LLOQ) of each drug. These concentrations <LLOQ 
were excluded from the dataset because it was only 0.7% of the total amount of 
plasma concentrations obtained from mCRPC patients. 

Final parameter estimates of the ritonavir model and the docetaxel model are 
depicted in Table 2 and Table 3, respectively. 

3.1 Ritonavir 
Inclusion of mCRPC as a binary covariate on ritonavir clearance significantly 
improved the model (dOFV: 22, p < 0.001). Ritonavir clearance was 2.3-fold (RSE%: 
7.1) higher for mCRPC patients compared to patients with other solid tumours. 
mCRPC as a binary covariate on bioavailability did not improve the model fit and 
was therefore not included in the model. Peak ritonavir concentrations increased 
more than dose-proportional causing them to be underestimated by the model. 
Therefore, cumulative ritonavir dose was included as a power function on F (See 
Equation 7):

 𝐹𝐹!"# = 1	 ∗ &$%&%'()*+,	./0,
122

'
3
	 ×	𝑒𝑒4    	 (Equation 7)

In which FRTV is the ritonavir bioavailability, θ is the effect size of cumulative 
ritonavir dose which is normalised by the minimal administered dose (100 mg), 
and η is the between subject variability is assumed to be distributed following 
N(0, ω2). 

The estimated effect of the cumulative ritonavir dose on bioavailability was 
0.666 (RSE%: 13.6) with a dOFV of 55 (p < 0.001). The underestimation of peak 
concentrations visually improved (Figure S1). Individual predicted concentrations 
provided a good description of observed concentrations (Figure S1 B). Covariance 
between clearance, central volume of distribution, and bioavailability were 
estimated to account for correction between these parameters for simulations. 
The prediction corrected visual predicted check (see Figure S2) shows that the 
model predicts the model adequately.
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Table 2. Parameter estimates of ritonavir in the final model. 

Parameter Units Estimate RSE (%)d Shrinkage (%)
Population parameter

CLRTV L/h 7.57 7.7 -

Vc,RTV L 46.8 9.6 -

MAT h 5.33 5.85 -

CV % 92.4 1.02 -

QRTV L/h 3.41 4.33 -

Vp,RTV L 19.9 9.1 -

F2nd/1st - 1.55 8.4 -

Ftablet - 1.06 8.3 -

mCRPC-CL - 2.29 7.1 -

ΘRTV,dose - 0.666 13.6 -

Between subject variability

CLRTV 
a CV% 8.3 106.2 12

Vc,RTV 
b CV% 71.9 13.8 9

F c CV% 65.3% 12.0 2

F2nd/st CV% 37.4% 28.4 15

CV CV% 12.2% 64.7 51

Inter-occasion variability

MAT CV% 51.8 9.7 30

CV CV% 22.4 15.6 9

Residual unexplained variability

Prop. Err. CV% 35.4 2.2 13

Abbreviations: ΘRTV,dose, Effect of ritonavir dose on bioavailability; CLRTV, ritonavir clearance; 
CV, variability in mean absorption time; F2nd/1st, relative bioavailability of the second 
ritonavir dose versus the first dose; Ftablet, relative bioavailability of the ritonavir tablet 
versus the capsule; mCRPC-CL, the fold difference in ritonavir clearance for patients 
with metastatic castration resistant prostate cancer versus patients with other solid 
tumours; MAT, mean absorption time; Prop. Err., proportional error; QRTV, ritonavir inter-
compartmental clearance; Vc,RTV, ritonavir central volume of distribution; Vp,RTV, ritonavir 
peripheral volume of distribution.
a Correlation was estimated between CLRTV and Vc,RTV, F, and F2nd/1st of 0.0314, -0.03, and 
0.0164, respectively. 
b Correlation was estimated between Vc,RTV and F, and F2nd/1st of 0.126 and 0.131, respectively. 
c Correlation was estimated between F an F2nd/1st of -0.129. 
d Relative standard errors were obtained from the successful covariance step. 
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3.2 Docetaxel
The addition of the data obtained from mCRPC patients resulted in a drop in 
KI of 1.7-fold and an increase in peripheral volume of 1.5-fold. These changes 
in parameter estimates were presumably caused by the difference in doses 
and pharmacokinetics between the two patient populations. The KI was fixed 
to 186 ng/mL (the value obtained from the SAEM estimation of the original 
model by Yu., et al) [13] because it was assumed that disease type would not 
influence the affinity of ritonavir to CYP3A. Inclusion of mCRPC as a binary 
covariate on the intrinsic clearance of docetaxel resulted in a significant drop 
in OFV of 20 (p < 0.001). The intrinsic docetaxel clearance was 1.5-fold (RSE%: 
14.6) higher for mCRPC. Inclusion of mCRPC and ritonavir dose on Fgut and 
ritonavir dose on the absorption rate constant of docetaxel did not improve 
model fit. Incorporation of BSV on peripheral volume resulted in a significant 
drop in OFV of 64. Figures 2 and 3 depict the graphical evaluations of the 
model, indicating a general adequate description of the data. In the structural 
model a bias was visible for higher docetaxel concentration which could not 
be improved. However, this bias was not visible in the individual predicted 
concentrations versus observed concentrations or the conditional weighted 
residuals versus population predictions or time after dose (Figure 2) neither in 
de prediction corrected visual predictive check (Figure 3). The model described 
the different dose levels well (Figure S3), especially considering the small 
number of patients per dose level (n ≤ 6). 

3.3 Simulations
The comparison of exposure of oral docetaxel in combination with ritonavir 
administered at different bidaily once weekly doses in mCRPC patients and 
the RP2D in patients with other solid tumours (30-20/100-100) is shown in 
Figure 4 and Table 4. The RP2D of other solid tumours resulted in a 1.9-fold 
lower simulated exposure in mCRPC patients compared to other solid tumours 
(AUC1wk median [interquartile range]: 0.922 [0.579-1.47] mg/L*h vs 1.77 [1.12-
2.81] mg/L*h, respectively. Simulated doses regimens of 30-20/200-200 and 
30-30/200-100 resulted in similar exposures as the simulated exposure of the 
RP2D in other solid tumours (AUC1wk 1.80 [1.13-2.80] mg/L*h and 1.80 [1.14-2.81] 
mg/L*h vs 1.77 [1.12-2.81] mg/L*h, respectively). Moreover, the simulated dose 
regimens of 20-20/200-200, 30-20/200-100, 20-30/200-100, and 20-30/100-
200 all resulted in a similar exposure in mCRPC (AUC1wk: 1.50 [0.952-2.35] 
mg/L*h, 1.44 [0.900-2.31] mg/L*h, 1.54 [0.971-2.43] mg/L*h, and 1.47 [0.929-
2.28] mg/L*h, respectively) despite differences in administered docetaxel 
(40-50 mg) and ritonavir doses (300-400 mg). While these doses regimens 
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have similar simulated AUCs, the simulated pharmacokinetic curve as well as 
the simulated inhibition of docetaxel intrinsic clearance differs between the 
dose levels (see Figure 5), which was due to difference in docetaxel doses and 
difference in inhibition of docetaxel intrinsic clearance by ritonavir. 
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Figure 2. Diagnostic plots for the final docetaxel model. A, Population predicted 
concentrations versus observed concentration; B, Individual predicted concentrations 
versus observed concentrations. The solid line is the line of unity. The dashed line is the 
trend line in the data. C, Population predicted concentrations versus conditional weight 
residuals, D, Time after dose versus conditional weighted residuals. 
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Table 3. Parameter estimates of docetaxel in the final model. 
Parameter Units Estimate RSE (%) Shrinkage (%)
Population parameter

First-order Ka ModraDoc001 capsule h-1 1.45 6.7 -
First-order Ka ModraDoc006 tablet h-1 0.977 8.0 -
First-order Ka drinking solution h-1 1.92 16.8 -
CLint0 L/h 1980 FIXa - -
KI ng/mL 186 FIX - -
VcDOC L 133 6.1 -
QDOC L/h 32.4 4.1 -
VpDOC L 863 7.9 -
Fritonavir - 3.35 23.3 -
F2nd/1st,DOC - 1.24 5.4 -
Fformulation,ModraDoc001 - 0.211 23.1 -
Fformulation,ModraDoc006 - 0.230 24.1 -
Fformulation, drinking solution - 0.325 25.1 -
mCRPC-CLint0 - 1.54 14.6 -

Between subject variability
Ka ModraDoc001 & ModraDoc006 CV% 31.4 32.3 42
Ka drinking solution CV% 75.2 35.6 61
CLint0 CV% 38.5 34.9 28
VcDOC CV% 49.9 19.2 24
VpDOC CV% 43.7 30.6 30
Fg ModraDoc001 & ModraDoc006 CV% 50.3 22.9 23
Fg drinking solution CV% 72.0 28.4 42

Within subject variability
Between day variability on Ka ModraDoc001 & ModraDoc006 CV% 41.0 21.4 34
Between day variability on Ka drinking solution CV% 54.1 25.1 71
Within day variability on Ka ModraDoc001 & ModraDoc006 CV% 49.9 22.6 54
Between day variability on Fg ModraDoc001 & ModraDoc006 CV% 25.9 14.8 39
Between day variability on Fg drinking solution CV% 32.2 41.4 72
Within day variability on Fg ModraDoc001 & ModraDoc006 CV% 22.9 31.2 60
Residual unexplained variability 

Prop. Err. CV% 36.6 4.0 12
Abbreviations: CLint0, uninhibited intrinsic clearance; CV%, coefficient of variation; 
DOC, docetaxel; F2nd/1st, doc, gut bioavailability of the second dose relative to the first 
dose; Fformulation,drinking solution, gut bioavailability of drinking solution without ritonavir 
coadministration; Fformulation,ModraDoc001, gut bioavailability of ModraDoc001 without ritonavir 
coadministration; Fformulation,ModraDoc006, gut bioavailability of ModraDoc006 without ritonavir 
coadministration; Fg, gut bioavailability; Fritonavir, gut bioavailability in combination 
with ritonavir relative to without; ka, absorption rate constant; KI, inhibition constant; 
mCRPC-CLint0, the effect of metastatic castration resistant prostate cancer on docetaxel 
intrinsic clearance; QDOC, intercompartment clearance 1; RSE, relative standard error; VcDOC, 
volume of distribution of central compartment; VpDOC, volume of distribution of peripheral 
compartment. 

a Parameter was fixed in the previously published model after estimating it on intravenous 
docetaxel [13]
b Correlation was estimated between CLint0 and VcDOC, Vp,DOC and Fg ModraDoc001 & 
ModraDoc006 of 0.0018, 0.0602, and 0.0732, respectively.
c Correlation was estimated between Vc,DOC and Vp,DOC, and Fg ModraDoc001 & ModraDoc006 
of 0.111 and 0.0429, respectively. 
d Correlation was estimated between Vp,DOC and Fg ModraDoc001 & ModraDoc006 of 0.18 
and 0.166, respectively. 
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ModraDoc006 of 0.0018, 0.0602, and 0.0732, respectively.
c Correlation was estimated between Vc,DOC and Vp,DOC, and Fg ModraDoc001 & ModraDoc006 
of 0.111 and 0.0429, respectively. 
d Correlation was estimated between Vp,DOC and Fg ModraDoc001 & ModraDoc006 of 0.18 
and 0.166, respectively. 



234

Chapter 7

10−1

100

101

102

0 10 20 30 40 50
Time after dose (hours)

C
on

ce
nt

ra
tio

n 
(n

g/
m

L)

Figure 3. Prediction corrected visual predictive checks for docetaxel (n = 1,000). Solid 
lines and red areas represent the median observed values and simulated 95% confidence 
interval. Dashed lines and purple areas represent the 10% and 90% percentiles of the 
observed values and 95% confidence intervals of the simulated percentiles.



235

Dose optimization of oral docetaxel in prostate cancer

C
H

A
PT

ER
 7

Table 4. Simulated area-under-the-plasma concentration-time-curve over 1 week of 
ModraDoc006/r for different bidaily once weekly doses of oral docetaxel with ritonavir. 

Population Dose (mg) Simulated AUC1wk 

(mg/L*h)
Reported AUCinf 

(mg/L*h)¶

Comment

median [IOR]

No-mCRPC 30-20/100-100 1.77 [1.12-2.81] 1.42 (n=16)# [7] RP2D 

mCRPC 20-20/100-100 0.791 [0.495-1.25] - -

20-20/200-100 1.20 [0.757-1.87] 0.526 (cycle 1), 
0.590 (cycle 2)$ 

(n=3) [12]

-

20-20/100-200 1.09 [0.685-1.70] - -

20-20/200-200 1.50 [0.952-2.35] - -

20-30/100-100 1.05 [0.659-1.65] - -

20-30/200-100 1.54 [0.971-2.43] - -

20-30/100-200 1.47 [0.929-2.28] - -

20-30/200-200 1.98 [1.23-3.06] - -

30-20/100-100 0.922 [0.579-1.47] 0.399 (cycle 1) 
0.524, (cycle 2)$ 

(n=5) [12]

-

30-20/200-100 1.44 [0.900-2.31]

1.25 [0.786-1.95]
1.80 [1.13-2.80]

1.34 (cycle 1),1.69 
(cycle 2)$ (n=6) [12]

RP2D 

30-20/100-200 - -

30-20/200-200 1.55 (cycle 1), 1.82 
(cycle 2) $ (n=6) [12]

- 

30-30/100-100 1.19 [0.742-1.88] - -

30-30/200-100 1.80 [1.14-2.81] - -

30-30/100-200 1.64 [1.03-2.56] - -

30-30/200-200 2.24 [1.43-3.52] - -

Abbreviations: AUC1wk, area-under-the-plasma concentration-time-curve over 1 week; 
mCRPC, metastatic castration-resistant prostate cancer; IOR, Interquartile range; RP2D, 
recommended Phase 2 dose. 
¶ Reported area-under-the-plasma concentration-time curve extrapolated to infinity was 
calculated with non-compartmental analysis 
# Reported mean area-under-the-plasma concentration-time-curve extrapolated to 
infinity of the first cycle. 
$ Reported the mean area-under-the-plasma concentration-time-curve extrapolated to 
infinity of the first and second cycle. 
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Figure 4. Comparison of the simulated docetaxel exposures between ModraDoc006 with 
ritonavir dosing regimens in mCRPC with the recommended Phase 2 dose in patients with 
other solid tumours (30-20/100-100). The boxplots depict the median and interquartile 
range of the simulated 1-week time area under the plasma concentration-time curve 
(AUC1wk). The horizontal solid line represents the median exposure of the recommended 
Phase 2 dose in other solid tumours, whereas the dashed lines represent the 25th and 
75th percentiles. The purple area covers the interquartile range of the AUC1wk of the 
recommended Phase 2 dose in other solid tumours.
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Figure 5. Simulation of population plasma concentrations of oral docetaxel (A) and 
docetaxel intrinsic clearance (L/h) for patients with metastatic castration resistant prostate 
cancer. The black line corresponds to a dose of 30-20/200-100, the blue line corresponds 
to a dose of 20-30/200-100, the green line corresponds to a dose of 20-30/100-200, and 
the yellow line corresponds to a dose of 20-20/200-200. In B the yellow line falls below 
the black line for the first dose. 
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4 DISCUSSION 

In the current study, the differences in pharmacokinetics of ritonavir and oral 
docetaxel between mCRPC patients and patients with other solid tumours were 
quantified. mCRPC had a 2.3-fold higher ritonavir clearance (RSE%: 7.1) and a 
1.5-fold (RSE%: 14.6) higher intrinsic clearance of docetaxel. Dose finding was 
performed to find a bidaily once weekly oral docetaxel dose in combination 
with ritonavir for patients with mCRPC which results in a similar AUC1wk 
compared to the RP2D (30-20/100-100) in patients with other solid tumours 
[7]. The simulated AUC1wk of the different dose levels are in similar range to the 
observed mean AUCinf in the clinical studies (see Table 4). Especially, AUC1wk of 
dose levels 30-20/200-100 and 30-20/200-200 correspond well to the clinical 
observations. For 30-20/100-100 and 20-20/200-100, the reported AUCinf is 
lower than the median simulated AUC1wk but fell inside the simulated range 
(0.117-7.41 mg/L*h and 0.151-8.89 mg/L*h, respectively for a 1000 typical 
patients). There are two limitations regarding this comparison. First, the 
reported mean AUCinf are obtained from non-compartmental analysis based 
on the trapezium rule with extrapolation to infinity, which might not capture 
the true peak concentration well. Second, the number of patients per dose 
level is small (≤6), while the pharmacokinetics of oral docetaxel demonstrates 
high inter-patient variability especially during absorption. Taking these 
considerations into account, the model predicts the AUC1wk adequately for the 
different dose levels. Therefore, the simulated median AUC1wk of the simulated 
dose regimens can be considered appropriate estimated of the expected 
exposure in mCRPC patients, particularly for mutual comparison. 

Dose regimens of 30-20/200-200 and 20-30/200-100 in mCRPC patients 
resulted in similar simulated AUC1wk to the RP2D in patients with other solid 
tumours with their median values within the interquartile range of each other. 
However, 30-20/200-200 was associated with dose-limiting toxicities (DLTs) 
in mCRPC patients [12] and therefore 30-20/200-100 was defined as the RP2D 
for mCRPC patients. This could indicate that there are pharmacodynamic 
differences between mCRPC patients and patients with other solid tumours. 
Four dose regimens (20-20/200-200, 20-30/100-200, 20-30/200-100, and 
30-20/200-100) had a similar simulated AUC1wk but their pharmacokinetic 
profiles differed (Figure 5). The different pharmacokinetics profiles were 
partly caused by differences in inhibition of docetaxel intrinsic clearance by 
ritonavir. Administration of two consecutive doses of 200 mg leads to the 
most pronounced inhibition of intrinsic clearance, which resulted in a slower 
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elimination of docetaxel, compared to 200 mg followed by 100 mg ritonavir. 
Consecutive doses of 100 mg and 200 mg ritonavir resulted in a small initial 
inhibition of intrinsic clearance followed by a steep decrease in intrinsic 
clearance (Figure 5B). These difference in pharmacokinetic profiles might 
influence efficacy and/or toxicity of ModraDoc006/r treatment. 

In the current analysis, the inhibition constant of CYP3A by ritonavir (KI) was 
fixed to 186 ng/mL. Estimation of KI resulted in a drop of 1.7-fold in KI and 
an increase in the peripheral volume of 1.5-fold, while the other parameter 
remained constant. It was concluded that the KI was difficult to estimate due 
to the skewed distribution of data between the two patient populations. In 
general, mCRPC patients had lower plasma concentrations of both ritonavir 
and docetaxel despite receiving higher doses compared to patients with other 
solid tumour with only one dose level (30-20/100-100) administered to both 
patient populations. Therefore, the model tried to describe both groups of 
data with a higher peripheral distribution to account for relative low plasma 
concentration associated with the relative higher doses of mCRPC patients, 
while the KI decreased to account for the higher plasma concentration of 
patients with other solid tumours who received relative lower doses. Therefore, 
KI was fixed under the assumption that disease type would not influence 
the affinity of ritonavir to CYP3A. Despite this limitation, the model was able 
to describe the plasma concentrations in mCRPC patients well and the dose 
simulations resulted in reasonable estimations of exposure. 

The RP2D established for patients with other solid tumours resulted in a 1.9-
fold lower exposure in mCRPC patients, which is higher than the found 1.5-
fold difference in docetaxel intrinsic clearance indicating that a decrease in 
exposure of ritonavir contributes to the observed differences in docetaxel 
pharmacokinetics between mCRPC and other solid tumour patients, possibly 
due to less inhibition of docetaxel intrinsic clearance. Currently, there are two 
hypotheses regarding the observed difference in docetaxel pharmacokinetics 
between mCRPC patients and patients with other solid tumours. The first 
hypothesis assumes a higher CYP3A activity in mCRPC patients due to their 
hormone status. However, this hypothesis is unlikely since two published 
phenotyping studies and one yet to be published phenotyping study reported no 
significant difference in CYP3A activity between the two patient groups [11,21]. 
The second hypothesis assumes an increased hepatic uptake of docetaxel 
due to a higher expression of hepatic drug transporters. Preclinical studies 
have reported an upregulated hepatic transporter organic anion transporter 2 
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(OAT2) which was associated with an increased hepatic and CYP3A exposure 
of docetaxel and lower plasma exposure in castrated rats [11]. OAT2 expression 
seems to be regulated by liver receptor homolog 1 (Lrh-1). Expression of Lrh-1 
was found to be associated with both OAT2 expression as well as docetaxel 
exposure [22]. While the exact relationship between Lrh-1 and prostate cancer 
remains to be elucidated, androgens such as testosterone seems to be involved 
[23-27]. 

5 CONCLUSION 

mCRPC was successfully incorporated in a previously published pharmacokinetic 
model for oral docetaxel and ritonavir. Inclusion of mCRPC as a covariate on 
ritonavir clearance and docetaxel intrinsic clearance significantly improved the 
model. mCRPC patients had a 2.5-fold (RSE%: 7.1) higher ritonavir clearance 
and 1.5-fold (RSE%: 18.5) higher docetaxel intrinsic clearance versus patients 
with other solid tumours. Compared to the RP2D for patients with other solid 
tumours (30-20/100-100), dose regimens for mCRPC patients of 30-20/200-200 
and 30-30/200-100 resulted in a similar exposure. The RP2D for mCRPC patients 
(30-20/200-100) had similar exposure to the simulated doses 20-20/200-200, 
20-30/200-100 and 20-30/100-200. The shape of the pharmacokinetic profile 
differed though. While differences in pharmacokinetic profiles could influence 
efficacy and toxicity, it is currently unknown if these dose regimens differ in their 
clinical outcomes. 
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Supplementary Figure S1. Diagnostic plots for the final ritonavir model. A, Population 
predicted concentrations versus observed concentration; B, Individual predicted 
concentrations versus observed concentrations. The solid line is the line of unity. The 
dashed line is the trend line in the data. C, Population predicted concentrations versus 
conditional weight residuals; D, Time after dose versus conditional weighted residuals. 
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Supplementary Figure S2. Prediction corrected visual predictive check for ritonavir (n = 
1,000). Solid lines and red areas represent the median observed values and simulated 95% 
confidence interval. Dashed lines and purple areas represent the 10% and 90% percentiles 
of the observed values and 95% confidence intervals of the simulated percentiles.
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ABSTRACT

Docetaxel is a well-established anticancer drug in the treatment of solid tumours, 
including Prostate Cancer (PCa). Patients with PCa have a lower docetaxel 
exposure for both intravenous (1.8-fold) and oral administration (2.4-fold) than 
patients with other solid cancers, which could influence efficacy and toxicity. An 
altered metabolism by Cytochrome P450 3A (CYP3A) due to castration status 
might explain the observed difference in docetaxel pharmacokinetics. In this in 
vivo phenotyping, pharmacokinetic study, CYP3A activity defined by midazolam 
clearance (Cl) was compared between patients with PCa and male patients with 
other solid tumours. All patients with solid tumours who did not use CYP3A 
modulating drugs were eligible for participation. Patients received 2 mg midazolam 
orally and 1 mg midazolam intravenously (IV) on two consecutive days. Plasma 
concentrations were measured with a validated liquid chromatography tandem 
mass-spectrometry method (LC-MS/MS). Genotyping was performed for CYP3A4 
and CYP3A5. Nine patients were included in each group. Oral midazolam 
Cl was 1.26-fold higher in patients with PCa compared to patients with other 
solid tumours (geometric mean (CV%): 94.1 (33.5%) L/h vs. 74.4 (39.1%) L/h, 
respectively; p=0.08). IV midazolam Cl did not significantly differ between the 
two groups (p=0.93). Moreover, the metabolic ratio of midazolam to 1’-hydroxy 
midazolam did not differ between the two groups for both oral administration 
(p=0.67) and IV administration (p=0.26). CYP3A4 and CYP3A5 genotypes did not 
influence midazolam pharmacokinetics. The observed difference in docetaxel 
pharmacokinetics between both patient groups therefore appears to be neither 
explained by a difference in midazolam Cl nor by a difference in metabolic 
conversion rate of midazolam. 
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1 INTRODUCTION 

Docetaxel is a well-established anticancer drug for the treatment of patients 
with multiple solid tumours including metastatic breast cancer, non-small cell 
lung cancer, prostate cancer, gastric cancer, and squamous cell carcinoma of the 
head and neck [1]. Docetaxel is commonly administered as a 1-hour intravenous 
infusion at a dose of 75 mg/m2 or 100 mg/m2 every 3 weeks [2,3]. To decrease 
patient burden and toxicity associated with intravenous (IV) docetaxel, oral 
formulations have been designed and investigated in clinical trials [4-8]. 

Recent studies have reported a difference in docetaxel pharmacokinetics between 
patients with prostate cancer and male patients with other solid tumours. A 
meta-analysis reported a 1.8-fold lower area-under-the-plasma-concentration-
time curve (AUC) for IV docetaxel in patients with metastatic castration resistant 
prostate cancer (mCRPC) compared to male patients with other solid tumours 
[9]. Furthermore, these mCRPC patients had a 2.2-fold lower odds of developing 
grade 3/4 neutropenia [9], indicating the possible clinical significance of a lower 
docetaxel AUC. Moreover, oral docetaxel administration resulted in an even more 
pronounced 2.4-fold decrease in docetaxel AUC in mCRPC patients as compared 
to male patients with other solid tumours [8]. The lower docetaxel exposure 
appears to be independent of disease-status since patients with metastatic 
hormone-sensitive prostate cancer (mHSPC) had a similar pharmacokinetic 
profile for docetaxel as mCRPC patients [10]. 

Since docetaxel is predominantly metabolized by Cytochrome P450 3A (CYP3A) 
[11,12], altered CYP3A activity in patients with prostate cancer might explain 
the observed difference in docetaxel pharmacokinetics. The hypothesis behind 
the altered CYP3A activity is an induction of the CYP3A enzyme caused by the 
castration-status of prostate cancer patients [8]. However, in vivo phenotyping 
studies, using the erythromycin breath test, found no significant difference in 
hepatic CYP3A activity between the above-described patient groups [13,14] On 
the other hand, erythromycin is not a specific and not a validated substrate for 
CYP3A [15-17]. Therefore, there is a need for a more accurate investigation of 
hepatic and intestinal CYP3A activity in patients with prostate cancer and male 
patients with other solid tumours. 

The aim of the current study was to quantify in vivo CYP3A activity in patients 
with prostate cancer and male patients with other solid tumours using the Cl of 
the specific CYP3A substrate midazolam as a more accurate metric for enzyme 
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activity. Midazolam is a short acting benzodiazepine which is, like docetaxel, 
almost exclusively metabolized by CYP3A into its predominant metabolite 
1’-hydroxy midazolam and the lesser metabolite 4’-hydroxy midazolam [18]. 
Both midazolam AUC and metabolic clearance to 1’-hydroxy midazolam correlate 
well with hepatic CYP3A content [19,20]. In general, midazolam plasma Cl is an 
accepted accurate metrics for CYP3A activity due to its specificity and sensitivity 
to changes in CYP3A activity [21]. Usually, oral midazolam doses of 2-7.5 mg and 
IV doses of 1-3 mg are used for in vivo phenotyping [21]. Secondary objectives 
were the comparison of midazolam AUC, and the midazolam metabolic ratio 
to 1’-hydroxy midazolam between the two patient groups with a differentiation 
between intestinal and hepatic CYP3A activity by administrating oral and IV 
midazolam. 
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2 METHODS

2.1 Study design and patients 
A prospective, interventional pharmacokinetic study was designed to compare 
midazolam pharmacokinetics between patients with prostate cancer and male 
patients with other solid tumours. The study was conducted in Antoni van 
Leeuwenhoek Hospital and the study protocol was approved by the local accredited 
medical ethics committee (The Netherlands Cancer Institute, Amsterdam). The 
study was performed in accordance with the declaration of Helsinki. Written 
consent was obtained for all participating patients before the start of study 
procedures. The study was registered in ClinicalTrials.gov (NCT05518799). 

Male patients (≥ 18 years) with histological or cytological proof of a solid tumour 
were eligible for study participation independent of disease status. Patients with 
prostate cancer had to have a castration level of testosterone (≤1.73 nmol/L) [22]. 
Adequate hematologic, hepatic, and renal function were required for participation. 
Patients using concomitant CYP3A modulating drugs, herbs, or food 14 days 
before the start of the study or within five half-lives of the drug, and patients 
who smoked during or within 7 days before the start of the study were excluded. 

All patients received 2 mg oral midazolam, and 1 mg IV midazolam on two 
consecutive days. After administration of midazolam, pharmacokinetic exposure 
was determined. Blood samples (4 mL, K2EDTA) were drawn at 7 time points: 
predose, 0.25, 0.5, 1, 2, 4, and 8 hours after administration. Immediately after 
collection, samples were centrifuged for 10 minutes at 1500 g at 4 ºC. Plasma was 
collected and stored at -80 ºC until analysis. 

2.2 Bioanalysis
Plasma concentrations of midazolam, 1′-hydroxy midazolam, and 4′-hydro-
xymidazolam were determined using a liquid-chromatography tandem mass 
spectrometry method (LC-MS/MS). Sample preparation consisted of liquid-liquid 
extraction with tert-butylmethylether (TBME) using 200 µL plasma aliquots. 
Stable isotopically labelled midazolam and 1′-hydroxy midazolam were used as 
internal standards. Plasma aliquots were prepared by adding 1000 µL TBME and 
20 µL internal standard. Samples were mixed with an automatic shaker (1,250 
rpm, 10 minutes) and centrifuged (18,626 × g, 5 minutes). After snap freezing, 
the organic layer was transferred to a clean tube and evaporated until dryness 
under a gentile stream of nitrogen (40 ºC). The residue was reconstituted with a 
mixture of 100 µL 20 mM ammonium formate in water (pH 3.5) and methanol 
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(7:3, v/v). Samples were centrifuged (18,626 × g, 5 minutes) before transferring 
the supernatant in vials for analysis. LC-MS/MS apparatus employed were Nexera 
X2 chromatograph LC (Shimadzu, Kyoto, Japan) and API4000 triple quadrupole 
MS/MS (Sciex, Framingham, MA, USA), equipped with a turbo ion spray interface, 
operated in the positive mode. Separation was accomplished using an Acquity 
BEH C18 analytical column (50 x 2.1 mm ID, 1.7 µm particles) using gradient 
elution with 20 mM ammonium formate (pH 3.5)-methanol (7:3, v/v) and 
methanol. Detection and quantification were performed using mass/charge 
transitions m/z 325.9 → 291.0 for midazolam, m/z 342.1 → 203.1 for 1’-hydroxy 
midazolam, and m/z 342.1 → 234.0 for 4’-hydroxy midazolam. The method was 
validated according to international guidelines [23, 24], over a concentration range 
of 0.1-50 ng/mL for all three analyses. Accuracy was ±7.9% and precision was 
≤5.6%, at all concentration levels during method validation. 

2.3 Pharmacokinetics and statistical analysis
The primary aim of the current study was the comparison of midazolam Cl between 
patients with prostate cancer and male patients with other solid tumours. For sample 
size calculation, a midazolam Cl of 81.7 L/h with a standard deviation of 41.5 L/h 
was used for male patients with other solid tumours [25]. With 9 patients per group, 
there will be 80% power to detect a two-fold change in midazolam Cl, assuming a 
coefficient of variation on the original scale of 50.8% and alpha 0.05 (two-sided). 
Therefore, 9 evaluable patients in each patient group were required. Midazolam 
Cl was calculated using non-compartmental analysis. The secondary aim of the 
study was the determination of AUC to 8 hours (AUC0-8) and AUC extrapolated to 
infinity (AUCinf), which were calculated using the linear-log trapezoidal method. 
The metabolic ratio was calculated by dividing AUCinf of 1’-hydroxy midazolam by 
AUCinf of midazolam. Other pharmacokinetic metrics were derived from the non-
compartmental analysis such as the highest measured concentration over 8 hours 
(Cmax), time to Cmax (Tmax), and volume of distribution (Vd) were derived from 
the AUCinf. Oral bioavailability was defined as the dose-corrected ratio between 
oral midazolam AUCinf

 and IV midazolam AUCinf. Samples below the lower limit 
of quantification (LLOQ) were imputed with half of LLOQ (0.05 ng/mL) if they 
were necessary for a reliable estimation of the elimination rate constant [26]. Non-
compartmental analysis, statistical analysis, and power calculation were performed 
using R version 4.1.2 (R-project, Vienna, Austria). Wilcoxon signed rank test was 
used to determine p-values for the comparison of pharmacokinetics between the 
two patient groups. A p-value of ≤0.05 was considered statistically significant. In 
case of significant difference, post hoc analysis would be performed to differentiate 
between intestinal and hepatic CYP3A activity. 
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2.4 Genotyping
For genotyping of CYP3A, 4 mL blood was collected in K2EDTA vials and stored at 
-20 ºC until analysis. The following single nucleotide polymorphism (SNPs) were 
determined: CYP3A4*2 (664T>C), CYP3A4*17 (566T>C), CYP3A4*22 (15389C>T) 
and CYP3A5*3 (6987A>G). DNA was extracted with QIAmp DNA Mini Kit (Qiagen, 
Hilden, Germany). DNA concentrations were measured at 260 nm using a 
nanodrop nd-1000 UV-VIS spectrometer (Thermo Fischer scientific, Ashville, NC, 
USA). Genotyping was performed with TaqMan SNP genotyping assays (Applied 
biosystems, Carlsbad, CA, USA) according to manufacturer’s protocol. Reactions 
were performed with the Applied Biosystems StepOne™. Two negative and 2 
positive quality control samples were included on each plate in the TaqMan SNP 
genotyping assay. 

Table 1. Demographics of the included patients. Data is presented as median [range] or 
frequency (percentage%) unless otherwise specified. 

Prostate cancer group Other solid tumour group
Demographics 
Number of patients 9 9

Ethnicity 

Caucasian 9 (100%) 9 (100%)

Age (years) 69 [58-79] 64 [38-71]

Bodyweight (kg) 81.8 [65-100] 91 [62.5-131]

Disease information
WHO score

0 9 (100%) 8 (89%)

1 0 (0%) 1 (11%)

Primary tumour

Colorectal 0 (0%) 4 (44%)

Melanoma 0 (0%) 4 (44%)

Prostate 9 (100%) 0 (0%)

SCLC 0 (0%) 1 (12%)

Disease stage

Local 0 (0%) 2 (22%)

Locally advanced 1 (11%) 0 (0%)

Metastatic 8 (89%) 7 (78%)
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Table 1. Continued. 
Prostate cancer group Other solid tumour group

Clinical chemistry# 
ALAT (<45 U/L) 22 [17-36] 22 [9-35]

ASAT (<35 U/L) 32 [22-69] 28 [19 - 42]

eGFR (>60 mL/min) 90 [71-108] 84 [66-96]

Serum creatinine (50-105 µmol/L) 72 [61-90] 84 [66 - 99]

Testosterone (3.0-33.0 nmol/L) 0.03 [0.02-0.5] 9 [6.3-29]

Total bilirubin (≤24 µmol/L) 9 [6-23] 6 [6-18]

Medical history 
Prior therapy 

No 6 (67%) 5 (56%)

Chemotherapy 3 (33%) 1 (11%)

Hormone therapy 3 (33%) 2 (22%)

Immune therapy 0 (0%) 4 (44%)

Chronic concomitant medication 

Abiraterone 6 (67%) 0 (0%)

Anti-acida including PPIs 2 (22%) 4 (44%)

Antibiotics 0 (0%) 1 (11%)

Antihistamines 1 (11%) 0 (0%)

Asthma medication 0 (0%) 1 (11%)

Cardiovascular mediation 8 (89%) 4 (44%)

Corticosteroids 3 (33%) 2 (22%)

Encorafenib 0 (0%) 1 (11%)

Hormone therapy 7 (78%) 0 (0%)

Immune therapy 0 (0%) 6 (67%)

Laxatives 1 (11%) 4 (44%)

Osteoporosis prophylaxis 4 (44%) 0 (0%)

Paracetamol 2 (22%) 2 (22%)

Thyreominetics 0 (0%) 1 (11%)

Abbreviations: ALAT, alanine aminotransferase; ASAT; aspartate aminotransferase; 
eGFR, estimated glomular filtration rate, PPI, proton pump inhibitors; SCLC, small cell 
lung cancer; WHO, world health organization performance score. 
# Normal ranges for laboratory provided. 
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3 RESULTS

3.1 Patient characteristics 
Demographic characteristics of the included patients are summarised in Table 1. 
All included patients were of Caucasian ethnicity. Median age was similar between 
the two patient groups. The patients with solid tumours consisted of colorectal 
carcinoma (n=4), melanoma (n=4), and small cell lung cancer (n=1). Most patients 
had metastatic disease; 1 patient with prostate cancer had locally advanced 
disease while 2 patients with other solid tumours had localized disease. Patients 
with prostate cancer used relatively more chronic concomitant medications, 
especially cardiovascular drugs, abiraterone, and hormone therapy. Furthermore, 
5 patients used corticosteroids which consisted of either prednisolone (max. 10 
mg, n=4) or locally applied budesonide (n=1) during the study. 

3.2 Pharmacokinetic analysis 
A summary of the pharmacokinetic metrics is provided in Table 2. The 
pharmacokinetic profiles of midazolam, 1’-hydroxy midazolam, and 4’-hydroxy 
midazolam are depicted in Figure 1. Individual pharmacokinetics profiles of 
midazolam and its metabolites are depicted in Supplementary Figure S1. 

3.2.1 Midazolam 
Oral midazolam Cl was 1.26-fold higher in patients with prostate cancer compared 
to male patients with other solid tumours (geometric mean (CV%): 94.1 (33.5%) L/h 
vs. 74.4 (39.1%) L/h, respectively; p=0.08), which was not statistically significant 
(Figure 2). On the other hand, there was no significant difference in IV midazolam 
Cl (42.6 (35.1%) L/h vs. 40.6 (40.0%) L/h, respectively; p=0.93). Consistently, oral 
AUCinf was lower in the prostate cancer group compared to the other solid tumour 
group (21.3 (33.5%) vs. 26.9 (39.1%) ng/mL*h, respectively; p = 0.08), which was 
statistically insignificant, while IV AUCinf was similar between the two groups (23.5 
(35.1%) vs. 24.6 (40.0%), respectively, p=0.93). Oral bioavailability was lower for 
patients with prostate cancer compared to patients with other solid tumours, but 
again not statistically significant (45.3% (24.7%) vs. 54.5% (28.3%), p=0.22). In 
the current study no correlation was observed between testosterone levels and 
midazolam clearance (Supplementary Figure S2). 
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Table 2. Pharmacokinetic parameters of midazolam and 1’-hydroxy midazolam.

Oral administration Intravenous administration
Prostate 
cancer

Other solid 
tumours

P-
value

Prostate 
cancer

Other solid 
tumours

P-
value

Midazolam Geometric mean (CV%)

Cmax (ng/mL) 11.33 (24.9) 8.94 (29.5) 0.10 - - -

Tmax (h) 0.5 0.6 0.35 - - -

AUC0-8 (ng/mL*h) 19.9 (30.7) 24.0 (32.8) 0.09 21.9 (31.8) 21.4 (36.5) 0.93

AUCinf (ng/mL*h) 21.3 (33.5) 26.9 (39.1) 0.08 23.5 (35.1) 24.6 (40.0) 0.93

t1/2 (h-1) 1.58 (46.6) 2.18 (37.8) 0.19 1.63 (52.3) 2.47 (37.9) 0.06

Cl/F (L/h) 94.1 (33.5) 74.4 (39.1) 0.08 - - -

Cl (L/h) - - - 42.6 (35.1) 40.6 (40.0) 0.93

Vd/F (L) 214 (35.7) 234 (20.2) 0.34 - - -

Vd (L) - - - 100 (44.3) 144 (37.1) 0.14

F (%) 45.3 (24.7) 54.5 (28.3) 0.22 - - -

1’-hydroxy midazolam Geometric mean (CV%)

AUC0-8 (ng/mL*h) 4.58 (57.0) 4.92 (68.9) 1.00 3.35 (30.7) 2.81 (120) 0.39

AUCinf (ng/mL*h) 4.98 (56.3) 5.33 (67.6) 1.00 3.73 (31.5) 3.41 (111) 0.67

Metabolic ratio 0.23 (40.8) 0.19 (78.5) 0.67 0.16 (18.4) 0.14 (99.2) 0.26

Abbreviations: AUC0-8, area under the concentration time curve from zero to eight 
hours after administration; AUCinf, area-under-the-plasma-concentration-time curve 
extrapolated to infinity, Cmax, maximum concentration; Cl, clearance; Cl/F, oral clearance; 
CV, coefficient of variation; F, oral bioavailability; metabolic ratio, AUC0-8 of 1’-hydroxy 
midazolam divided by the AUC0-8 of midazolam; t1/2, half-life, Tmax, time to maximum 
concentration; Vd, volume of distribution; Vd/F, oral volume of distribution. 

3.2.2 1’-hydroxy midazolam
Pharmacokinetics of 1’-hydroxy midazolam demonstrated high inter-patient 
variability (Figure 1C-D) with higher variability for patients with other solid 
tumours than prostate cancer. There was no significant difference in 1’-hydroxy 
midazolam AUCinf for oral administration (4.98 (56.3%) ng/mL*h vs. 5.33 (67.6%) 
ng/mL*h, respectively, p=1.00) and for IV administration (3.73 (31.5%) ng/mL*h 
vs. 3.41 (111%) ng/mL*h, respectively, p=0.67). Correspondingly, there was no 
significant difference in metabolic ratio of 1-hydroxy midazolam to midazolam 
for both oral administration (0.23 (40.8%) and 0.19 (78.5%), p=0.67) and IV 
administration (0.16 (18.4%) vs. 0.14 (99.2%), p=0.26). 
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3.2.3 4’-hydroxy midazolam
The pharmacokinetic profile of 4’-hydroxy midazolam also demonstrated high 
inter-patient variability (Figure 1E-F). The plasma concentrations of 4’-hydroxy 
midazolam were lower than anticipated. The frequency of <LLOQ samples did not 
differ between patients with prostate cancer and patients with other solid tumours 
(46.3% (50 samples, 10 patients) vs. 47.2% (51 samples, 8 patients), respectively). 
Moreover, the inter-quartile range of the measured plasma concentrations did not 
differ between patients with prostate cancer (0.134-0.284 ng/mL) and patients 
with other solid tumours (0.138-0.273 ng/mL). However, 4’-hydroxy midazolam 
plasma concentrations for male patients with other solid tumours exhibited a 
prolonged time above the LLOQ (Supplementary Figure S1), suggesting a trend 
towards lower 4’-hydroxy midazolam exposure in prostate cancer patients. The 
outlier at four hours after administration of midazolam depicted in Figure F could 
not be explained by errors in sampling time or a bioanalytical error. 

3.3 Genotyping 
Pharmacogenetic analysis revealed three single nucleotide polymorphisms 
(SNPs) in the CYP3A gene. One patient with prostate cancer was heterozygous for 
CYP3A4*2 and homozygous for CYP3A5*3 (nonexpressor phenotype). CYP3A4*2 
is in vitro associated with decreased activity (-83% decrease in the predictor of 
in vivo intrinsic midazolam Cl; the ratio of maximum reaction rate (Vmax) and the 
Michaelis-Menten rate constant (Km)) of CYP3A4 [27]. The influence of CYP3A4*2 
on the in vivo pharmacokinetics of midazolam is unclear due to the low prevalence 
of the SNP [28]. Two patients (one in each patient group) were homozygous for 
CYP3A4*1 and heterozygous for CYP3A5*3 (expressor phenotype). This genotype 
is associated with the phenotype of an extensive metabolizer [29]. The influence 
of CYP3A5*3 on the pharmacokinetics of midazolam seems to be inconsistent. 
Previous studies reported either no significant difference [30,28] or significant 
difference [25,31] in midazolam pharmacokinetics. The presence of SNPs did not 
significantly affect the results from the pharmacokinetic analysis. Both patients 
who were heterozygous for CYP3A5*3 (expressor phenotype) had midazolam Cl 
values within the established range of Cl for both oral and IV administration. The 
patient who was heterozygous for CYP3A*2 had the highest oral midazolam Cl. 
This is inconsistent with the expected decreased CYP3A4 activity. Therefore, it was 
concluded there was limited effect of the detected SNPs on the pharmacokinetics 
of midazolam in our study. 
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Figure 1. Pharmacokinetic profiles of midazolam, 1’-hydroxy midazolam, and 4’-hydroxy 
midazolam after oral administration (A, C, E) and intravenous administration (B, D, F). The 
solid dots and solid line represent the pharmacokinetic profile of male patients with other 
solid tumours and the solid triangles and dashed lines represent the pharmacokinetic profile 
of patients with prostate cancer. The error bars represent the standard deviation in plasma 
concentration.
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Figure 2. Oral midazolam clearance (A) and intravenous midazolam Cl (B) for patients 
with other solid tumours and patients with prostate cancer.
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4 DISCUSSION 

The primary aim of the current study was to quantify CYP3A activity, defined as 
midazolam Cl, in patients with prostate cancer compared to patients with other solid 
tumours. Oral midazolam Cl was 1.26-fold higher in patients with prostate cancer 
compared to patients with other solid tumours. This non-significant increase in oral 
clearance only partially explains the observed 2.4-fold difference in oral docetaxel 
exposure [8]. Moreover, the secondary objectives, midazolam AUC and metabolic 
ratio, were also not significantly different between patients with prostate cancer 
and patients with other solid cancers. Because no significant differences between 
the groups were established, no post hoc analysis was performed to differentiate 
between intestinal and hepatic CYP3A activity. However, there was a trend towards 
a higher clearance for oral administration, suggesting a possible higher intestinal 
CYP3A activity for patients with prostate cancer. 

The current study was able to reject the hypothesis of an increased CYP3A activity 
as the sole physiological mechanism behind the 1.8 - 2.4-fold lower docetaxel 
exposure observed in patients with prostate cancer [9,8]. Two other studies have 
also investigated CYP3A activity in patients with prostate cancer. One study in 
male castrated patients and male non-castrated patients reported no significant 
difference in hepatic CYP3A activity determined with the erythromycin breath 
test [13]. Another study observed no significant change in hepatic CYP3A activity, 
determined with the erythromycin breath test, in eleven men with prostate cancer 
before the start of luteinizing hormone releasing hormone (LHRH) agonists and 
two months after the start of therapy [14]. These studies have two important 
limitations. First, erythromycin is not fully specific for CYP3A activity since 
it is also a substrate of several drug transporters including P-gp and it is not a 
validated CYP3A probe [15]. Secondly, the erythromycin breath test quantifies 
only hepatic CYP3A activity and not intestinal CYP3A activity. The current 
study used midazolam Cl as a measure for CYP3A activity which is a generally 
accepted and validated metric for CYP3A activity [21]. Moreover, midazolam was 
administered both orally and intravenously to enable the quantification of both 
intestinal and hepatic CYP3A activity. While the current study found a 1.26-fold 
higher oral midazolam Cl for patients with prostate cancer, it cannot fully explain 
the observed difference in docetaxel pharmacokinetics [8]. 

An alternative explanation for the observed difference in docetaxel 
pharmacokinetics could be increased hepatic uptake due to increased expression 
of hepatic drug transporters. Preclinical studies in rats reported a significantly 
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higher docetaxel exposure in the liver of castrated rats compared to non-castrated 
rats (37.0 vs. 18.0 µg/mL*h, p=0.01) [13]. The expression of solute carrier genes 
encoding for organic cation transporters rOct1 (Slc22a1), organic anion transporter 
rOat2 (Slc22a7), and organic anion transporter polypeptide rOatp1a1 (Slco1a1) were 
increased in rat hepatic biopsies [13]. We suspect rOat2 to mainly contribute to the 
altered docetaxel pharmacokinetics because docetaxel is both a substrate for rOat2 
and rOatp1a1, and erythromycin is only a substrate for rOatp1a1 [13]. Furthermore, 
midazolam is neither a substrate for OATP1a1 and a2, while it is still unknown 
whether it is a substrate for OAT2 [32, 33]. Cells ex vivo overexpressing rOat2 
demonstrated a 3.7-fold increase in docetaxel-mediated cytotoxicity compared 
to control cells and an approximately 2-fold increase in docetaxel uptake [13]. 
rOat2 expression seems to be regulated by liver receptor homolog 1 (Lrh-1) [34]. 
Overexpression of Lrh-1 resulted in a 2.2-fold increase in rOat2 mRNA, while 
Lrh-1 knockout mice demonstrated a decrease in rOat2 mRNA [32]. Accordingly, 
Lrh-1 knockout mice demonstrated increased docetaxel Cmax and AUC in plasma 
with lowered hepatic docetaxel concentrations [34]. Lastly, several studies have 
investigated the relationship between androgens, such as testosterone, and Lrh-1, 
however, the exact relationship remains to be elucidated [35-39]. In the current 
study no correlation was observed between testosterone levels and midazolam 
clearance. Moreover, a comparison in oral docetaxel pharmacokinetics between 
mCRPC patients and newly diagnosed hormone sensitive prostate cancer found 
no differences between the two groups [10].

The current study has several limitations. Firstly, the majority of the patients 
had metastatic disease. Disease state could be associated with CYP3A enzyme 
activity [40]. Prostate cancer tumours are reported to express CYP3A proteins 
[41]. Furthermore, SNPs in CYP3A are associated with prostate cancer risk and 
aggressiveness [41]. With such a small sample size, one patient with local disease 
and two patients with locally advanced disease could influence the current 
results. However, a comparison of intravenous docetaxel pharmacokinetics 
between mCRPC patients and newly diagnosed hormone sensitive prostate cancer 
found no differences between the two groups [10]. Lastly, all included patients 
were of Caucasian ethnicity. This could limit the extrapolation of the current 
study to different patient populations. However, the effect of CYP3A genotype, 
which can differentiate between different ethnicities, appears to be limited to 
CYP3A4*22 [42,43], which was not present in patients enrolled in the current 
study. Additionally, the effect of CYP3A5*3 on midazolam pharmacokinetics 
is inconsistent [25,28,30,31]. Our study also has several strengths. We used 
midazolam, which, as a more specific and sensitive probe for CYP3A activity [21], 
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is recommended by both the European Medicines Agency (EMA) and the US Food 
and Drug Administration (FDA) [44,45]. Secondly, hepatic and intestinal CYP3A 
activity could be investigated by administration of midazolam both intravenously 
and orally, while previous studies measured only hepatic CYP3A enzyme activity 
[13,14]. Lastly, short time interval pharmacokinetic sampling in the absorption 
phase ensured the capture of both the absorption phase of midazolam and the 
early formation of both 1’-hydroxy midazolam and 4’-hydroxy midazolam. 

5 CONCLUSIONS 

Oral midazolam Cl was 1.26-fold higher in patients with prostate cancer compared 
to patients with solid tumours, while IV midazolam Cl was similar between the 
two patient groups. Although not statistically significant, these results suggest a 
trend towards an increased intestinal CYP3A activity in patients with prostate 
cancer. However, the observed difference in oral midazolam Cl could not explain 
the observed 1.8 to 2.4-fold difference in docetaxel exposure between patients 
with prostate cancer and patients with other solid tumours as observed in other 
studies. An alternative (but currently hypothetical) explanation for the difference 
in docetaxel pharmacokinetics could be the upregulation of hepatic OAT2, 
increasing hepatic uptake and Cl of docetaxel. 
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Supplementary Figure S1. Individual pharmacokinetic profiles of midazolam, 1’-hydroxy 
midazolam, and 4’-hydroxy midazolam after oral administration (A, C, E) and intravenous 
administration (B, D, F). The yellow lines represent the patients with prostate cancer while 
the blue lines represent the patients with other solid tumours. 
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ABSTRACT

A highly sensitive method was developed for the quantification of vinblastine, 
vincristine, vinorelbine, and its active metabolite 4-O-deacetylvinorelbine 
in human plasma using liquid chromatography-tandem mass spectrometry 
(LC-MS/MS). Deuterated isotopes were used as internal standard and liquid-
liquid extraction with tertbutyl methyl ether (TBME) was used for sample pre-
treatment. The final extract was injected on a C18 column (50 × 2.1 mm ID, 5 µm). 
Gradient elution was used in combination with Reversed Phase chromatography 
to elute the analytes and internal standards from the column in 5 min and the 
API4000 triple quadrupole MS detector was operating in the positive ion mode. 
The calibration model, accuracy and precision, selectivity and specificity, dilution 
integrity, carryover, matrix factor and recovery, and stability were evaluated over 
a concentration range from 0.025 to 10 ng/mL for vinblastine, vinorelbine, and 
4-O-deacetylvinorelbine and from 0.1 to 40 ng/mL for vincristine. The intra- and 
inter-assay bias and precisions were within ±12.4% and ≤10.6%, respectively. This 
method was successfully applied to study the pharmacokinetics of vincristine 
in paediatrics and vinorelbine and 4-O-deacetylvinorelbine using in vivo mouse 
models.
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1 INTRODUCTION

Vinca-alkaloids are a group of cytotoxic drugs targeting β-tubulin assembly. 
Their interaction with β-tubulin molecules leads to disruption of the mitotic 
spindle formation, directly causing metaphase arrest and cell death [1–3]. These 
anticancer agents have played a major role in the treatment of several cancers 
including Hodgkin’s lymphoma, breast cancer and lung cancer, either as a single 
agent or as combination therapy, since the 1960s [4,5].

There is still much unknown about the pharmacokinetic properties of vinca-
alkaloids and the factors influencing their pharmacokinetics, especially in 
specific patient populations (e.g., paediatrics). To support pharmacokinetic 
trials in these populations, a highly sensitive bioanalytical method is essential. 
Liquid chromatography tandem-mass spectrometry (LC-MS/MS) is a useful 
and frequently applied analytical technique for the quantification of drug 
concentrations. 

LC-MS/MS methods for the quantification of the vinca-alkaloids in human 
plasma have been reported in literature by our research group [6–8] and others 
[9–16]. These assays have lower limit of quantification (LLOQ) 0.1 ng/mL [7–9,14], 
which could be limiting for the full characterisation of the pharmacokinetics of 
these compounds. An exception is a vincristine assay developed by Dennison et 
al., which had a LLOQ of 12 pg/mL [10]. This assay was limited to a single vinca-
alkaloid.

The objectives of this study were to develop a generic method for the quantification 
of the most commonly clinically used vinca-alkaloids: vinblastine, vincristine, 
vinorelbine, and its active metabolite 4-O-deacetylvinorelbine in human plasma 
and to improve the sensitivity of this assay when compared to previously 
published assays. To our knowledge, this is the first LC-MS/MS method for vinca-
alkaloids quantification using stable isotopically labelled internal standards with 
LLOQs between 0.025 and 0.1 ng/mL and with runtimes of 5 min only. This 
sensitive, fast method was successfully applied to paediatric pharmacokinetic 
studies and in vivo mouse models.
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2 MATERIALS AND METHODS

2.1 Chemicals
Vinblastine sulphate and vincristine sulphate were purchased from Selleckchem 
(Houston, Texas, USA). Vinorelbine ditartrate and 4-O-deacetylvinorelbine 
sulphate were obtained from Toronto Research Chemicals (Toronto, ON, 
Canada). 2H3-vinblastine sulphate, 2H3- vincristine sulphate, 2H3-vinorelbine 
ditarte, and 2H3-4-O-deacetylvinorelbine sulphate were manufactured by 
Alsachim (Illkirch Graffen- staden, France). Methanol (HPLC Supra-Gradient), 
acetonitrile, and water (LC-MS) were obtained from Biosolve (Valkenswaard, 
The Netherlands). Tert-butyl methyl ether (TBME) and ammonium acetate 
were purchased from Merck (Darmstadt, Germany). Blank human potassium 
ethylenediaminetetraacetic acid (K2EDTA) plasma was obtained from Atal 
Medial (Amsterdam, The Netherlands).

2.2 Stock and working solutions
Independent stock solutions for each analyte at a concentration of 1 mg/mL 
in methanol were used for the preparation of combined working solutions (in 
methanol). These working solutions contained 0.5–200 ng/ mL for vinblastine, 
vinorelbine and 4-O-deacetylvinorelbine and from 2 to 800 ng/mL for vincristine 
and were used for the preparation of the calibration standards. The same 
procedure was followed for the preparation of the working solutions for the 
Quality Control (QC) samples. In this way, working solutions in methanol were 
obtained containing 0.5, 1,5, 1 and 150 ng/mL for vinblastine, vinorelbine and 
4-O-deacetylvinorelbine, and at 2, 6, 40 and 600 ng/mL for vincristine.

Eight non-zero calibration standards were prepared by diluting the working 
solutions 20-fold with control human K2EDTA plasma. The final concentration 
range was from 0.025 to 10 ng/mL for vinblastine, vinorelbine and 
4-O-deacetylvinorelbine, and from 0.1 to 40 ng/mL for vincristine. A blank 
(control matrix spiked with internal standard) and a double blank (control 
matrix) were also prepared.

QC samples were prepared at four concentration levels: LLOQ (QC LLOQ), 
low (QC L), medium (QC M) and high (QC H), by a 20-fold dilution in control 
human K2EDTA plasma of the corresponding working solutions. The final 
concentrations were 0.025, 0.075, 0.5 and 7.5 ng/mL for vinblastine, vinorelbine 
and 4-O-deacetylvinorelbine, and 0.1, 0.3, 2 and 30 ng/mL for vincristine.



277

Sensitive LC-MS/MS method for vinca-alkaloids

C
H

A
PT

ER
 9

2.3 Internal standard
A combined stock solution was prepared in methanol at 1 mg/mL for 2H3-
vinblastine, 2H3-vincristine, 2H3-vinorelbine, and 2H3-4-O-deacetylvinolrelbine. 
The stock solution was further diluted with methanol to obtain a working solution 
with a final concentration of 50 ng/mL for each stable labelled isotope.

2.4 Sample preparation
An aliquot of 200 µL plasma was used for sample preparation. Each aliquot was 
spiked with 10 µL of internal standard working solution (50 ng/mL) except the double 
blank calibration standards. Liquid-liquid extraction was performed by adding 1 mL 
of TBME to each sample prior to mixing and centrifuging (14,000 rpm for 5 min). 
The samples were snap frozen and the supernatant was collected. The supernatant 
was dried under a gentle stream of nitrogen (40 ºC) prior to reconstitution with 75 
µL of methanol-acetonitrile-water (1:1:2, v/v/v). Subsequently, the samples were 
vortex mixed and centrifuged (14,000 rpm for 5 min) before 65 µL of the final 
extract was transferred into vials prior analysis. Liquid-liquid extraction with TBME 
had preference over the previously reported protein precipitation [6,7] because it 
resulted in satisfactory LLOQ values for all analytes.

2.5 Liquid chromatography equipment and conditions
The chromatographic system consisted of a Nexera X2 chromato- graph 
(Shimadzu, Kyoto, Japan) equipped with a binary pump (Nexera LC30-AD), a 
degasser (Nexera DGU-20A3R), an autosampler (Nexera SIL-30ACMP) and a 
column oven (Nexera CTO-20AC). The analytes were separated using a reversed 
phase C18 column (Waters Xbridge 50 × 2.1 mm ID, 5 µm particles) coupled to 
a guard column (Waters, 0.2 µm). The mobile phase consisted of ammonium 
acetate in water (pH 10.5; 1 mM)-acetonitrile (7:3, v/v, eluent A) and methanol 
(eluent B) and the flow was 0.4 mL/min. The applied gradient program was 30% 
B (0.0–0.5 min), 30–100% B (0.5–3.0 min), 100%B (3.0–3.5 min), 100–30% B (3.5–
3.51 min), and 30% (3.51–5.0 min). A volume of 10 µL was injected.

2.6 Mass spectrometry equipment and conditions
An API4000 triple quadrupole mass spectrometer (MS) equipped with a turbo ion 
spray interface, operating in positive ion mode was used (Sciex, Framingham, 
MA, USA). Multiple reaction monitoring (MRM) was used for quantification. 
The chromatograms were processed using Analyst™ software (Sciex, version 
1.6.2). The MS operating parameters are summarised in Table 1 and the proposed 
fragmentations are depicted in Figure. 1. For the internal standard a product ion 
[M H]+ was chosen to prevent cross-analyte interference.



278

Chapter 9

2.7 Validation procedures
The method was validated based on the current FDA and EMA guidelines for 
bioanalytical method validation [17,18].

Table 1. Above: General mass spectrometric parameters. Below: Analyte specific mass 
spectrometric parameters for vinblastine, vincristine, vinorelbine, 4-O-deacetylvinorel 
bine and the internal standards.

Mass-spectrometer

Run duration 5 min

Ionspray voltage 3500 V

Nebulizer gas 60 au

Polarity positive

Turbo gas / heater gas 50 au

Curtain gas 13 au

Collision gas 9 au

Temperature 750 ºC

MRM (m/z) Collision 
energy 

(V)

Collision 
exit 

potential (V)

Declus-  
tering 

potential (V)

Dwell 
time 
(ms)

Vinblastine 811.4 →224.2 59 14 93 150

Vinblastine-IS 815.5 →224.2

Vincristine 825.4 →144.2 99 10 151 150

Vincristine-IS 829.4 →144.2

Vinorelbine 779.3 →122.1 79 8 106 75

Vinorelbine-IS 783.3 →122.1

4-O-deacetylvinorelbine 737.4 →122.1 79 10 106 75

4-O- deacetylvinorelbine-IS 741.4 →122.1

Abbreviations: IS = internal standard, MRM = multiple reaction monitoring.



279

Sensitive LC-MS/MS method for vinca-alkaloids

C
H

A
PT

ER
 9

NH

O
N

N

O

O D

D
D

O
O

OHO

O

N OH

A: Vinblastine; 811 [M+H]

NH

O
N

N

O

O
O

O

OHO

OC

N

O

OH

D
D

D

B: Vincristine; 825 [M+H]

NH

O
N

N

OH

O
O

OHO

OC

N

D

D
D

C: Vinorelbine; 797 [M+H] D: Deacetylvinorelbine; 737 [M+H]

m/z = 122
m/z = 122

m/z = 144

C

D
D

D

NH

O
N

N

O

O
O

O

OHO

O

N

m/z = 224

CH4

Figure 1. Chemical structures of (A) vinblastine, (B), vincristine, (C) vinorelbine, and 
(D) 4-O-deacetyl vinorelbine including the proposed fragmentation. The position of de 
deuterium labelling is indicated with the letter D.
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3 RESULTS

3.1 Validation
3.1.1 Calibration model
The calibration model was determined using eight calibration standards for each of 
the four analytes. The concentration (x)-response correlation was described using 
linear regression with 1/x2 weighting for vinblastine and vincristine and quadratic 
regression with 1/x2 weighing was used for vinorelbine and 4-O-deacetylvinorebline. 
The validated concentration range was from 0.025 to 10 ng/mL for vinblastine, 
vinorelbine and 4-O-deacetylvinorelbine, and from 0.1 to 40 ng/mL for vincristine. 
All the calibration standards were within ±6.5% of their nominal concentrations 
and therefore met the acceptance criteria of ±15% (±20% for LLOQ).

3.1.2 Accuracy and precision
To determine accuracy and precision, five replicates of QC samples were analysed in 
three separate runs. Accuracy was defined as the bias (%) and precision as the relative 
standard error (%). Intra-assay variability was determined from the mean measured 
concentration per run. Inter-assay variability was calculated from the overall mean 
measured concentration. One-way analysis of variance was used to calculate intra- 
and inter-assay variation. Data on accuracy and precision are presented in Table 
2. The intra-assay accuracy and precision and inter-assay accuracy and precision 
were within the required ± 15% of their nominal concentration (± 20% for QC LLOQ).

3.1.3 Endogenous interference
To determine the impact of endogenous interferences, six different batches of 
blank control human K2EDTA plasma were spiked at the LLOQ for each analyte. 
The black-calculated concentrations of these spiked samples were within the 
required 20% of the nominal concentrations. Continuing, blank samples did not 
contain inferences coeluting at the retention time of vincristine, vinorelbine, and 
4-O- deacetylvinorelbine for the analytes and their internal standards (Figure 
2). For vinblastine, one out of the six blank samples demonstrated endogenous 
interferences of 24.7%. However, the acceptance criteria of four out of six blank 
samples with endogenous interferences 20% (5% for internal standards) were 
met. Therefore, endogenous interference was deemed acceptable.

3.1.4 Cross-analyte/IS interference
Cross-analyte/IS interference experiments were executed to investigate the 
extent of any interferences caused by metabolites of the analytes or from 
degradation products formed during sample preparation. For the evaluation of 
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cross-analyte/internal standard interferences, the analytes and their internal 
standards were separately spiked to blank control human K2EDTA plasma at 
their ULOQ. The interference at the retention times of the analytes and internal 
standards were calculated as percentage of area of their respective LLOQ. The 
cross-analyte/internal standard interferences did not meet the acceptance 
criteria of 20% (5% for internal standards) for the following compounds: 
vinblastine (28.3% from vincristine), vincristine (3157% from vinblastine), 
vinorelbine (22.4% from vincristine), and 2H3-vincristine (22.7% from 2H3-
vinblastine). The cross analyte/internal standard inferences were found to be 
irrelevant for clinical application for several reasons: 1) Vinca- alkaloids are 
not part of combination therapy with each other, 2) the concentrations of the 
analytes of the calibration standards and the QC samples are within the same 
range, and 3) there was no cross-analyte interference observed for vinorelbine 
and its metabolite, 4-O- deacetylvinorelbine.

Table 2. Assay performance data for vinblastine, vincristine, vinorelbine and its metabolite 
4-O-deacetylvinorelbine.

Intra-assay (n = 15) Inter-assay (n = 15)

Analyte Nominal conc. 
(ng/mL)

Bias 
(%)

Precision 
(%)

Bias 
(%)

Precision 
(%)

Vinblastine 0.025 ±13.2 ≤15.9 -8.9 -*

0.075 ±3.7 ≤8.2 -0.4 -*

0.500 ±12.4 ≤3.3 -11.7 -*

7.50 ±5.7 ≤4.4 0.5 5.4

Vincristine 0.100 ±6.9 ≤15.5 2.3 -*

0.300 ±9.9 ≤5.8 2.9 5.7

2.00 ±4.4 ≤7.1 2.9 -*

30.0 ±3.5 ≤6.5 0.1 2.7

Vinorelbine 0.025 ±10.8 ≤9.8 -4.2 4.9

0.075 ±10.9 ≤8.0 -5.6 4.4

0.500 ±3.4 ≤4.4 -2.9 -*

7.50 ±10.3 ≤5.3 -3.9 8.8

4-O-deacetylvinorelbine 0.025 ±8.1 ≤16.3 5.0 -*

0.075 ±5.2 ≤10.6 -3.1 -*

0.500 ±3.2 ≤5.0 -1.8 -*

7.50 ±3.9 ≤2.3 -1.5 3.4
* No significant additional variation due to the performance of the assay in different runs 
was found. Nominal conc. = Nominal concentration.
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3.1.5 Dilution integrity
Five replicate control human K2EDTA plasma samples with a con- centration around 
10 times of the ULOQ were diluted 20-fold with control human K2EDTA plasma 
to determine the dilution integrity. The accuracy of the 20-fold diluted samples 
was ±8.0%, ±4.7%, ±3.8% and ±1.7% for vinblastine, vincristine, vinorelbine and 
4-O-deacetylvinorelbine, respectively. An accuracy of within ±15% of the nominal 
concentration was required.

3.1.6 Carry-over
Carry-over was determined by injecting two double blank control human K2EDTA 
plasma samples after a calibration standard at ULOQ concentration level. Carry-over 
was not detected except for vinorelbine and 4-O-deacetylvinolrebine, which was 
9.6% and 15.8% of the area of the LLOQ of these analytes, respectively. However, 
carry-over was found to be acceptable since less than 20% of the area of the analytes 
at LLOQ level was detected.

3.1.7 Extraction recovery and matrix effect
Recovery was investigated in control human K2EDTA plasma at QC L and QC H 
concentrations in triplicate. The sample pre-treatment recovery was calculated by 
dividing the peak area in the processed sample by the peak area in presence of the 
matrix for the analyses and the internal standards. Overall recovery was defined as 
the peak area in the processed sample divided by the peak area in the absence of 
matrix. Sample pre-treatment recovery ranged from 70.7% to 79.4% for vinblastine, 
from 75.6% to 76.5% for vincristine, 104–111% for vinorelbine, and 101–118% for 
4-O-deacetyl vinorelbine. Overall recovery varied between 111% and 131%, 68.3% and 
72.1%, 127% and 138%, and 128% and 146% for vinblastine, vincristine, vinorelbine, 
and 4-O-deacetylvinorelbine, respectively. The internal standardised matrix factor 
(measure of ion suppression and/or enhancement) ranged from 0.829 and 0.982 for 
vinblastine, 0.926 and 0.999 for vincristine, 0.938 and 1.01 for vinorelbine, and 0.889 
and 1.04 for 4-O-deacetyl vinorelbine. Although there is both ion enhancement as 
suppression for the different analytes, the results were reproducible with coefficient 
of variations of 3.4%, 8.8%, 3.6%, and 8.3% for vinblastine, vincristine, vinorelbine 
and 4-O-deacetylvinorelbine, respectively. These values met the acceptance criteria 
of ≤ 15%.

3.1.8 Stability
Stability in control human K2EDTA plasma was determined for short-term storage at 
ambient temperature, long-term storage at 70 ºC, and after three freeze/thaw cycles. 
One freeze/thaw cycle consisted of unassisted thawing at room temperature and 
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subsequently freezing at 70 ºC for at least 12 h. Stability of the stock solutions were 
determined for short-term storage at room temperature and long-term storage at - 70 
ºC. Furthermore, the stability of the dry extract and the final extract was determined. 
If 85–115% (15%) of the initial concentration of the analytes in bioanalytical samples 
was recovered, the analytes were considered to be stable. For stock solutions, a range 
of 95–105% (± 5%) was applied. Stability data depicted in Table 3. All analytes were 
stable at ambient temperature for 6 h and for 3 freeze/ thaw cycles. Furthermore, 
vinblastine and vinorelbine were stable in plasma at 70 ºC for at least 16.8 months 
(505 days), while vincristine and 4-O-deacetylvinorelbine were unstable. For the latter, 
stability was confirmed over a shorter time period of 9.1 months (273 days). Moreover, 
dry extract stability was established for vinorelbine and 4-O-deacetylvinorelbine for 
six days at 2–8 ºC while vinblastine and vincristine did not meet the stability criteria. 
For vinblastine, a shorter stability period for the dry extract was established of 3 days, 
while the dry extract of vincristine remained unstable. Therefore, the dry extract of 
vincristine has to be processed to the final extract before storage. The final extracts 
of vinblastine and vinorelbine were stable for four days at 2–8 ºC, while the final 
extracts of vincristine and 4-O-deacetylvinorelbine were stable for 7 days at 2–8 ºC. 
Finally, all stock solutions were stable at ambient temperature for 6 h and for at least 
16.7 months (500 days) at 70 ºC. Long-term stability at 20 ºC was not investigated 
due to the previously reported limited long-term stability of vincristine, vinorelbine, 
and 4-O-deacetylvinorelbine at 20 ºC by our institute [6,7], and the limited long-term 
stability of vincristine and 4-O-deacetylvinorelbine at - 70 ºC in the current study.
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Figure 2. Representative LC-MS/MS chromatograms of the lower limit of quantification 
(A-series) and a blank sample (B-series) of vinblastine (1), vincristine (2), vinorelbine (3) 
and 4-O-deacetylvinorelbine (4). The concentration at LLOQ level was 0.025 ng/mL for 
vinblastine, vinorelbine, and 4-O-deacetylvinolrebine, and 0.1 ng/mL for vincristine. S/N 
are the signal-to-noise ratios for each analyte.
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Figure 2. Continued.

3.2 Clinical application
The bioanalytical method was used to support pharmacokinetic studies in 
paediatric patients and in mice. Pharmacokinetics of two subjects from both 
studies are depicted in Figure. 3. The validated concentrations ranges were lower 
than the expected concentrations in (pre-) clinical samples to prevent carry-over. 
Samples with concentrations above the validated concentration ranges were 
diluted with control human plasma. The LLOQ was sufficient to measure plasma.
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4 CONCLUSION

A sensitive, fast LC-MS/MS method was developed and validated for the 
quantification of vinblastine, vincristine, vinorelbine, and 4-O- deacetylvinorelbine 
in human plasma. Linearity over a concentration range of 0.025–10 ng/mL 
for vinblastine, vinorelbine, and 4-O-deacetyl- vinorelbine and 0.1–40 ng/
mL for vincristine were established. This method was successfully applied to 
pharmacokinetic studies of vincristine in children and pharmacokinetic studies 
of vinorelbine and 4-O- deacetylvinorelbine in mice.

Table 3. Stability parameters for vinblastine, vincristine, vinorelbine and 4-O-deacetyl-
vinorelbine. 

Analyte Matrix Conditions Nom. Conc.
(ng/mL)

Bias 
(%)

C.V. 
(%)

n

V
in

bl
as

ti
ne

Plasma 3 F/T cycles (-70 °C/ambient) 0.0750
7.50

2.5
4.9

7.0
5.0

3
3

Plasma 6 h, ambient temperature 0.0750
7.50

5.9
-2.8

3.8
4.0

3
3

Plasma 505 days, -70 °C 0.0750
7.50

13.9
4.6

6.7
7.7

3
3

Dry extract 3 days, 2-8°C 0.0750
7.50

-0.1
11.3

7.6
2.0

3
3

Dry extract 6 days, 2-8°C 0.0750
7.50

-11.6
-18.8

12.1
12.7

3
3

Final extract 4 days, 2-8°C 0.0750
7.50

-4.9
-11.0

10.6
5.0

3
3

MeOH (stock) 6 h, ambient temperature 1.00*106 2.4 1.0 3

MeOH (stock) 503 days, -70 °C 1.00*106 0.7 1.2 3

V
in

cr
is

ti
ne

Plasma 3 F/T cycles (-70 °C/ambient) 0.300
30.0

4.9
-2.1

3.7
3.1

3
3

Plasma 6 h, ambient temperature 0.300
30.0

1.1
-3.2

14.0
2.0

3
3

Plasma 273 days, -70 °C 0.300
30.0

-12.3
-2.4

5.9
1.9

3
3

Plasma 505 days, -70 °C 0.300
30.0

-28.4
-27.3

3.0
4.9

3
3

Dry extract 3 days, 2-8 °C 0.300
30.0

-27.2
-38.2

7.8
9.1

3
3

Final extract 7 days, 2-8 °C 0.300
30.0

2.4
5.4

11.3
7.4

3
3

MeOH (stock) 6 h, ambient temperature 1.00*106 -1.5 3.2 3

MeOH (stock) 503 days, -70 °C 1.00*106 4.7 1.3 3
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Table 3. Continued

Analyte Matrix Conditions Nom. Conc.
(ng/mL)

Bias 
(%)

C.V. 
(%)

n

V
in

or
el

bi
ne

Plasma 3 F/T cycles (-70 °C/ambient) 0.0750
7.50

4.1
4.2

1.3
5.7

3
3

Plasma 6 h, ambient temperature 0.0750
7.50

-7.9
6.2

6.2
3.3

3
3

Plasma 505 days, -70 °C 0.0750
7.50

-7.0
-8.4

3.9
4.3

3
3

Dry extract 6 days, 2-8 °C 0.0750
7.50

-7.6
-0.8

8.9
3.8

3
3

Final extract 4 days, 2-8 °C 0.0750
7.50

-7.4
4.3

7.8
2.4

3
3

MeOH (stock) 6 h, ambient temperature 1.00*106 2.7 2.4 3

MeOH (stock) 501 days, -70 °C 1.00*106 3.2 2.5 3

4-
O

-d
ea

ce
ty

l-
vi

no
re

lb
in

e

Plasma 3 F/T cycles (-70 °C/ambient) 0.0750
7.50

-7.2
5.3

9.2
2.6

3
3

Plasma 6 h, ambient temperature 0.0750
7.50

-10.6
-2.1

7.2
1.4

3
3

Plasma 273 days, -70 °C 0.0750
7.50

-14.4
-9.9

4.7
1.4

3
3

Plasma 505 days, -70 °C 0.0750
7.50

-17.4
-12.3

1.8
2.1

3
3

Dry extract 6 days, 2-8 °C 0.0750
7.50

0.8
3.7

4.5
1.2

3
3

Final extract 7 days, 2-8 °C 0.0750
7.50

-4.0
8.4

7.3
1.3

3
3

MeOH (stock) 6 h, ambient temperature 1.00*106 1.4 2.7 3

MeOH (stock) 500 days, -70 °C 1.00*106 0.9 4.9 3

Abbreviations: C.V. = coefficient of variation; F/T = freeze/thaw; Nom. Conc., nominal 
concentration; MeOH = methanol.
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ABSTRACT

Vincristine is a well-established cytotoxic drug. In paediatric populations 
blood collection via venipuncture is not always feasible. Volumetric absorptive 
microsampling (VAMS) is a less invasive method for blood collection. Furthermore, 
VAMS lacks the haematocrit effect on the recovery known with dried blood 
spots. Therefore, a liquid chromatography tandem-mass spectrometry method 
was developed and validated for the quantification of vincristine in whole 
blood collected with VAMS devices. Samples were prepared using solid-liquid 
extraction with 0.2% formic acid in water and acetonitrile. The final extract 
was injected on a C18 column (2.0 x 50 mm, 5 µm). Gradient elution was used, 
and quantification was performed with a triple quadruple mass spectrometer 
operating in the positive mode. The validated concentration range was from 
1 to 50 ng/mL with an intra- and inter-accuracy and precision of ±10.9% and 
≤7.3%, respectively. This method was successfully applied to quantify vincristine 
concentrations in whole blood collected with VAMS from paediatric oncology 
patients. Vincristine concentrations in whole blood were non-linearly associated 
with plasma concentrations, which could be described with a saturable binding 
equilibrium model.
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1 INTRODUCTION

Vincristine is a cytotoxic drug from the vinca-alkaloid group. It plays a major 
role in the treatment of both solid and non-solid tumours in adult and paediatric 
populations [1]. The cytotoxic effect of vincristine is achieved by binding to the 
β-subunit of tubulin. This drug-tubulin binding leads to inhibition of microtubule 
formation, resulting in cell arrest in the metaphase [2,3]. Vincristine is 
administered intravenously as a bolus or short infusion [1]. The pharmacokinetics 
of vincristine is characterised by a fast initial distribution with a half-life of 5 
minutes, followed by a long terminal elimination phase with a half-life of 19-
155 hours [4]. Vincristine is metabolized by Cytochrome P450 (CYP) enzymes, 
predominately by isoforms CYP3A4 and CYP3A5, and is biliary excreted through 
efflux transporter P-glycoprotein (P-gp) [5]. Furthermore, the pharmacokinetics of 
vincristine show large inter-individual variability with recent pharmacokinetics 
studies reporting inter-individual variability of 17-66% in adults and 48-67% in 
children [6,7]. 

Despite the long clinical use of vincristine, there is no complete understanding of 
factors that explain the observed high inter-individual variability in vincristine 
pharmacokinetics [8,9]. The effect of different covariates such as demographic, 
clinical, and biomedical data have been studied but no conclusive relationships 
have been found so far [6,8,10,11-13,14-18]. However, recent clinical studies 
support the possible effect of ethnicity on vincristine pharmacokinetics [10,19-
21-23]. Therefore, pharmacokinetic studies are needed to further investigate the 
possible effects of ethnicity and other factors on vincristine pharmacokinetics. 

Sensitive bioanalytical methods for the quantification of vincristine are essential 
to support future pharmacokinetic studies; several have been described in 
literature [24-29]. The collection of plasma samples might be undesirable in 
more vulnerable patient populations such as (young) children and in resource 
limited settings due to the invasiveness of a venepuncture and the relatively 
large volume of matrix collected. In these settings, whole blood sampling from a 
finger prick, such as dried blood spots, might be preferred over plasma sampling. 
The quantification of vincristine from dried blood spots has been described in 
literature [30,31]. A limiting factor of dried blood spots is the haematocrit effect 
on the recovery of the analyte which influences the spread of the blood droplet 
on the dried blood spot card [32]. 
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An alternative for dried blood spots is volumetric absorptive microsampling (VAMS), 
which allows for accurate sampling of a specific volume of whole blood [33,34]. By 
sampling an exact volume of whole blood before the sample is dried, the effect of 
haematocrit on sample preparation is minimised. The aim of the current study was 
to develop a sensitive liquid chromatography tandem mass spectrometry (LC-MS/
MS) method to quantify vincristine in whole blood using VAMS sampling devices 
that will be able to support a future pharmacokinetic trial in Kenyan paediatric 
oncology patients. During this study three VAMS samples will be collected within 
one to four hours after vincristine administration. To quantify the collected VAMS 
samples, a lower limit of quantification (LLOQ) of 1 ng/mL was deemed essential 
and an upper lower limit of quantification (ULOQ) of 50 ng/mL was deemed 
appropriate based on the expected concentration at 4 hours after administration 
[35]. The developed method was validated based on the EMA and FDA guidelines 
[36,37]. To our knowledge, this is the first bioanalytical assay using VAMS sampling 
devices for the quantification of vincristine in human whole blood. A bioanalytical 
assay using VAMS sampling devices for the quantification of vincristine in mice 
whole blood has been published previously [38].
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2 MATERIALS AND METHODS 

2.1 Chemicals
Vincristine sulphate was purchased from Selleckchem (Houston, Texas, USA). 
2H3-vincristine sulphate (internal standard) was obtained from Toronto Research 
Chemicals (Toronto, ON, Canada). Acetonitrile, formic acid, methanol, and water 
(all ULC-MS grade) were supplied by Biosolve (Valkenswaard, the Netherlands). 
Ammonia and ammonium acetate were both obtained from Merck (Darmstadt, 
Germany). VAMS sampling devices (Mitra®) were purchased from Neoteryx 
(Torrance, CA, USA). Control human whole blood was collected from healthy 
volunteers. 

2.2 Stock solutions and working solutions 
Stock solutions were prepared in methanol at a concentration of 1 mg/mL. Separate 
stock solutions were used for the preparation of the calibration standards and 
the quality control (QC) samples. The stock solutions were diluted in methanol 
to obtain working solutions for the calibration standards with a concentration 
range of 20-1,000 ng/mL. Working solutions of the QC samples were prepared by 
diluting the stock solution in methanol to a concentration range of 20-800 ng/mL. 
A stock solution of internal standard was prepared in methanol at a concentration 
of 1 mg/mL. The working solution of the internal standard was made by diluting 
of the internal standard stock solution with methanol to a final concentration of 
50 ng/mL. All stock and working solutions were stored at -70 °C. 

2.3 Calibration standards, quality control samples 
Calibration standards and QC samples were prepared in batches prior to the 
validation of the method since it was difficult to obtain fresh control human whole 
blood for each validation run. Fresh whole blood was collected in K2EDTA tubes. 
The stability in the biomatrix (dried whole blood on Mitra® sampling devices) 
was determined afterwards. The haematocrit of the whole blood was measured 
and adjusted to a haematocrit of 0.35, as it was the expected mean in the study 
population, by adding either plasma or red blood cells. The haematocrit was 
confirmed after adjustment. The calibration standards were prepared by diluting 
the working solutions 20-fold to concentrations of 1, 2, 5, 10, 20, 30, 40, and 50 ng/
mL. QC samples were prepared in the same manner as the calibration standards. 
Working solutions were diluted 20-fold with whole blood at concentrations of 
1, 3, 20, and 40 ng/mL for QC LLOQ, QC-LOW, QC-MID, and QC-HIGH. A single 
blank (control matrix with internal standard), and a double blank (control matrix) 
were also prepared. The spiked whole blood calibration standards and QC 
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samples were gently homogenized for 10 minutes to prevent haemolysis before 
sampling 10 µL whole blood with the VAMS sampling devices. After sampling, 
the VAMS sampling devices were dried overnight at ambient temperature in its 
original packaging for both calibration standards and QC samples. All calibration 
standards and QC samples were stored in Ziploc bags with desiccant in the dark 
at ambient temperature. 

2.4 Sample preparation 
The sponge of the VAMS sampling devices was transferred to 2.0 mL reaction 
tubes (Eppendorf, Hamburg, Germany). Two grinding beads (stainless steel, 3.96 
mm) were added to all reaction tubes prior adding 400 µL 0.2% formic acid in 
water to all samples. The double blank samples were spiked with 20 µL methanol 
while all other samples were spiked with 20 µL internal standard (50 ng/mL). 
All reaction tubes were placed in a genogrinder (Genogrinder Spex Sample prep 
2010, Instrument solutions, Nieuwegein, the Netherlands) for 10 minutes at 1250 
rpm. Protein precipitation was performed by adding 1000 µL acetonitrile to all 
reaction tubes. The samples were vortex mixed and centrifuged at 15,000 rpm 
for 5 minutes. Supernatant was transferred into clean 2.0 mL reaction tubes and 
was evaporated with nitrogen (40 °C). The samples were reconstituted with 100 
µL methanol-acetonitrile-water (1:1:2, v/v/v) before centrifuging for 5 minutes at 
15,000 rpm. The clear supernatant was transferred into the 200 µL insert of the 
autosampler vials for analysis. 

2.5 LC equipment and conditions 
The chromatographic system used was a UPLC I-class pump with an inline 
degasser connected to an UPLC-LC I-class autosampler, set at 4 °C and I-class 
column oven (series, Waters corporation, Milford, MA, USA). Chromatographic 
separation was achieved using a Gemini C18 analytical column (Phenomenex, 
Torrance, CA, USA; 50 x 2.0 mm ID, 5 µm particles). The column temperature was 
kept at 40 °C. The purge and strong wash solvent consisted of 0.1% formic acid in 
water-methanol (50:50, v/v). The mobile phase consisted of ammonium acetate 
in water (1 mM, pH 10.5)-acetonitrile (7:3, v/v, eluent A) and methanol (eluent B) 
with a flow rate of 0.4 mL/min. The pH of the ammonium acetate buffer in eluent 
A was adjusted to pH 10.5 with ammonia. The applied gradient program was 30% 
B (0-1.00 min), 30-45% B (1.00-2.50 min), 45% B (2.50-3.50 min), 45-30% (3.50-
3.51 min), and 30% B (3.51-5.00 min). 
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2.6 MS equipment and conditions 
Detection was performed using a QTRAP5500 (Sciex, Framingham, MA, USA) 
with a turbo ionspray interface operating in positive ion method. Multiple reaction 
monitoring (MRM) was used to quantify vincristine [M+H]+ using the transitions of 
m/z 825.2 → 765.4 and deuterated vincristine (internal standard) with m/z 828.2→ 
768.4. The proposed fragmentation pattern is depicted in Figure 1. MS operating 
parameters are summarised in Table 1. Data acquisition and processing were 
performed with AnalystTM software (Sciex, version 1.7.2.). 

Table 1. Above: general mass spectrometric parameters. Below: Analyte specific mass 
spectrometric parameters for vincristine and 2[H]3-vincristine. 

Mass-spectrometer

Run duration 5 min

Ionspray voltage 5000 V

Nebuliser gas 45 au

Polarity Positive

Turbo gas/heater gas 60 au

Curtain gas 30 au

Collision gas 10 au

Temperature 700 ºC

Vincristine 2[H]3-vincristine 

MRM (m/z) 825.2 → 765.4 828.2 → 768.4

Collision energy (V) 51 53

Collision exit potential (V) 6 12

Declustering potential (V) 286 290

Entrance potential (V) 10 12

Dwell time (msec) 75 75

2.7 Validation procedures 
The validation of the current method was based on the current FDA and EMA 
guidelines for bioanalytical method-validation [36,37]. Calibration model 
(linearity), LLOQ, accuracy and precision, carry-over, dilution integrity, matrix 
factor, haematocrit effect, endogenous interference, cross-analyte/internal 
standard interference, and stability were investigated. 
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Figure 1. Chemical structure of vincristine including the proposed fragmentation. The 
position of the deuterium labelling is indicated with the letter D. 

2.7.1. Calibration model and lower limited of quantification 
Eight non-zero calibration standards ranging from 1 to 50 ng/mL were prepared 
in duplicate for each validation run. Linear regression was performed on the ratio 
of the analyte peak and the internal standard peak versus the nominal analyte 
concentration (x) with a weighting factor of 1/x2. Deviations from the mean for each 
non-zero calibration standards should be within ±15 % (±20 % for the LLOQ) for at 
least 75% of the non-zero standards. The LLOQ should have a signal-to-noise ratio 
of ≥5:1 compared to the single blank sample. 

2.7.2 Accuracy and precision 
Intra- and inter-assay accuracy and precision were determined by analysing five 
replicates of QC samples in three separate validation runs. The concentration levels 
were LLOQ (1 ng/mL), LOW (3 ng/mL), MID (20 ng/mL), and HIGH (40 ng/mL). The 
concentration of the QC samples was determined using the calibration standards 
prepared and analysed in the same analytical batch. Accuracy was defined as the 
bias from the nominal concentration and precision was defined as the coefficient of 
variation (CV %). Intra-assay bias was the bias of the mean measured concentration 
per analytical run compared to the nominal concentration. Inter-assay bias was the 
mean measured concentration in three analytical runs compared to the nominal 
concentration. The inter-run precision was calculated with a one-way ANOVA. 
The accuracy values should be within ±15 % (±20 % at the LLOQ) and the precision 
values should be within ≤15 % (≤20 % for the LLOQ). 
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2.7.3 Carry-over
Carry-over was investigated by injecting two double blank samples after the 
upper limit of quantification (ULOQ, 50 ng/mL) sample of the calibration standard. 
The peak areas at the retention times of the analyte and the internal standard in 
the double blank samples were compared to the mean area of the analyte and 
internal standard in five replicates of LLOQ samples. The peaks of the analyte 
and the internal standard found in the first double blank should be ≤20% and 
≤5%, respectively. 

2.7.4 Specificity and selectivity 
Specificity and selectivity were evaluated in control human whole blood 
batches (haematocrit of 0.35) obtained from six different healthy volunteers. 
Co-eluting peaks at the retention time of the analyte and the internal standard 
from endogenous interferences were assessed in the double blank samples and 
compared to the QC MID samples. The peak areas present in the double blank 
samples should be ≤15% for the analyte and ≤5% for the internal samples. Bias of 
the QC MID samples should be ±15% of the nominal concentration in at least 4 of 
6 tested human whole blood batches. 

Cross-analyte/internal standard interference was investigated by spiking the 
analyte at ULOQ level (50 ng/mL) and separately the internal standard at internal 
standard level. Interference of the analyte with the internal standard should be 
≤5% of the peak area of the LLOQ samples. Interference of the internal standard 
with the analyte should be ≤20% of the LLOQ sample. 

2.7.5 Matrix factor and sample preparation recovery
Matrix effect and recovery of the assay were determined using control human 
whole blood batches (haematocrit of 0.35) from three individuals at QC MID 
level (20 ng/mL). To successful apply the current method to clinical practice, it 
is important to collect, spike and sample (with VAMS sampling devices) control 
human whole blood within one workday. Therefore, it was chosen to use three 
batches and one concentration level in these experiments. The absolute matrix 
factor was calculated as analyte or internal standard peak area between matrix 
present and matrix absent samples. The internal standard-normalised matrix 
factor was calculated as the ratio between the absolute matrix effect and the 
internal standard. The CV% of the internal standard-normalised matrix factor 
should be ≤15%. The sample preparation recovery was computed as the ratio 
between peak areas of the processed QC sample and spiked blank matrix sample.
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2.7.6 Dilution integrity
Dilution integrity was determined by preparing >ULOQ samples (250 ng/mL, 
haematocrit 0.35) in 5-fold. After sample preparation, the final extract was diluted 
20-fold with the final extract of single blank samples containing internal standard 
but no analyte. The accuracy and precision of the diluted samples should be ±15% 
and ≤15%, respectively. 

2.7.7 Haematocrit effect
The effect of haematocrit was investigated in a single batch of control human 
whole blood. Haematocrit was adjusted by adding red blood cells (to obtain a 
higher haematocrit value) or plasma (to obtain a lower haematocrit value) to 
a fixed volume of whole blood. Haematocrit was confirmed after adjustment. 
Whole blood was centrifuged for 10 minutes at 3,000 rpm to obtain red blood 
cells and plasma. The final haematocrit values were 0.25, 0.30, 0.35, 0.40, 0.50, 
and 0.60. The concentration of the samples was determined using the calibration 
standard prepared and measured in the same batch at a haematocrit of 0.35. 
Accuracy and precision of these samples should be ±15% and ≤15%, respectively.

2.7.8 Stability
Long-term stability of vincristine in VAMS sampling devices was investigated. 
VAMS sampling devices were stored in Ziploc bags with desiccant in the dark at 
ambient temperature (21-22 ºC) and in two climate cabinets at 25 ºC and 40 ºC 
with a relative humidity (RH) of 60% and 75%, respectively. Stability experiments 
were performed at QC MID level. Short and long-term stability of the stock solution 
has been described previously [27] and is at least 6 h at ambient temperature and 
273 days at -70 ºC. The acceptance criteria for the accuracy and precision of the 
long-term storage of QC samples were ±15 % bias and ≤15 % CV.

2.8 Clinical application 
Whole blood was obtained from paediatric patients treated with vincristine using 
VAMS 10 µL sampling devices. The paediatric patients (0-17 years old) were 
included in a clinical trial performed at the Princess Máxima Center (Utrecht, The 
Netherlands). The study was conducted in accordance with the Declaration of 
Helsinki and the study protocol was approved by the medical ethics committee of 
Erasmus Medical Center (Rotterdam, The Netherlands). The study was registered in 
the Dutch trial register (NL63037.078.18). Vincristine was administered according 
to standard of care with a dose of 1.5-2 mg/m2 (max 2 mg). Whole blood samples 
were collected from a central venous line. For 7 patients, 10 µL whole blood was 
collected with VAMS sampling devices prior to centrifuging. After centrifuging the 
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samples, plasma was collected and stored at -80 ºC until analysis. A previously 
validated LC-MS/MS method was used for the quantification of vincristine in 
plasma samples [27]. In short, liquid-liquid extraction was performed with tert-
butyl methyl ether (TBME). Subsequently, samples were snap frozen and the 
supernatant collected. The samples were dried under a gentle stream of nitrogen 
(40 ºC) and reconstituted with methanol-acetonitrile-water (1:1:2, v/v/v). 
Separation was obtained with a gradient using ammonium acetate in water (1 
mM, pH 10.5)-acetonitrile (7:3, v/v, eluent A) and methanol (eluent B), a flow 
rate of 0.4 mL/min., and a reversed phase C18 column (Waters Xbridge 50 x 
2.1 mm ID, 5 μm particles). Detection was performed using a API4000 (Sciex, 
Framingham, MA, USA) with a turbo ion spray interface operating in positive 
ion mode and MRM was used to quantify vincristine concentrations. Deuterated 
vincristine was used as internal standards. The LLOQ of the bioanalytical method 
was 0.1 ng/mL with the intra- and inter-assay bias and precisions were within 
±12.4% and ≤ 10.6%, respectively. The relationship between vincristine plasma 
concentrations and vincristine whole blood concentrations was investigated. 
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3 RESULTS AND DISCUSSION 

3.1 Development 
3.1.1 Sample preparation 
The challenge of the current method was to achieve the desired LLOQ of 1 
ng/mL with a limited sample volume (10 µL whole blood). Maximal recovery 
of vincristine from the VAMS sampling devices was of utmost importance to 
achieve the desired sensitivity. Therefore, the focus of the sample preparation 
was the optimisation of the recovery. The initial sample preparation was a 
previously published method for the bioanalysis of vincristine in dried blood 
spots [31]. This method extracts vincristine from the dried blood spot with 
acetonitrile-methanol-water (1:1:1, v/v/v) before sonication of the samples 
for 15 minutes. The samples were centrifuged, and the clear extract was 
transferred to a glass autosampler [31]. While this method was able to quantify 
vincristine from dried blood spots with a LLOQ of 1 ng/mL, this sensitivity 
could not be achieved with VAMS sampling devices. Therefore, different 
extraction solvents were investigated: Ethanol, Tert-Butyl Methyl Ether 
(TBME), methanol-acetonitrile-water (1:1:2, v/v/v), 0.5 M phosphoric acid and 
TBME, methanol, and 0.2% formic acid in water. The latter resulted in the 
highest signal-to-noise ratio and thus recovery of the analyte and internal 
standard. 

Additionally, we compared extraction using sonication to using a genogrinder. 
The hypothesis was that the genogrinder would result in a higher signal due 
to the pressing force of the grinding beads on the VAMS sponge. Samples 
processed with the genogrinder resulted in a modest increase in signal, however, 
demonstrated less variability when compared to sonication. Therefore, the 
genogrinder was preferred over sonication. Increasing the extraction time of 
the samples in the genogrinder did not improve the signal-to-noise ratio and 
10 min at 1250 rpm was found to be optimal. 

To increase sensitivity of the method, a concentrating step was introduced in 
the sample preparation. Evaporation with nitrogen (40 °C) and reconstitution 
with methanol-acetonitrile-water (1:1:2, v/v/v) was chosen because it was an 
effective method for increasing the sensitivity of the bioanalysis method for 
vincristine in human plasma [27]. Due to the above-described evaporation step, 
a LLOQ of 1 ng/mL was achieved. A protein precipitation step was included 
after the extraction step to reduce the noise and therefore enhance the signal-
to-noise ratio. Acetonitrile was chosen as the precipitation solvent and a LLOQ 
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level of 1 ng/mL was achieved with acceptable accuracy and precision. While 
the final sample preparation was relatively more complex than the previously 
published plasma methods [24-29], all the steps in the sample preparation 
were necessary to obtain the desired LLOQ. 

3.1.2 Chromatography and mass spectrometry
Optimisation of the chromatography and mass spectrometry was crucial 
to achieve the desired LLOQ of 1 ng/mL with the small sample volume of 
10 µL. Furthermore, linearity was desired up to a concentration of 50 ng/
mL to support a future pharmacokinetic study where VAMS samples will be 
collected at 1, 1.5, and 4 hours after vincristine administration. A previously 
published method for the quantification of vincristine in VAMS in mice whole 
blood reported an ULOQ of 1200 ng/mL [38]. However, regarding human 
pharmacokinetics of vincristine, an ULOQ of 50 ng/mL was deemed suitable 
to quantify VAMS samples collected at the above-described time points [35]. 
In literature, acidic and alkaline environments have been described for the 
chromatography of vincristine [24,39]. Both environments were investigated 
to determine the optimal chromatography system with the highest signal-to-
noise ratio. 

The mobile phase of the acidic environment consisted of 0.2% formic acid 
in water (Eluent A) and methanol (Eluent B) [39]. In this environment, the 
signal of the double charged parent ion (m/z 413) was optimal compared to the 
mono charged molecular ion (m/z 825). However, monitoring of the bivalent 
molecule ion resulted in a high offset which reduced the signal-to-noise ratio 
significantly. Different combinations of 0.2% formic acid with methanol for 
Eluent A were investigated. However, the high offset remained which caused 
a reduction in the sensitivity and reproducibility of the bioanalytical method. 

For the alkaline conditions, ammonium acetate (1 mM, pH 10.5)-acetonitrile (7:3, 
v/v) was used as Eluent A and methanol as Eluent B. The ammonium acetate 
buffer was adjusted to a pH 10.5 with ammonia. With this chromatographic 
system, the molecule ion with a m/z of 825 was detected with the highest relative 
abundance and the transition of m/z 825 → 765 resulted in the lowest offset and 
the highest signal-to-noise ratio and was therefore further optimized. A qualifier 
ion was not included in the method. The current presented method will be used 
to support a future pharmacokinetic trial. VAMS collected during the study 
will contain vincristine and co-administration of other drugs will be closely 
monitored and registered. Due to the high mass and unique molecular structure 
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of vincristine (Figure 1), inclusion of a qualifier ion was deemed unnecessary. 
The alkaline environment had the preference over the acidic environment due 
to a superior signal-to-noise ratio and a decrease in signal variability. 

3.2 Validation procedures 
3.2.1 Calibration model
The method was linear over a concentration range of 1 to 50 ng/mL. The linear 
regression of ratio of the peak area of the analyte and internal standard versus the 
concentration was weighted with 1/x2 (the reciprocal of the squared concentration) 
to obtain the minimum total bias and the most constant bias across the range. 
A linear fit (R2 ≥0.998) was obtained in all validation runs. The back-calculated 
concentrations had a bias of ±2.9% and a precision of ≤8.1% for all calibration 
levels. The LLOQ was established at 1 ng/mL with a minimum signal-to-noise 
ratios of 5.7:1, 5.5:1, and 5.0:1 for the three different validation runs, respectively, 
which met the acceptance criteria. Representative chromatograms of double 
blank, single blank, LLOQ and ULOQ are depicted in Figure 2. 

3.2.2 Accuracy and precision
The accuracy and precision data are given in Table 2. The intra- and inter-assay 
bias was ±10.9% and ±9.6% over all concentration levels, respectively. Intra- 
and inter-assay precision was ≤7.3% and ≤2.7% over all concentration levels, 
respectively. Therefore, the accuracy and precision data met the acceptance 
criteria. 

Table 2. Assay performance data for vincristine.

Nominal vincristine concentration 
(ng/mL)

Intra-assay (n=15) Inter-assay (n=15)

Bias (%) Precision (%) Bias (%) Precision (%)

1 2.2-9.4 ≤ 7.3 6.3 2.7

3 7.6-9.9 ≤ 3.6 8.6 *

20 0.3-4.9 ≤ 4.3 2.7 1.7

40 -0.3-2.9 ≤ 5.2 0.9 *

* No additional variation was found by performing the assay between days (mean square 
between groups is less then mean square within groups).

3.2.3 Carry-over
Carry-over was investigated by comparing the peak area present in the first double 
blank sample following an ULOQ sample to the mean peak area of LLOQ samples 
in five-fold. The carry-over in three validation runs was ≤3.7% for vincristine and 
≤0.1% for the internal standard, which is within the acceptance criteria of ≤20 %.
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3.2.4 Specificity and selectivity
Selectivity was determined in six individual human whole blood batches at 
the blank and LLOQ levels. There was no interference at the retention times 
of vincristine and the internal standard. The accuracy of vincristine at the QC 
MID level was also established for all six whole blood batches of which five had 
a deviation of ≤13.5% and one sample a deviation of ≤16.5% compared to the 
nominal concentration. Vincristine at ULOQ level did not show any interference 
with the internal standard and the internal standard did not show any interference 
with vincristine. Therefore, the acceptance criteria of specificity and selectivity 
were met. 
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Figure 2. Representative LC-MS/MS chromatograms of vincristine (A-series) and the 
internal standard (B-series). The vincristine concentration at LLOQ and ULOQ level is 1 
ng/mL and 50 ng/mL, respectively. 
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Figure 2. Continued 

3.2.5 Matrix effect and recovery 
The matrix factor of vincristine and the internal standard were 0.38 and 0.33, 
respectively. This resulted in the internal standard-normalised matrix factor of 
1.15 with a CV% of 0.87. This met the acceptance criteria of ≤15%. The sample 
preparation recovery at QC MID was 71.8%. The recovery could not be improved 
by increasing the retention time but resulted in the loss of sensitivity due to a 
decrease in in signal-to-noise ratio.

3.2.6 Dilution integrity 
Final extractions of samples >ULOQ were diluted 20-fold with the final extractions 
of single blank samples. The intra-assay bias and precision for the diluted samples 
were ±5.8% and ≤13.4%, respectively. Therefore, it can be concluded at samples 
with a concentration >ULOQ can be diluted 20-fold. 
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3.2.7 Haematocrit effect 
Haematocrit effect was determined in triplicate in a range of haematocrit values 
(0.25-0.60). The data is presented in Table 3. The back-calculated concentrations 
had an accuracy of ±8.7% and a precision of ≤7.9% and therefore met the 
acceptance criteria. Vincristine in whole blood collected with VAMS sampling 
devices can thus be quantified over a wide range of haematocrit values from 
0.25 to 0.60. 

Table 3. Haematocrit effect on assay performance (n=3). 

Haematocrit 
(%)

Nominal vincristine 
concentration (ng/mL)

Mean measured vincristine 
concentration (ng/mL)

Bias 
(%)

Precision 
(%)

0.25 26.0 25.3 6.4 -2.7

0.30 26.0 23.9 -7.9 1.1

0.35 26.0 27.2 4.6 7.9

0.40 26.0 25.4 -2.4 1.5

0.50 26.0 27.1 4.1 3.2

0.60 26.0 28.3 8.7 2.8

3.2.8 Stability 
The stability of vincristine in whole blood collected with VAMS sampling devices 
was investigated under various conditions (see Table 4). Vincristine in whole 
blood collected with VAMS was stable for 3 months at ambient temperatures and 
1 month at 25 ºC (RH 60%) and unstable at 1 week at 40 ºC (RH 75%). The effect of 
temperature on the long-term stability of the samples could be caused by thermo-
dependent degradation of vincristine or reduced recovery of vincristine from the 
VAMS sampling devices stored at higher temperatures. Differences in relative 
humidity could potentially explain the difference in stability between storage 
conditions at ambient temperatures and at 25 ºC (RH 60%). The stability data 
demonstrated the importance of consistent storage conditions of VAMS samples. 
Stability remained a problem for long term storage. Therefore, it is recommended 
to store VAMS samples in Ziploc bags with desiccant in the dark at ambient 
temperature and analyse them within 3 months after collection. The stability 
was not a problem for the clinical application of this method, since the samples 
of the future pharmacokinetic study will be quantified and reported within one 
week after collection. 
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Table 4: Stability parameters for vincristine (n=3). 
Matrix Nominal concentration 

(ng/mL)
Conditions Bias (%) C.V. (%) N

VAMS 20 3 months, ambient 
temperature

-14.2 5.2 3

6 months, ambient 
temperature

-33.5 1.4 3

1 month, 25ºC (HR 60%) -6.5 5.6 3
3 months, 25 ºC (HR 60%) -24.6 3.7 3
1 week, 40 ºC (HR 75%) -32.2 8.1 3
1 month, 40 ºC (HR 75%) -45.0 4.0 3
3 months, 40 ºC (HR 75%) -60.9 1.9 3

Abbreviation: HR = relative humidity, VAMS = volumetric absorptive microsampling. 

3.3 Clinical application 
The currently described method was able to quantify vincristine in whole blood from 
the VAMS sampling devices. The measured vincristine concentrations had a range 
of 1.27 to 242 ng/mL for whole blood and 0.129 to 247 ng/mL for plasma. A total of 9 
samples were <LLOQ of which 5 were VAMS samples and 4 were plasma samples. 
These samples were either collected a long time after administration (>50 hours) or 
just before administration. The plasma sample with a concentration of 0.129 ng/mL 
was excluded from the data analysis, because the corresponding VAMS sample was 
<LLOQ. In total 21 complete sample pairs with a range of 1-6 sample pairs per patient 
were included in the study. A representative chromatogram of a patient sample is 
depicted in Figure 3. 
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Figure 3. Representative LC-MS/MS chromatogram of a clinical sample of one patient. 
A, vincristine at a quantified concentration of 7.56 ng/mL. B, the internal standard. The 
patient received 1.5-2 mg/m2 vincristine intravenously and the sample was collected 2 
hours and 50 minutes after administration. 
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The relationship between vincristine concentrations in whole blood and plasma 
demonstrated non-linearity (See Figure 4A-B). The current observed non-linearity 
between whole blood and plasma vincristine concentrations differentiated from 
the previously reported linear correlation between vincristine whole blood and 
plasma concentrations [38]. This discrepancy was attributed to two differences in 
study design. Firstly, Rosser., et al (2022) quantified vincristine in murine whole 
blood while the current study quantified vincristine in human whole blood [38]. 
Secondly, Rosser., et al (2022) performed an ex vivo experiment in which the 
whole blood and plasma samples were spiked with vincristine [38]. In the current 
study, whole blood and plasma samples collected from paediatric oncology 
patients were quantified. The currently observed non-linearity was observed in 
the difference between whole blood and plasma concentrations which deviated 
over the measured concentration range (Figure 4G) demonstrating relatively 
high whole blood concentrations at low plasma concentrations. To describe 
the relationship between vincristine whole blood and plasma concentrations a 
saturable binding equilibrium model was fitted to the data (Equation 1 and 2). 

C! =
"!"#×$$
$$%&%

    	 (Equation 1)

C!" = C" × HTC + C# × (1 − HTC)    	 (Equation 2)

In these equations, Cb is the bound vincristine concentration to blood cells, 
Bmax is the maximal binding capacity to blood cells, Cp the vincristine plasma 
concentration, Kd is the equilibrium dissociation constant, Cwb vincristine 
concentration in whole blood, and HTC the haematocrit. The estimation of the 
Bmax and Kd were 243 ng/mL and 21.4 ng/mL, respectively. This indicates that 
bound vincristine was half-maximal at a plasma concentration of 21.4 ng/mL. The 
saturable binding equilibrium model was able to describe the general trend in the 
data (Figure 4C-F). However, large variability in the data as well as the bias in the 
weighted residuals remained unexplained. Therefore, whole blood concentrations 
cannot be extrapolated to plasma concentrations. The saturable binding of 
vincristine in whole blood could be explained by vincristine’s binding to blood 
cells (e.g., thrombocytes or erythrocytes). In vitro and in vivo studies have reported 
extensive binding of vinca-alkaloids including vincristine to thrombocytes [40-
44]. Furthermore, a clinical pharmacokinetic trial in adults reported decreased 
vincristine plasma exposure in patients with higher thrombocyte levels [45]. A 
future pilot pharmacokinetic trial in Kenyan paediatric patients will study the 
implementation of finger prick sampling and while the blood distribution of 
vincristine will be studied in a future in vitro blood distribution study. 
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Figure 4. Vincristine concentrations in human whole blood and human plasma. A, 
Plasma concentrations versus whole blood concentrations. B, Plasma concentrations 
versus whole blood concentrations zoomed in. C, Predicted versus observed whole blood 
concentrations with saturable distribution kinetics. D, Predicted versus observed whole 
blood concentrations zoomed in. E, Predicted whole blood concentrations versus the 
weighted residuals. F, Predicted whole blood concentrations versus the weight residuals 
zoomed in. The blue dashed line represents the trend in the data, and the black dashed 
line represent the line of unity where prediction equals observation. The black dots are 
the individual measurements.
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4 CONCLUSION 

A sensitive bioanalytical method for the quantification of vincristine in whole 
blood collected with VAMS sampling devices was developed and validated. The 
validated range was from 1 to 50 ng/mL using a stable isotope with an accuracy 
±10.9% and precision of ≤7.3%. To our knowledge this is the first bioanalytical 
method for the quantification of vincristine in whole blood collected with VAMS 
sampling devices. The method has been successfully used to quantify patient 
samples. The relationship between vincristine whole blood concentrations and 
plasma concentrations was found to be non-linear. Future research should further 
investigate the implementation of finger prick sampling and the blood distribution 
of vincristine. 
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ABSTRACT

Vincristine is widely used in pediatric oncology and acts by binding to the 
β-subunits of tubulin in tumor cells. The expression of β-tubulin in healthy tissue 
is thought to be highly relevant for the distribution of vincristine throughout 
the body and is most likely age-dependent. The current physiologically-based 
pharmacokinetic (PBPK) study has been conducted to optimize a previously 
published PBPK model by including vincristine binding to β-tubulin in blood cells 
and to assess age-related differences. Data from 16 adults, 10 adolescents (13-16 
years), 23 children (2-10 years) and 17 infants (0-1 years) were included in the 
model. Using PK-Sim, an adult PBPK model including metabolism and elimination 
by CYP3A4, CYP3A5 and P-gp and binding to β-tubulin in tissue and blood cells 
was developed. This model was successfully scaled to adolescents, children 
and infants. The pediatric model was optimized by simulating a 2.5-fold higher 
binding capacity of blood- and tissue-β-tubulin for infants (0-1 years), a 2-fold 
higher binding capacity for children (2-10 years) and a 1.5-fold higher binding 
capacity for adolescents (13-16 years) as compared to adults. A higher binding 
capacity of vincristine to β-tubulin could lead to a more rapid reduction in the 
vincristine plasma concentration, reduced amounts of free vincristine, explaining 
the fact that children are able to tolerate higher relative doses of vincristine. This 
study forms the basis for further optimization of pediatric dosing guidelines of 
vincristine. 
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1 INTRODUCTION

Vinca alkaloids are frequently used in the chemotherapeutic treatment of various 
malignancies. These substances bind to the β-subunits of tubulin, thereby 
inhibiting microtubule formation and causing arrest of the cell at metaphase. 
The vinca alkaloid vincristine is widely used in both adult and childhood cancer 
patients, and is usually dosed at 1.4-2.0 mg/m2, with a maximum of 2 mg per dose 
[1]. The dose is maximized because of the risk of developing vincristine induced 
peripheral neuropathy (VIPN), which was found to be dose dependent. However, 
these dosing capping recommendations have been questioned since they are 
mainly based on empirical experiences [2,3]. For infants, the dose is reduced to 
50-80% of the usual BSA based dose or a mg/kg dose (0.025-0.05 mg/kg) is given, 
even though a pharmacological rationale for these regimens is lacking [4,5].

Optimizing vincristine dosage for individuals remains a challenge, mainly because 
of lack of knowledge on factors that might influence its pharmacokinetics (PK). 
This has most recently been highlighted in terms of the challenges of dosing 
vincristine in neonates and infants as compared to older children [6]. Vincristine 
is mainly metabolized through hepatic cytochrome P450 (CYP450) enzymes, 
particularly by the CYP3A4 and CYP3A5 isoforms, with biliary excretion 
through the hepatic efflux transporter P-glycoprotein (P-gp) [7]. The plasma 
concentration-time profile of vincristine indicates a rapid distribution phase 
followed by a relatively long elimination phase, with initial and terminal half-
life values of 5 minutes and 19-155 hours, respectively [1]. The PK of vincristine 
is most commonly described by a two- or three-compartmental model and is 
characterized by large interindividual variability. For example, in recent population 
PK studies of vincristine, interindividual variability in PK parameters ranged from 
17% to 66% in adults, and 48% to 67% in children [8,9]. The effects of demographic, 
clinical, and biomedical variables, such as age, body surface area (BSA), dose, and 
pharmacogenetics, on the PK of vincristine have been studied but no structural 
covariates on vincristine clearance (CL) or volume of distribution (Vd) have been 
identified [3,4,6,8,10-17].

Binding of vincristine to β-tubulin in healthy tissue might be key in understanding 
its unexplained PK variability [5,18]. Saturable binding to β-tubulin was 
incorporated into a previously published population PK model [5]. Vincristine 
binding to β-tubulin was found to be dependent on body weight and age. β-tubulin 
binding capacity decreased with increasing age, which is in line with the PBPK 
results from Lee et al [18]. They concluded that binding to β-tubulin in healthy 
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tissue plays a key role in determining differences in vincristine distribution, and 
a 5-fold higher β-tubulin binding capacity was observed in children as compared 
to adults [18]. However, a 5-fold higher β-tubulin binding capacity can be seen 
as physiologically implausible and the PBPK model of Lee et al. only included 
β-tubulin in tissue as a binding partner of vincristine and did not take β-tubulin in 
blood (e.g., erythrocytes, leukocytes and thrombocytes) into account. Previously, 
it has been shown that several isoforms of β-tubulin are expressed in erythrocytes, 
leukocytes and thrombocytes, so it is necessary to take this into account in the 
PBPK model as well [19-22].

The current PBPK study was conducted with the aim to improve understanding 
of the complex non-linear PK profile of vincristine, particularly to comprehend 
evidence-based dosing regimens for children. The previously published PBPK 
model of Lee., et al [18] was optimized by including vincristine binding to β-tubulin 
in blood cells and age-related differences were investigated. 
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2 METHODS

2.1 Patient data
2.1.1 Data for PBPK model development
Historical data comprising adults from two different PK studies (Villikka., et al. 
and a Newcastle study described by Nijstad., et al.) were used for the adult PBPK 
model development [5,23]. Data from Villikka., et al [23] were digitized using 
GetData Graph Digitizer (version 2.26.0.20). Plasma concentrations from Villikka., 
et al. [23] were used for the adult training dataset, and plasma concentrations from 
the Newcastle study [5] for the adult evaluation dataset. 

Data from pediatric patients originated from a prospective, observational 
study performed in the Princess Máxima Center for Pediatric Oncology in the 
Netherlands, previously described by Nijstad., et al. [5] Data from patients aged 
0-1 years, 2-10 years and 13-16 years, with at least 1 sample between 0 and 24 
hours after dose, were included in this PBPK analysis. Regarding the infants, only 
patients treated with a dose of 0.05 mg/kg were included.

All patients were treated with vincristine as standard of care, with doses according 
to local protocols. Doses, varying from 1 to 2 mg/m2 with a maximum of 2 mg or 
0.05 mg/kg for infants, were administrated as bolus infusion. Vincristine plasma 
concentrations were quantified using a liquid chromatography (tandem) mass 
spectrometry (LC-MS/MS) assay [5, 23-26].

2.1.2 Vincristine whole blood concentrations
For a selection of patients included in the prospective, observational study 
performed in the Princess Máxima Center for Pediatric Oncology in the 
Netherlands, previously described by Nijstad., et al. [5], vincristine whole blood 
concentrations were determined using a validated LC-MS/MS method [27].

Whole blood was collected using a Mitra® (10 µL, Neoteryx, Torrance, USA) 
device. The sponge of the Mitra® was transferred into a 2.0 mL reaction tube. 
Two grinding beads were add to all reaction tubes. A two-step extraction was 
performed. First, 400 µL 0.2% formic acid in water was added to all samples. The 
double blanks (CAL0/0) were spiked with 20 µL methanol. All other samples 
were spiked with 20 µL internal standard in methanol (vincristine-d3, 50 ng/mL). 
The first extraction step was performed by placing all samples in a genogrinder 
for 10 minutes (1250 rpm). The second extraction step consisted of liquid-liquid 
extraction with acetonitrile prior to centrifuging (15,000 rpm for 5 minutes). The 
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supernatant was collected and dried under a gentle stream of nitrogen (40 ºC) 
prior to reconstitution with 100 µL methanol:acetonitrile:water (1:1:2, v/v/v). 
Continuing, the samples were vortex mixed and centrifuged (15,000 rpm for 5 
minutes) before the supernatant was transferred to vials prior to analysis. The 
final extracts were analyzed with a validated LC-MS/MS method. The method 
was validated according to the EMA and FDA guidelines on bioanalytical method 
validation over a linear range of 1-50 ng/mL. The lower limited of quantification 
(LLOQ) was 1 ng/mL. The intra- and inter-assay bias and precisions were within 
±9.9% and ≤7.3%. 

Plasma concentrations for the corresponding time point were available as 
well. Concentrations in blood cells were calculated by subtracting the plasma 
concentration from the whole blood concentration, taking the hematocrit level 
into account: 

𝐶𝐶!"##$	&'"" = 	
𝐶𝐶()#"'	*"##$ − 𝐶𝐶+",-., × (1 − 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻)

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
 

 
2.2 PBPK model development
A schematic workflow for the PBPK model development is presented in Figure 1. 

2.2.1 Adult base model
Firstly, an adult base model was built and evaluated. Physiochemical properties, 
binding partners, metabolism and elimination processes of vincristine were 
included based on Lee., et al [18]. Expression levels of CYP3A4, CYP3A5, P-gp 
(ABCB1) and tissue-β-tubulin were incorporated using the genome expression 
arrays from ArrayExpress [28]. For tissue-β-tubulin, TUBB (Gene ID: 203068) 
was selected to represent overall tissue-β-tubulin binding, since it is expressed 
in most human tissues. The initial model was simulated based on virtual adults 
following a single bolus dose of 2 mg vincristine and fitted to the data of the adult 
training dataset. 

2.2.2 Adult model including blood-β-tubulin as binding partner
After development of the base adult model, binding of vincristine to β-tubulin in 
blood cells was implemented. A dummy protein binding partner, only expressed 
in the blood cell compartment defined by PK-Sim, was added to the base model. 
Binding parameters (i.e., dissociation constant (KD) and dissociation rate (koff)) of 
tissue-β-tubulin binding as presented by Lee et al. were used as initial estimates 
[18].
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Figure 1. Schematic workflow for the PBPK model development

2.2.3 Model fitting and evaluation
Model parameter optimization was conducted by fitting the model to the adult 
training dataset. The reference concentrations of blood-β-tubulin as well as tissue-β-
tubulin and binding parameters of blood-β-tubulin were optimized. Within each step, 
the rationality of parameterization was evaluated by reported values in literature and 
served as the key determinant to include subsequent binding partners.

For model evaluation, a virtual adult population of 100 individuals was generated 
based on patient demographics of the adult evaluation dataset. Models were 
evaluated visually and were accepted if simulated concentration-time profiles fit 
the overall shape of observed profiles and most observed concentration data fell 
within the 95% prediction interval (PI) for simulated data.

Sensitivity analyses were performed in order to evaluate the impact of blood- and 
tissue-β-tubulin-binding on vincristine distribution. Input parameters related to 
blood- and tissue-β-tubulin-binding (KD, koff and reference concentration) were 
selected for sensitivity analyses performances and were evaluated with a 100% 
variation to determine their relative impact on the area under the concentration-time 
curve from 0-24h post-infusion (AUC)0-24, AUC

∞
, Vd, Vss, CL and terminal half-life (t1/2).
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2.2.4 Pediatric model
The final adult population model was scaled to an infant, pediatric and adolescent 
population of 100 individuals based on patient demographics of the infant, 
pediatric and adolescent dataset. Age-dependent variations and maturations 
in anatomy, physiology, and biochemistry were implemented [29-31]. Age-
dependent organ volumes, tissue compositions, blood flow rates, etc. were scaled 
by the implemented algorithm in PK-Sim within the limits of the International 
Commission on Radiological Protection (ICRP) [32]. Ontogeny of CYP3A4 was 
included based on the built-in PK-Sim ontogeny function. 

Virtual infant patients were does with a single vincristine bolus of 0.05 mg/kg and 
pediatric patients until the age of 12 years were dosed with a single vincristine 
bolus of 1.5 mg/m2. For model evaluation, simulated concentration-time profiles 
were compared with plasma observations from the pediatric datasets.

2.3 Software
PBPK modeling was performed using PK-Sim (version 7.10, Open Systems 
Pharmacology Suite) [33]. Simulations were carried out using the Schmitt 
partition coefficient calculation method. Model input parameter optimization was 
accomplished using the Levenberg-Marquardt algorithm implemented in PK-Sim. 
Sensitivity analyses were performed using the PK-Sim built-in tool for model 
evaluation. R (version 3.4.3) was used for data handling and visualization [34].
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3 RESULTS

3.1 Patient data
Data from 66 patients (16 adults, 10 adolescents (13-16 years), 23 children (2-10 
years) and 17 infants (0-1 years)) were included. Plasma concentrations of 6 adult 
patients were used for the training dataset and the remaining 10 adult patients for 
the evaluation dataset. Patient characteristics are displayed in Table 1. 

Table 1. Patient characteristics

Adults Adolescents
13-16 years5

Children 
2-10 years5

Infants
0-1 years5Training 

dataset23

Evaluation 
dataset5

N=6 N=10 N=10 (12 
OCC)

N=23 (27 
OCC)

N=17

Female sex [n (%)] 3 (50%) 3 (30%) 2 (20%) 10 (43%) 7 (41%)

Age, years 
[median (range)]

46.5 
(40-54)

20.3 
(18.3-33.9)

14.0
(13.2-15.3)

5.3 
(2.9-10.0)

0.5
(0.04-0.98)

Body weight, kg 
[median (range)]

NA 90.1 
(42.5-126)

43.8 
(35.0-59.9)

20.2 
(11.8-33.1)

5.8
(2.9-11.0)

BMI, kg/m2 
[median (range)]

24.5 
(17-32)

NA NA NA NA

Absolute dose, mg
[median (range)]

2 2 2 1.2 
(0.8-1.7)

0.4 
(0.2-0.69)

BMI, Body mass index; NA, not applicable; OCC, Occasions

3.2 PBPK model development
3.2.1 Adult base model
An adult base model was built and evaluated. Metabolism and elimination 
processes were included identically to Lee., et al [18]: CYP3A4, CYP3A5, P-gp 
(ABCB1). Tissue-β-tubulin was incorporated as binding partner of vincristine. 

The fit of this model to the training dataset was assessed visually and optimized 
manually. An optimized tissue-β-tubulin reference concentration of over 10 μM 
was necessary to adequately describe vincristine distribution in the first few 
hours post-dose. The model with only tissue-β-tubulin as a specific binding 
partner of vincristine was, therefore, considered not physiological plausible to 
describe vincristine distribution. This was considered to indicate of additional 
binding of vincristine by blood cells.
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3.2.2 Adult model including blood-β-tubulin as binding partner
The adult base model was optimized by including blood-β-tubulin as a binding 
partner of vincristine. This model improved the description of the vincristine 
observations within the first 2 hours after administration (Figure 2A). 

As a starting point, koff was set to 1.93*10-3 /s and KD to 0.05 μM based on 
literature of tissue-β-tubulin [18]. KD was optimized to 0.20 μM. Optimized 
reference concentrations of tissue- and blood-β-tubulin were 1.0 μM and 1.2 μM, 
respectively. 

The model was evaluated with the adult evaluation dataset. Population-based 
simulations were performed for virtual adults with similar patient characteristics 
as the evaluation dataset (Table 1). As shown in Figure 2B, the majority of observed 
concentration data points were within the 95% PI of simulated vincristine plasma 
concentrations, indicating that the established model with blood-β-tubulin-
binding was adequate.

Figure 2. Simulated plasma concentration time curves for the adult training dataset (A) 
and the adult evaluation dataset (B). The solid line represents the simulated mean and 
the grey area the 95% prediction interval.

The sensitivity analysis (Table 2) showed that most PK parameters were more 
sensitive to variations in blood-β-tubulin expression level than in tissue-β-tubulin 
expression level. For example, 100% increases in blood- or tissue-β-tubulin 
reference concentrations led to decreases in AUC0-24 of 34% and 5%, and increases 
in Vss of 88% and 11%, respectively. Changes in the KD of vincristine-blood-β-
tubulin binding also led to a greater impact on PK parameters than that of tissue-
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β-tubulin binding. Moreover, the effect of blood-β-tubulin-binding impacted on 
PK parameters related to both the period shortly after infusion and the later time 
points, as suggested by the changes in Vss and Vd. The CL of vincristine was 
marginally influenced by variations in either blood- or tissue-β-tubulin reference 
concentration, suggesting that the binding processes mostly affected vincristine 
distribution.

Table 2. Sensitivity analyses

Binding partner Input 
parameter

Relative change in PK parameter with a 100% 
variation in selected input parameters (%)

AUC0-24 AUC
∞

Vss Vd CL t1/2

Blood-β-tubulin Ref Conc -34% -0.1% 88% 87% 0.1% 87%

KD 24% 7% -54% -56% -7% -50%

koff -0.04% -0.03% -0.06% -0.24% 0.03% -0.26%

Tissue-β-tubulin Ref Conc -5% -2% 11% 11% 2% 9%

KD 5% 2% -11% -11% -2% -9%

koff -0.01% -0.42% -0.67% -0.66% 0.42% -1.00%

Abbreviations: AUC, area under the curve; CL, total body clearance; KD, dissociation 
constant; koff dissociation rate, PK, pharmacokinetics; t1/2, half-life; Vd, volume of 
distribution during terminal phase; Vss, volume of distribution at steady state

This adult PBPK model considering possible binding between vincristine and 
blood-β-tubulin demonstrated physiologically appropriate tissue-β-tubulin and 
blood-β-tubulin reference concentrations. Therefore, this model strengthened the 
relevant binding of vincristine to blood-β-tubulin in addition to tissue-β-tubulin.

3.2.3 Pediatric model
The final adult population model was scaled to an adolescent (13-16 years), a 
pediatric (2-10 years) and an infant (0-1 years) population of 100 individuals with 
characteristics similar to patient demographics of the corresponding datasets 
(Table 1). 

For both the adolescent, the pediatric and the infant population, the simulated 
concentration-time curve overpredicted plasma concentrations in the first hours 
after administration (Figure 3A-C), suggesting that vincristine distribution was 
still not well described in the model, despite incorporating vincristine binding to 
blood-β-tubulin. 
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Lee et al. have shown the same misspecification when scaling the adult PBPK 
model to children aged 2 to 9 years, solving it by assuming a 5-fold higher tissue-
β-tubulin expression in children [18]. However, as the developed adult PBPK 
model demonstrated the importance of blood-β-tubulin-binding in vincristine 
distribution, a higher vincristine binding capacity, which might be due to 
increasing tissue- or blood-β-tubulin affinity, could also attribute to the more 
extensive distribution in children. Therefore, a 2 to 5-fold increase with steps of 
0.5 in both blood- and tissue-β-tubulin expression was evaluated. For adolescents, 
increasing the vincristine binding capacity of blood- and tissue-β-tubulin 1.5-fold 
led to improved overall predictions, whereas in children 2-10 years, increasing 
the blood- and tissue-β-tubulin reference concentrations 2-fold was considered 
optimal. For infants until 1 years of age, the initial distribution phase was even 
more pronounced. As a consequence, a 2.5-fold higher reference concentration 
was considered optimal to fit the infant data. The final PBPK model evaluation 
in adolescents, children and infants are shown in Figure 3D-F and final model 
parameters in Table 3.

3.3 Vincristine whole blood concentrations
In total, 21 whole blood concentrations of 6 pediatric patients (1.0-17.6 years) 
were available. A nonlinear relationship between whole blood and plasma 
concentrations was observed. The simulated blood cell-, whole blood- and plasma 
concentration-time curves based on the final PBPK model are displayed in Figure 
4. The observed concentrations closely followed the simulated curves. Vincristine 
disposition in blood cells seems saturable.
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Figure 4. Simulated blood cell- (darkgray, dashed line), whole blood- (lightgray, dotdashed 
line) and plasma (black, solid line) concentration time-curves for the pediatric population.
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Table 3. Final parameters used for the adult and pediatric vincristine PBPK model.

Parameter Value *
Molecular weight, g/mol 824.958

Solubility, mg/L 2.27

LogP 2.82

pKa 5.00 and 7.4

fu 0.51 (α-1-acid glycoprotein)

CYP3A4 metabolism

Vmax (pmol/min/pmol enzyme) 0.9

Km (μM) 19.8

CYP3A5 metabolism

Vmax (pmol/min/pmol enzyme) 8.1

Km (μM) 14.3

P-gp transport

Jmax (pmol/mL/min) 416.1

Km (μM) 17.1

Binding to β-tubulin in tissue

koff (1/s) 1.93 * 10-3

KD (μM) 0.05

Reference concentration (μM) 1.00 

Relative expression 1.0 (adult)
1.5 (adolescent)
2.0 (pediatric)

2.5 (infant)

Binding to β-tubulin in blood

koff (1/s) 1.93 * 10-3

KD (μM) 0.20

Reference concentration (μM) 1.20 

Relative expression 1.0 (adult)
1.5 (adolescent)
2.0 (pediatric)

2.5 (infant)

Abbreviations: fu, unbound fraction; Jmax, maximal rate of transport; KD, dissociation 
constant; Km, Michaelis-Menten constant; koff, dissociation rate; LogP, partition coefficient; 
P-gp, P-glycoprotein; Vmax, maximum rate of metabolism. 
*All parameters, except for binding to β-tubulin in blood, were based on the model of 
Lee., et al [18]. 
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4 DISCUSSION

In this current study, the complex interplay between binding of vincristine to 
β-tubulin including binding to blood components was successfully modelled using 
a PBPK approach. The age dependent effects of β-tubulin binding on the PK of 
vincristine were incorporated, providing a mechanistic explanation for the observed 
age dependency of plasma vincristine PK. We have shown that incorporation of 
blood-β-tubulin-binding improves the adult PBPK model as published by Lee et al. 
and explains the observed differences between children and adults [18]. Our final 
adult model incorporated metabolism by CYP3A4 and CYP3A5, elimination by P-gp 
and binding to β-tubulin in peripheral tissue and blood cells. 

We have shown that vincristine binding to β-tubulin in blood mainly affects the 
distribution phase in the first hours after administration. This is explained by the 
fact that blood cells are the first components that are exposed to the drug after 
intravenous administration. Moreover, the findings on the non-linear and saturable 
binding in blood components (Figure 4) show that vincristine binding to blood-β-
tubulin explains the non-linear PK of vincristine and the rapid distribution in the first 
period after infusion. Binding of vinca alkaloids to blood cells has been previously 
shown in several in vivo and in vitro studies [19, 35-37]. In addition, a high affinity to 
thrombocytes was previously described [36].

In the first step of model development, the adult optimized PBPK model was scaled 
to children. Evaluation of this model on pediatric data indicated that children (2-10 
years) had a 2-fold higher binding capacity of blood- and tissue-β-tubulin, while this 
was 1.5-fold higher for adolescents (13-16 years) and 2.5-fold higher for infants (0-1 
years) as compared to adults. Previously, Lee., et al., found a 5-fold higher binding 
capacity of tissue-β-tubulin for children (0-12 years) as compared to adults, albeit 
without taking binding to blood-β-tubulin into account [18]. The expression of 
β-tubulin in the in-built expression database of PK-Sim is limited to peripheral tissue. 
The current study demonstrated that including blood-β-tubulin-binding on top of 
tissue-β-tubulin-binding not only provided an adequate description of the vincristine 
distribution phase for both plasma and whole blood concentrations but also resulted 
in biologically more plausible parameter estimations. 

The observed age dependent PK of vincristine is explained in our model by a higher 
expression of β-tubulin in tissue as well as blood cells in children as compared to adults. 
Tubulin in microtubules plays a significant role in cell division. Since cell division 
is more dominant in younger patients, a higher β-tubulin expression in children as 
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compared to adults is highly likely. Even though evidence for age related differences in 
the exposition of β-tubulin is not available, previous immunohistochemical research 
showed that expression of β2-tubulin was higher in neonatal tissue compared to 
tissue of older children and adults. Also, expression decreased with increasing age 
[38]. The same could be expected for other isotypes of β-tubulin. Our findings are 
in line with our previous observations from a vincristine population PK model in 
children [5]. Here, a decrease in maximal vincristine binding capacity to β-tubulin 
associated with an increase in age was identified. 

A lower expression of β-tubulin for adults as compared to children would lead 
to a lower binding capacity of vincristine in blood and peripheral tissue, which 
would lead to higher amounts of free vincristine in the central compartment. This 
higher amount of free vincristine in the central compartment could have several 
implications. Firstly, higher amounts of free vincristine are available to distribute 
to peripheral tissue, where it could lead to VIPN. Secondly, higher amounts of 
vincristine are available to bind to tumor cells, and could, theoretically, be more 
effective in terms of treatment. This last implication would suggest that vincristine 
could be less effective in children. However, in current practice, children already 
receive a higher mg/m2 dose than adults, due to the fact that children are able to 
tolerate higher doses of vincristine. Children are dosed based on BSA, while adults 
receive a standard capped dose of 2 mg, corresponding to lower mg/m2 doses than 
administered to children with a BSA below 1 m2. The difference in β-tubulin binding 
capacity between children and adults provides a physiologically plausible reason 
for higher relative doses of vincristine in children and capping the vincristine dose 
to 2 mg in adolescents and adults. This also explains why considerably higher doses 
of vincristine can be administered via a long continuous infusion. In that case, 
vincristine concentrations remain below the concentrations necessary to saturate 
the β-tubulin binding capacity [39,40].

The higher expression of β-tubulin for infants as compared to children and adults 
strengthens the hypothesis that extra dose reductions for very young patients as 
compared to older children might not be justified [5]. However, we did observe a 
higher variability in vincristine plasma concentrations in the first 6 hours after 
infusion for infants than for children and adolescents, which might indicate that 
some variability in the distribution phase in this population is still unexplained.

Despite the fact that children are able to tolerate higher doses of vincristine, VIPN 
remains a serious side effect, which also occurs in children. To date, no convincing 
predictors for VIPN in children have been found [41]. However, a substantial 
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interindividual variability (up to 7-fold) in β-tubulin VI expression in blood cells has 
been observed [22]. The high variability in β-tubulin VI expression could explain the 
variability in observed VIPN, which is still poorly understood [41]. 

In addition, DNA missense variations in β-tubulin VI expression, altering 
myelosuppressive action, have been characterized in a previous study. One of 
these variations significantly decreased sensitivity to paclitaxel induced tubulin 
polymerization [22]. Moreover, these polymorphisms were thought to contribute to 
decreased myelosuppression, associated with the use of microtubule-binding drugs, 
like paclitaxel and vinca alkaloids. Genetic variations in other β-tubulin isoforms 
in tumor cells have also been described and are associated with resistance to 
microtubule-binding drugs [42,43]. These results lead to the question whether genetic 
variations in β-tubulin isoforms in neurons could explain variability in sensitivity to 
VIPN. However, evidence to support this hypothesis are lacking. 

Previous studies have shown that children of African-American origin are at a 
lower risk of developing VIPN than children of Caucasian origin [41]. This difference 
is thought to be associated to differences in CYP polymorphisms between the 
populations. However, the current study indicates that it could possibly be related 
to differences in β-tubulin expression or polymorphisms in the encoding genes, but 
this hypothesis should be confirmed by studying the β-tubulin expression and/or 
genotype in various populations. 

A limitation of the current study concerns explaining the variability in vincristine 
binding capacity. In the current study, we have shown that vincristine binding to 
blood cells impacts vincristine distribution throughout the body. It could be expected 
that variability in blood cell counts explains variability in vincristine PK. However, 
previous research [5] did not find an effect of thrombocyte levels on the maximal 
binding capacity of vincristine. Future studies could include data on blood cell counts 
(e.g., erythrocytes, leukocytes and thrombocytes) to study this effect.

In conclusion, the presented vincristine PBPK model describes the plasma and whole 
blood pharmacokinetics of vincristine in children and adults and demonstrates a 
substantial effect of blood-β-tubulin-binding on vincristine distribution. A 2-fold 
higher β-tubulin expression in children compared to adults was found for tissue as 
well as for blood cells, potentially explaining the fact that children are able to tolerate 
higher doses of vincristine. The previously reported, high variability in β-tubulin 
expression and DNA polymorphisms, altering sensitivity to vincristine, could explain 
the poor understood variability in VIPN between patients.
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ABSTRACT

Background: Recent studies have reported ethnic differences in vincristine 
exposure and outcomes such as toxicity. This resulted in the hypothesis of 
subtherapeutic dosing in African children. To optimize individual treatment, a 
strategy to identify subtherapeutic exposure using therapeutic drug monitoring 
(TDM) is essential. The aim of the current study was to develop a strategy for TDM 
of vincristine in African children to meet the following criteria: (1) identify patients 
with low vincristine exposure with sufficient sensitivity (> 70%), (2) determine 
vincristine exposure with a limited sampling strategy design of three samples, 
and (3) allow all samples to be collected within 4 h after administration.

Methods: An in silico simulation study was performed using a previously 
described population pharmacokinetic model and real-life demographic dataset of 
Kenyan and Malawian pediatric oncology patients. Two different TDM strategies 
were evaluated: (1) Bayesian approach and (2) pharmacometric nomogram. The 
sampling design was optimized using the constraints described above. Sensitivity 
analysis was performed to investigate the influence of missing samples, erroneous 
sampling times, and different boundaries on the nomogram weight bands.

Results: With the Bayesian approach, 43.3% of the estimated individual exposure 
values had a prediction error of ≥20% owing to extremely high shrinkage. The 
Bayesian approach did not improve with alternative sampling designs within 
sampling constraints. However, the pharmacometric nomogram could identify 
patients with low vincristine exposure with a sensitivity, specificity, and accuracy 
of 75.1%, 76.4%, and 75.9%, respectively. The pharmacometric nomogram 
performed similarly for different weight bands.

Conclusions: The Pharmacometric nomogram was able to identify patients with 
low vincristine exposure with high sensitivity with three blood samples collected 
at 1, 1.5, and 4 hours after administration. Missing samples should be avoided, 
and the three scheduled samples should be collected within 15, 5, and 15 min of 
1, 1.5, and 4 h after administration, respectively.
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1 INTRODUCTION

Vincristine is a chemotherapeutic drug belonging to the vinca alkaloid group 
[1]. Its use in clinical practice has been well established since the 1960s [2] 
in the treatment of both solid and nonsolid tumors in various populations 
[3]. Vincristine is administered intravenously via either a bolus injection or 
short infusion [3]. After administration, vincristine pharmacokinetics are 
characterized by a fast distribution phase within the first few hours, followed 
by a slow elimination phase [4,5]. The distribution phase contains a saturable 
component because of its binding to β-tubulin [6,7]. Elimination occurs 
predominantly through metabolism, particularly by cytochrome P450 (CYP) 
enzymes CYP3A4 and CYP3A5 [8]. Vincristine pharmacokinetics demonstrate 
large inter-individual variability [9]. Recent pharmacokinetic studies have 
reported inter-individual variability in pharmacokinetic parameters in 
children, ranging from 48-67% [10,11].

The mechanism of action of vincristine relies on its interference with the 
microtubules in the mitotic spindle, which causes a cytostatic effect [12,13]. Its 
major side effect is neurotoxicity (vincristine-induced peripheral neuropathy 
(VIPN)), which mainly affects longer neurons and is dose limiting. VIPN is 
characterized by sensory loss, neuropathic pain, and muscle weakness 
[2]. VIPN is probably associated with vincristine dose, given that increased 
vincristine doses (2 mg/m2, max 2.5 mg) resulted in an unacceptably high 
incidence of VIPN compared to lower vincristine doses (1.5 mg/m2, max. 2 mg) 
in children with B-acute lymphoblastic leukemia (B-ALL) (78.8% Caucasian) 
[13]. 

Despite the longstanding use of vincristine in clinical practice, the covariates 
that explain inter-individual variability in pharmacokinetics and toxicity 
remain largely unknown [15,16]. Ethnicity may explain some of the observed 
variability. Caucasian children are more affected by VIPN than are non-
Caucasian children [2,17,18]. Moreover, in a cohort of Kenyan children, the 
prevalence of high CYP3A5 expression was 91%, while it was only 14% in a 
predominantly Caucasian U.S. cohort [19]. The high-expression genotype was 
associated with lower plasma exposure (and thus, increased clearance). It was 
not associated with VIPN, which is likely due to the low incidence (9%) of 
non-high CYP3A5 expressers [19]. It is possible that the high incidence of the 
high-expresser CYP3A5 genotype, and thus higher clearance of vincristine, 
may contribute to the overall poorer treatment outcome seen in non-Caucasian 
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children with cancer, since their vincristine exposure might be lower [20, 
21]. In addition to ethnicity, nutritional status might also play a role in the 
clinical pharmacology of vincristine, since Malawian children suffering from 
malnutrition experienced more toxicity and had lower vincristine clearance 
compared to Caucasian children with a better nutritional status [22,23].

These observations led to the hypothesis that the current vincristine dose regimen 
(2 mg/m2, max. 2.5 mg) is subtherapeutic for African pediatric patients who are 
relatively underdosed compared with their Caucasian peers [19]. Dose adjustments 
based on therapeutic drug monitoring (TDM) could be a potential strategy to safely 
optimize vincristine treatment in African pediatric oncology patients, ultimately 
aiming to improve treatment outcomes. The aim of the current study was to 
develop a pragmatic strategy for TDM of vincristine to identify African pediatric 
oncology patients with low vincristine exposure relative to their Caucasian peers. 
The TDM strategy had to meet the following criteria for implementation in the 
clinic: (1) identify patients with low vincristine exposure with sufficient sensitivity 
(>70%), (2) determine vincristine exposure with a limited sampling strategy 
design of three samples, and (3) allow all samples to be collected within 4 h after 
administration. Two TDM strategies were investigated: (1) Bayesian estimation, 
and (2) a nomogram based on body weight and plasma concentration ratios. An 
in silico simulation study was performed using a previously described pediatric 
population pharmacokinetic model [7] and a real-life demographic dataset of 
Kenyan and Malawian pediatric oncology patients. Sensitivity analysis was 
performed to identify the critical aspects of the TDM strategy and define the 
time intervals for sample collection. 
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2 MATERIALS AND METHODS

2.1 Clinical Setting and Practical Constraints
The TDM strategy was developed to support future pharmacokinetic studies in 
Kenyan pediatric oncology patients. The aim of this clinical study is to optimize 
vincristine treatment in this population using a TDM approach. To reduce the 
burden on patients and the number of hospital visits, the number of blood samples 
was limited to a maximum of three within 4 h after administration. Children will 
receive vincristine as part of standard care as a 5-minute IV push injection at a 
dose of 2 mg/m2 (max. 2.5 mg). 

2.2 In silico Pharmacokinetic Simulations 
2.2.1 Population pharmacokinetic model
Vincristine pharmacokinetics were simulated using a previously published 
population pharmacokinetic model [7], which was developed on a dataset 
containing 1297 samples of 206 paediatric and adult patients with a median 
age of 8.3 years (range 0.04–33.9 years). Vincristine pharmacokinetics 
were described using a three-compartment model consisting of a central 
compartment, a peripheral compartment, and a saturable tubulin-binding 
compartment with linear elimination from the central compartment. The 
saturable binding of vincristine to β-tubulin was described using Equations 1 
(differential equation) and 2: 

𝑑𝑑𝑑𝑑	(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)
𝑑𝑑𝑑𝑑

= 	𝐾𝐾!" 	× 𝐴𝐴(𝑉𝑉𝑉𝑉) × 01 −	
𝐴𝐴(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)
𝐵𝐵#$%

4 −	𝐾𝐾!&& 	× 𝐴𝐴(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)  (Equation 1)

𝐵𝐵!"# = 	𝐵𝐵!"#,%&	()	 ×
𝑊𝑊𝑊𝑊
70

	× (
𝐴𝐴𝐴𝐴𝐴𝐴
18

)*+!"#	~	-./  	 (Equation 2)

where Kon is the association rate constant, A(Vc) is the amount of vincristine in 
the central compartment Vc, A(bound) is the amount of vincristine bound to 
β-tubulin, Bmax is the maximum amount of vincristine able to bind to β-tubulin 
for an individual, Koff is the dissociation rate constant, Bmax,70kg is the maximum 
amount of vincristine able to bind to β-tubulin for a typical individual with a body 
weight of 70 kg, WT is body weight in kg, AGE is age in years, and ӨBmax ~ AGE is the 
power coefficient for the correlation between Bmax and AGE.

Body weight was included as a covariate for clearance and volume of distribution 
for both the central and peripheral compartments with allometric scaling. 
Furthermore, inter-occasion variability was included in Bmax to account for the 
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effect of chemotherapeutics on the number of dividing cells in the body. Residual 
variability was described using a proportional error model. The final parameter 
estimates are reported in Table S1 in Supplemental Digital Content 1 [7].

2.2.2 Virtual Patient Population
A demographic dataset of 1003 Kenyan and Malawian children was used to create 
a virtual pediatric patient population to ensure clinical applicability [24-27]. An 
overview of the demographic data is presented in Table S2 in Supplemental 
Digital Content 1. The final dataset consisted of 1001 children aged between 0.2 
and 17 years, with a body weight between 5 and 59 kg, and a weight-for-height 
z-score (W-H-Z-score) between -8 and 8.3. Of these children, 12% were considered 
severely malnourished (Z-score < -3.0) and 14% were moderately malnourished 
(Z-score -2.0).

2.2.3 Simulations
Vincristine pharmacokinetics were simulated for 1000 patients as a 5-minute 
push injection at a dose of 2 mg/m2 (max. 2.5 mg), according to the standard of 
care in Kenya. Vincristine plasma concentrations were simulated every 15 min 
for 4 h after the end of the push injection. 

2.2.4 Bayesian Estimation for Therapeutic Drug Monitoring 
One of the TDM strategies investigated was Bayesian estimation of vincristine 
clearance. Bayesian estimation of pharmacokinetic parameters has been well 
established for pharmacokinetic-guided dosing. Therefore, the Bayesian estimation 
of clearance was investigated for individual dose adaptations of vincristine. A 
sampling design with samples collected at 1, 1.5, and 4 h after the completion of 
vincristine administration was deemed clinically feasible. Vincristine clearance 
obtained from population pharmacokinetic simulations (see section Simulations) 
was defined as the true clearance (CLtrue), and Bayesian estimation was defined as 
the predicted clearance (CLpred). Bias and precision were calculated as the mean 
relative prediction error (MRPE) and root mean squared relative prediction error 
(RMSE), respectively, using Equations 3 and 4: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =	
∑ (𝐶𝐶𝐶𝐶!"#$,& −	𝐶𝐶𝐶𝐶'"(#,&)

𝐶𝐶𝐶𝐶'"(#,&
)
&*+

𝑛𝑛  	 (Equation 3)

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =	'
∑ (

("#$%&',)*	"#,%-&,))
"#,%-&,)

/
)01 )2

$
, ,	 (Equation 4)
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where n is the total number of subjects, CLpred,i is the Bayesian estimate of 
vincristine clearance for individual i and CLtrue,i is the vincristine clearance used in 
the simulation step for individual i. Furthermore, the fraction of mean prediction 
errors < 10% and < 20% was determined. 

2.2.5 Pharmacometric Nomogram for Therapeutic Drug Monitoring 
An alternative TDM strategy for Bayesian estimation was designed. This strategy 
was based on the assumption that vincristine exposure might be classified as 
low or adequate based on the ratio between the individual observed vincristine 
concentration and the median vincristine concentration of the population (Rt) at 
different time points. However, using the median vincristine concentration of the 
complete pediatric population might lead to misclassification because vincristine 
pharmacokinetics are influenced by body weight and age (see section Population 
Pharmacokinetic Model). It was assumed that body weight had a more relevant 
effect on vincristine exposure than age because of the effect of the covariate on 
the respective pharmacokinetic parameters. Therefore, it was proposed to stratify 
patients based on their body weight (weight bands) and calculate Rt’s with the 
median vincristine concentration of the Caucasian pediatric population within 
the respective weight band. Vincristine exposure was classified as low when two 
or more Rt were ≤0.80. 

A pharmacometric nomogram was developed in several steps. First, the time 
points for sample collection were optimized for a typical (Caucasian) patient (18 
years, 70 kg). Second, the performance of the pharmacometric nomogram with 
the optimized sampling strategy was investigated for each predefined weight 
band. Lastly, vincristine plasma concentrations were simulated using the optimal 
sampling strategy for 1001 virtual African pediatric oncology patients (see section 
Virtual Patient Population). The vincristine exposure of each patient was classified 
using a pharmacometric nomogram. 

2.2.6 Weight Bands and Reference Patients
Weight bands were developed to stratify the patients into groups with similar 
vincristine pharmacokinetics to ensure sufficient accuracy of the pharmacometric 
nomogram. Weight bands were defined based on the effect of body weight on 
vincristine exposure in relation to the variability in the population [7]. This resulted 
in weight bands of 5 kg up to a body weight of 40 kg due to the high variability in 
body weight, age, and vincristine dose in smaller children, while weight bands of 10 
kg were defined above a body weight of 40 kg due to relatively low variability in body 
weight, age, and reaching the capped maximum dose of 2.5 mg in larger children. 
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For each weight band, a typical (Caucasian) patient was developed as a reference 
for patients with body weight within the respective weight band. The patient had a 
specific body weight, age, and body surface area (BSA). Body weight was defined as 
the median body weight within the weight band. Age was defined as the median age 
of the children in the demographic dataset with body weight within the respective 
weight band. The corresponding BSA was calculated using a previously described 
method [28]. Patient characteristics are presented in Table 2. These reference patients 
were used for the simulation of reference concentrations (median concentration at 
each time point; CT,REF). 

2.2.7 Optimization of the sampling strategy
The sampling strategy was optimized according to Figure 1 using the simulated 
pharmacokinetics of a typical (Caucasian) patient (18 years old, 70 kg). The true 
exposure classification was obtained by dividing the individual area under the 
concentration-time curve (AUC) with the median AUC (AUCREF) using the same 
threshold of ≤0.80 as for plasma concentration ratios. Different sampling strategies 
were tested by alternating sampling times in three predefined sampling windows: 0-1 
h, 1.5-2.5 h, and 3-4 h after a 5-minute push injection. The sensitivity, specificity, and 
accuracy were determined to evaluate the performance of the nomogram. Sensitivity 
was weighted more than specificity and accuracy in the evaluation of different 
sampling designs because the aim of the TDM strategy was to identify patients 
with low exposure. The risk of overexposure due to false positives was considered 
low because the toxicity profile (e.g., presence of VIPN) and nutritional status of the 
patients also played a role in dose adjustments. A clinically feasible sampling design, 
with samples collected at 1, 1.5, and 4 h after vincristine administration, was used 
as the starting point. 

2.2.8 Performance of the pharmacometric nomogram. 
To investigate the performance of the nomogram, vincristine plasma concentrations 
were simulated using the model described in section Population pharmacokinetic 
model, and the virtual patient population described in section Virtual patient 
populations. The exposure of these virtual patients was classified using the reference 
concentrations as described in section Weight bands and reference patients. 

2.3 Sensitivity Analysis 
A sensitivity analysis was performed to check the robustness and limitations of the 
pharmacometric nomogram. The influence of missing samples, sampling errors, 
and alternative body weight bands on the performance of the pharmacometric 
nomogram was investigated. 
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3 RESULTS 

3.1 Bayesian estimation for Pharmacokinetic-guided Dosing 
The Bayesian estimation of vincristine clearance based on three plasma 
concentrations collected within the first four hours after administration was 
characterized by extreme shrinkage (see Figure 2). Generally, there was an 
underprediction of higher vincristine clearances, whereas the lower vincristine 
clearances were overpredicted, with prediction errors of up to 300%. The 
prediction errors could not be improved by changing the sampling strategy. In 
particular, extreme overpredictions would make dose individualization based 
on Bayesian estimation not only difficult but also potentially highly dangerous. 
The poor performance of Bayesian estimation was not observable in the MRPE, 
which ranged between 2.2% and 10.1%, while it was more pronounced in the 
RMSE, which ranged between 31.5% and 46.3% (see Table S3, Supplemental 
Digital Content 1). Therefore, it was concluded that Bayesian estimation was not 
an appropriate method for the exposure estimation of vincristine in the context 
of the practical constraints associated with the study design. 

3.2 Pharmacometric Nomogram Development
3.2.1 Study design optimization
The results of study design optimization are presented in Table 1. A clinically 
feasible study design, with sampling at 1, 1.5, and 4 h after a 5-minute push 
injection, was chosen as the starting point. The use of a sampling time point 
between 0-1 h post administration did not substantially improve the performance 
of the nomogram. The sensitivity, specificity, and accuracy ranged from 70.8% 
to 71.7 %, 75.9% to 80.2%, and 74.2% to 77.3%, respectively. A sampling time of 1 
h was chosen because it is the most pragmatic sampling time for the clinic. The 
sensitivity of the nomogram decreased from 70.8% to a minimum of 57.5% when 
the concentration-time point in sampling window 2 (1.5-2.5 h) was taken later 
than 1.5 hour after the push injection (Table 1). However, the specificity increased 
to approximately 85% and the accuracy was similar. The sensitivity of the 
nomogram decreased similarly when the concentration-time point in sampling 
window 3 (3-4 h) was considered earlier. A study design with concentration-time 
points of 1, 1.5, and 4 h after a 5 minute push-injection was chosen as the optimal 
study design because of its high sensitivity, specificity, accuracy, and clinical 
feasibility. The final nomogram is depicted in Supplemental Figure S1.
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Table 1. Study design optimization of the pharmacometric nomogram. 

Study design (hours) Sensitivity (%) Specificity (%) Accuracy (%)

Final 1, 1.5, 4 70.8 75.9 74.2

Window 1 0.25, 1.5, 4 71.7 80.2 77.3

0.5, 1.5, 4 70.5 78.2 75.6

0.75, 1.5, 4 70.8 76.7 74.7

1, 1.5, 4 70.8 75.9 74.2

Window 2 1, 1.75, 4 69.9 77.0 74.6

1, 2, 4 57.5 85.8 76.2

1, 2.25, 4 57.5 85.8 76.2

1, 2.5, 4 57.8 85.8 76.3

Window 3 1, 1.5, 3.75 57.8 85.8 76.3

1, 1.5, 3.5 57.8 85.3 76.0

1, 1.5, 3.25 57.2 85.3 75.8

1, 1.5, 3 56.9 84.9 75.4

3.2.2 Nomogram performance
Using the pharmacokinetic nomogram, it was possible to adequately classify 
the simulated vincristine exposure of 1001 pediatric oncology patients into low- 
and adequate-exposure groups. The overall model sensitivity was 75.1%, with a 
specificity of 76.4% and accuracy of 75.9%. The sensitivity was ≥ 70% for most 
weight categories (Table 2), indicating that patients with low exposure were 
identifiable for seven of the nine weight bands. Weight band 9 (50–60 kg) had the 
lowest sensitivity of 33.3%, probably because of the low number of virtual patients 
inside that weight band (n = 5). Weight band 1 (5–10 kg) had a sensitivity of just 
below the desired 70%. This may be due to the relatively high variability in age, 
body weight, and dose in relation to the number of patients in that weight band. 

3.3 Sensitivity Analysis 
The sensitivity analysis demonstrated the strengths and limitations of the 
pharmacometric nomogram. The results of the sensitivity analysis are shown 
in Figure 3. 
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Table 2. Performance of the pharmacometric nomogram on simulated vincristine 
pharmacokinetics of African pediatric oncology patients. Demographic data are depicted 
as median (range). 

Demographic data Reference patients Nomogram Nomogram performance

Data n Age (yrs) Weight
(kg)

Dose
(mg)

Age 
(yrs)

Weight 
(kg)

BSA 
(m2)

Weight 
bands 

(kg)

Ref. conc. 
(ng/mL)#

Predicted 
exposure

True 
low
(n =)

True 
adequate

(n = )

Sensitivity 
(%)

Specificity 
(%)

Accuracy 
(%)

All data 1001 6 (0.2-17.0) 17.5 (5.0-59) 1.5 (0.4-2.5) Low 269 152 75.1 76.4 75.9

Adequate 89 491

Weight 
band 1 

88 1.46 (0.25-4.30) 8.75 (5.0-9.9) 0.9 (0.6-1) 1.5 7.5 0.40 5-10 6.89 Low 23 10 67.6 81.5 76.1

4.33

1.72 Adequate 11 44

Weight 
band 2

299 3.1 (0.2-10.1) 12.4 (10-14.9) 1.1 (0.4-1.5) 3.1 12.5 0.575 10-15 6.40 Low 81 37 70.4 79.9 76.3

3.88

1.50 Adequate 34 147

Weight 
band 3

193 5.7 (0.6-12.0) 17 (15-19.9) 1.4 (1.2-1.7) 5.7 17.5 0.725 15-20 5.90 Low 43 33 71.7 75.2 74.1

3.49
Adequate 17 1001.32

Weight 
band 4

171 8.2 (2.0-14.0) 22 (20-24.9) 1.8 (1.5-2) 8.2 22.5 0.86 20-25 5.75 Low 51 28 83.6 74.5 77.8

3.32
Adequate 10 821.24

Weight 
band 5

126 11 (1.3-15.1) 27 (25-29.8) 2 (1.8-2.2) 11.0 27.5 0.985 25-30 5.58 Low 39 22 81.2 71.8 75.4

3.22

1.17 Adequate 9 56

Weight 
band 6

69 12 (6.8-17.0) 31.7 (30-34.9) 2.2 (2-2.4) 12.0 32.5 1.10 30-35 5.72 Low 17 14 81.0 70.8 73.9

3.25

1.16 Adequate 4 34

Weight 
band 7

24 13 (2.75-15.0) 36 (35-39.9) 2.5 (2.1-2.5) 13.0 37.5 1.2 35-40 5.77 Low 6 4 75.0 75.0 75.0

3.28

1.16 Adequate 2 12

Weight 
band 8

26 13 (5.17-15.0) 42 (40-49.5) 2.5 (2.4-2.5) 13.0 45.0 1.4 40-50 5.85 Low 8 4 100 77.8 84.6

3.32

1.16 Adequate 0 14

Weight 
band 9

5 14 (12.8-14.2) 56.1 (51-59) 2.5 14.0 55.0 1.6 50-60 5.68 Low 1 0 33.3 100 60

3.23

1.11 Adequate 2 2

Abbreviations: BSA, body surface area; Ref. conc, reference concentration; Yrs, years. # The reference concentrations are depicted in the order of sample collection, 1, 1.5, and 4 
h after the end of a 5-minute push injection, respectively
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Table 2. Performance of the pharmacometric nomogram on simulated vincristine 
pharmacokinetics of African pediatric oncology patients. Demographic data are depicted 
as median (range). 

Demographic data Reference patients Nomogram Nomogram performance

Data n Age (yrs) Weight
(kg)

Dose
(mg)

Age 
(yrs)

Weight 
(kg)

BSA 
(m2)

Weight 
bands 

(kg)

Ref. conc. 
(ng/mL)#

Predicted 
exposure

True 
low
(n =)

True 
adequate

(n = )

Sensitivity 
(%)

Specificity 
(%)

Accuracy 
(%)

All data 1001 6 (0.2-17.0) 17.5 (5.0-59) 1.5 (0.4-2.5) Low 269 152 75.1 76.4 75.9

Adequate 89 491

Weight 
band 1 

88 1.46 (0.25-4.30) 8.75 (5.0-9.9) 0.9 (0.6-1) 1.5 7.5 0.40 5-10 6.89 Low 23 10 67.6 81.5 76.1

4.33

1.72 Adequate 11 44

Weight 
band 2

299 3.1 (0.2-10.1) 12.4 (10-14.9) 1.1 (0.4-1.5) 3.1 12.5 0.575 10-15 6.40 Low 81 37 70.4 79.9 76.3

3.88

1.50 Adequate 34 147

Weight 
band 3

193 5.7 (0.6-12.0) 17 (15-19.9) 1.4 (1.2-1.7) 5.7 17.5 0.725 15-20 5.90 Low 43 33 71.7 75.2 74.1

3.49
Adequate 17 1001.32

Weight 
band 4

171 8.2 (2.0-14.0) 22 (20-24.9) 1.8 (1.5-2) 8.2 22.5 0.86 20-25 5.75 Low 51 28 83.6 74.5 77.8

3.32
Adequate 10 821.24

Weight 
band 5

126 11 (1.3-15.1) 27 (25-29.8) 2 (1.8-2.2) 11.0 27.5 0.985 25-30 5.58 Low 39 22 81.2 71.8 75.4

3.22

1.17 Adequate 9 56

Weight 
band 6

69 12 (6.8-17.0) 31.7 (30-34.9) 2.2 (2-2.4) 12.0 32.5 1.10 30-35 5.72 Low 17 14 81.0 70.8 73.9

3.25

1.16 Adequate 4 34

Weight 
band 7

24 13 (2.75-15.0) 36 (35-39.9) 2.5 (2.1-2.5) 13.0 37.5 1.2 35-40 5.77 Low 6 4 75.0 75.0 75.0

3.28

1.16 Adequate 2 12

Weight 
band 8

26 13 (5.17-15.0) 42 (40-49.5) 2.5 (2.4-2.5) 13.0 45.0 1.4 40-50 5.85 Low 8 4 100 77.8 84.6

3.32

1.16 Adequate 0 14

Weight 
band 9

5 14 (12.8-14.2) 56.1 (51-59) 2.5 14.0 55.0 1.6 50-60 5.68 Low 1 0 33.3 100 60

3.23

1.11 Adequate 2 2

Abbreviations: BSA, body surface area; Ref. conc, reference concentration; Yrs, years. # The reference concentrations are depicted in the order of sample collection, 1, 1.5, and 4 
h after the end of a 5-minute push injection, respectively
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The performance of the pharmacometric nomogram was sensitive to missing 
samples and early or delayed sample collection. In particular, when the second 
sample was missing or it deviated from the nominal sampling time, relatively large 
changes in the sensitivity, specificity, and accuracy were observed. However, the 
decrease in sensitivity was relatively limited, allowing 66.8% of the patients with 
low vincristine exposure to be correctly identified. Missing plasma concentrations 
at the first or third sample collection time resulted in a decrease in sensitivity 
by 5% and 6%, respectively, while the specificity and accuracy increased. The 
increase in sensitivity and accuracy due to missing samples was due to patients 
with vincristine concentrations that were close to the reference concentration. 
These patients were misclassified when all three samples were considered, but 
correctly classified when the second or third samples were missing. Furthermore, 
the second sample should be collected within ±5 min of the intended sample 
collection time (1.5 h after a 5-minute push injection). For the first and third 
samples, a time interval of ±15 min around the planned sample collection time 
resulted in an acceptable performance of the pharmacometric nomogram. 

Changing the body weight boundaries to 5 or 10 kg did not influence the 
performance of the pharmacometric nomogram. Using 5 kg body weight 
boundaries instead of a combination of 5 and 10 kg body weight boundaries 
resulted in a decrease in sensitivity of -0.7%, while 10 kg body weight boundaries 
resulted in a decrease in sensitivity of -3.6%. The impact of 5 kg body weight 
boundaries on specificity and accuracy was negligible, while 10 kg body weight 
boundaries had a small increase of 5.5% and 1.6%, respectively. 

Overall, the performance of the pharmacometric nomogram was relatively 
sensitive to missing samples and the exact timing of sample collection of the 
second sample. Nonetheless, the pharmacometric nomogram performed robustly 
with a sensitivity of 66.8–78.5%. 



355

Therapeutic drug monitoring of vincristine

C
H

A
PT

ER
 12

4 DISCUSSION 

The current study aimed to develop a pharmacometric nomogram for the 
identification of pediatric patients with low vincristine exposure. A study design 
consisting of three samples collected at 1, 1.5, and 4 h after a 5-minute push 
injection resulted in the optimal performance of the pharmacometric nomogram. 
The pharmacometric nomogram could identify African pediatric oncology 
patients with simulated low vincristine exposure with high sensitivity, specificity, 
and accuracy (75.1%, 76.4%, and 75.9%, respectively) in a clinical setting with 
practical constraints. A decision tree of the pharmacometric nomogram is 
shown in Figure S1 in Supplemental Digital Content 1. The sensitivity analysis 
demonstrated the relative robustness of the pharmacometric nomogram. 
Furthermore, sensitivity analysis demonstrated that collection intervals of ±15 
min of the intended collection times are acceptable for the first and third samples, 
whereas the second sample should be collected within 5 min of the intended 
collection time. Finally, care should be taken to avoid missing samples, especially 
the second sample, as indicated by the sensitivity analysis. 

The pharmacometric nomogram presented here was developed to identify 
African pediatric oncology patients with low vincristine exposure relative to 
their Caucasian peers. The Caucasian population seemed to be an appropriate 
reference because the pharmacokinetics, safety, and efficacy of vincristine 
have mainly been evaluated in the Caucasian population. Identification of 
African pediatric patients with low vincristine exposure is relevant because low 
exposure is currently clinically ignored, whereas high exposure may result in 
toxicity leading to dose reductions. Furthermore, there are several indications that 
African pediatric patients are currently underdosed with vincristine. First, non-
Caucasian patients are less affected by VIPN than Caucasian patients, possibly 
due to racial differences in CYP3A5 expression [2, 17, 18, 29]. The incidence of 
CYP3A5 high-expressers in Kenyan children was found to be 91% versus 14% in 
a U.S. cohort, corresponding to a reduction in exposure of 58% [19], indicating that 
Kenyan children metabolize vincristine faster than Caucasian children. One study 
in adult lymphoma patients [11] and one study in pediatric acute lymphoblastic 
leukemia patients [30] reported an association between vincristine exposure and 
clinical outcomes, indicating that vincristine exposure may influence clinical 
outcomes. This has been confirmed by the observation that non-Caucasian 
oncology patients have poorer outcomes for several pediatric oncology diseases 
than Caucasian patients [20,21]. In addition, variability in vincristine exposure in 
African pediatric populations should be considered. Significantly lower vincristine 
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clearance (p = 0.001) and higher vincristine exposure (p = 0.003) were observed 
in Malawian pediatric patients (n = 11) than in British pediatric patients (n = 8) 
[22]. Nutritional status explained the difference in vincristine exposure (p = 0.043) 
[22]. The relatively higher vincristine exposure in Malawian children may 
contribute to the considerable toxicity observed in Malawian children suffering 
from malnutrition receiving preoperative chemotherapy [23]. Therefore, dose 
optimization might be beneficial in improving vincristine treatment in African 
pediatric oncology patients. TDM could be a strategy to increase the dose of 
vincristine in low-exposure patients and finding an optimal dose in this patient 
population and prevent dose reductions due to toxicity in patients with high 
exposure. The pharmacometric nomogram enabled TDM by identifying patients 
with low vincristine exposure. 

Since its introduction, the Bayesian estimation of pharmacokinetic parameters 
and its use in pharmacokinetic-guided dosing have been well established. It has 
been described for numerous drugs including vancomycin [31,32], mycophenolic 
acid [33], theophylline [34,35], aminoglycoside antibiotics [36-38], antiepileptic 
drugs [38-40], digoxin [41], and chemotherapeutics such as paclitaxel [42] and 
carboplatin [43]. However, for vincristine exposure, Bayesian estimation is not 
suitable under current clinical constraints. The complex pharmacokinetics of 
vincristine makes it difficult to accurately estimate vincristine exposure with 
only three concentrations collected within 4 h after administration. Vincristine 
demonstrates distribution pharmacokinetics with a fast initial distribution phase 
and long elimination phase [4,5]. Owing to the distribution pharmacokinetics 
of vincristine, it was difficult to capture AUC with the current limited sampling 
design, resulting in underprediction and extreme overprediction of vincristine 
clearance (Figure 2). The Bayesian estimation of individual concentrations 
would likely improve the performance of the Bayesian estimation. These 
Bayesian estimations of individual concentrations can be used as inputs for the 
pharmacometric nomogram. However, this would complicate the implementation 
of the pharmacometric nomogram in clinical practice, especially since the 
pharmacometric nomogram with simulated observed concentrations performs 
adequately. 

This pharmacokinetic nomogram cannot be clinically evaluated until a future 
clinical study is conducted, in which the exposure of Kenyan pediatric patients 
will be classified according to the pharmacometric nomogram (see Supplemental 
Figure S1). The primary objective of this clinical trial is to optimize vincristine 
dosing in this patient population. Children with low vincristine exposure are eligible 
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for a dose increase of 20%. The sensitivity, specificity, and accuracy are thought 
to be representative of the performance of the pharmacometric nomogram in the 
study population because it was developed based on demographic data of real 
African pediatric oncology patients treated in the same treatment center where 
the algorithm is going to be implemented and evaluated. The high sensitivity of 
the pharmacometric nomogram ensures that enough patients with low vincristine 
exposure are identified to attain the primary objective of the study. Moreover, the 
risk of overdosing is low owing to the high specificity of the pharmacometric 
nomogram. However, approximately 23.6% of patients with adequate vincristine 
exposure will be incorrectly identified as having low exposure and could 
theoretically receive an unjustified dose increase. Theoretically, this could result 
in toxicity. However, dose increases should not be solely based on the outcome of 
the pharmacometric nomogram. Other factors such as nutritional status [22,23] 
and toxicity profile (e.g., development of VIPN) should also be taken into account, 
and the final decision should be made by the treating physician. Therefore, only 
patients with classified low vincristine exposure who are clinically expected to 
tolerate an increased dose will be considered for dose increase, minimizing the 
risk of overdosing and toxicity. Approximately 25% of patients with actual low 
vincristine exposure will be wrongly classified and therefore be at risk of continued 
underdosing, especially for patients with a body weight between 5-10 kg (see 
Table 2). Owing to practical limitations, the sensitivity could not be improved by, 
for example, extending the study design with an additional plasma concentration 
at a later time point. Finally, when samples of a patient are collected outside the 
recommended sampling windows or are missing, the impact on the classification 
of the patient should be estimated based on the sensitivity analysis (Figure 3). The 
risk of potential misclassification due to erroneous sampling or missing samples 
should be considered in the benefit-risk evaluation of a potential dose increase. 

Pharmacometric nomograms offer several advantages. First, the pharmacometric 
nomogram does not rely on assumptions regarding the parameter distributions 
in African pediatric patients. This is important because the distribution of 
pharmacokinetic parameters is not necessarily similar between two pediatric 
populations. However, the reference concentrations used in the pharmacometric 
nomogram are based on the assumptions of parameter distributions in 
(predominantly) Caucasian patients. Second, the pharmacometric nomogram is 
a relatively simple method and, therefore, easy to use for clinicians unfamiliar 
with pharmacokinetic models. Furthermore, the pharmacometric nomogram 
uses a limited sampling strategy, with all samples collected within 4 h after 
administration. Patients will be able to go home relatively soon compared to 
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a Bayesian estimation strategy that might require a 24 h sample. Lastly, the 
pharmacometric nomogram can be extrapolated to different settings, such as other 
chemotherapeutics that have similar distribution pharmacokinetics as vincristine 
(e.g., doxorubicin, gemcitabine, and docetaxel). Owing to the pronounced and 
rapid distribution pharmacokinetics followed by slow terminal elimination, the 
application of classical TDM approaches such as Bayesian estimation is limited; 
therefore, our proposed approach could be a practical alternative. Furthermore, 
the pharmacometric nomogram can also be used to identify patients with high 
levels of exposure. A limitation of the pharmacometric nomogram is the loss 
of information. While the output of the pharmacometric nomogram is a binary 
exposure variable (low or non-low), each of these groups will contain a range 
of exposure values. Patient concentrations much lower than the reference 
concentrations will be considered for the same dose increase as patients with 
concentrations just below the reference concentrations. 

5 CONCLUSION 

A pharmacometric nomogram was developed to identify pediatric oncology 
patients with low vincristine exposure to support therapeutic drug monitoring of 
vincristine in Kenyan pediatric patients. The nomogram uses body weight and 
three plasma concentrations collected at 1, 1.5, and 4 h after a 5-minute push 
injection. The pharmacometric nomogram had a sensitivity of 75.1%, specificity 
of 76. 4%, and accuracy of 75.9%. Missing samples should be avoided, and the 
three plasma concentrations should be collected within 15, 5, and 15 min of 1, 1.5, 
and 4 h after administration of a 5-minute push injection, respectively. 
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SUPPLEMENTARY MATERIAL.

Supplementary Table S1. Vincristine pharmacokinetic parameter estimates of the final 
model. 

Parameter Estimate 95% CI 
CL70kg (L/h) 30.6 27.6 – 33.0 

Q70kg (L/h) 63.2 57.2 – 70.1 

Vc70kg (L) 5.39 4.23 – 6.46 

Vp70kg (L) 400 357 – 463 

Bmax18yrs,70kg (μg) 0.525 0.479 – 0.602 

kon (/h) 1300 fixed 

koff (/h) 11.5 9.2 – 14.5 

Age on Bmax -0.199 -0.304 - -0.090 

IIV CL (%) 47.7 41.0 – 54.3 

IIV Q (%) 38.1 26.2 – 49.0 

IIV Vc (%) 122.5 98.7 – 158.3 

IIV Vp (%) 57.1 48.8 – 69.7 

IIV kon (%) 126.5 108.7 – 147.8 

IIV koff (%) 24.1 11.1 – 33.8 

IOV Bmax (%) 59.1 50.7 – 66.1 

Proportional residual error (%) 30.1 28.9 – 31.4 

Abbreviations: Bmax, maximal binding capacity; CI, Confidence interval obtained by 
sampling importance resampling; CL, Clearance; IIV, Interindividual variability; IOV, 
interval variability; koff, dissociation rate constant; kon, association rate constant; PK, 
pharmacokinetics (s); Q, Intercompartmental clearance; Vc, central compartment; Vp, 
peripheral compartment.
Bmax corresponds to a subject aged 18 years weighing 70 kg, while other population 
estimates correspond to a subject weighing 70 kg and are adjusted to an individual value 
using allometric scaling.
The final parameter estimates are obtained from Nijstad et al., (2022) [7]. 
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Supplementary Table S2. Demographic data of 1001 Kenyan and Malawian paediatric 
oncology patients. 

Kenya Malawi

Number of in children 689 312

Boys (%) 43.8 59.9

Age (years) 5.8 (0.2-16.3) 6 (0.3-17)

Bodyweight (kg) 17.5 (5-59) 17 (6-51)

BSA (m2) 0.7 (0.3-1.6) 0.7 (0.2-1.5)

Z-score -1 (-8-8.3) -1 (-6.3-5.9)

All values are presented as medians (range), unless otherwise specified. 
Abbreviations: BSA, body surface area. 

Supplementary Table S3. Numerical results of Bayesian estimation of vincristine 
clearance performance. 

Study design (hours) MRPE (%) RMSE (%) Fraction ± 10% (%) Fraction ± 20% (%)

0.25, 1.5, 4 10.1 45.4 50.8 67.7

0.5, 1.5, 4 5.6 39.9 44.8 64.9

0.75, 1.5, 4 2.4 31.7 38.8 60.2

1, 1.5, 4 3.0 46.3 35.6 56.7

0.75, 1.75, 4 2.6 31.5 38.4 57.4

0.75, 2.25, 4 3.3 36.5 34.8 56.2

0.75, 2.25, 4 3.3 43.9 34.5 56.6

0.75, 2.25, 4 4.1 44.5 34.1 54.4

0.75, 1.5, 3.25 2.6 33.8 38.2 60.5

0.75, 1.5, 3 2.7 35.6 37.5 60.8

0.75, 1.5, 3.5 2.8 33.7 38.9 61.0

0.75, 1.5, 3.75 2.2 32.3 37.6 59.3

Abbreviations: MRPE, mean relative prediction error. RMSE, root mean squared relative 
prediction error. 
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Supplementary Figure S1. Decision tree of the pharmacometric nomogram. Abbreviations: C1, 
vincristine plasma concentration collected 1 h after complete administration. C2, vincristine 
plasma concentration collected 1.5 hours after complete administration. C3, vincristine 
plasma concentration, collected 4 h after complete administration. R1, ratio of the measured 
plasma concentration to the reference concentration 1 h after complete administration. R2, 
ratio of the measured plasma concentration to the reference concentration at 1.5 hours 
after complete administration. R3, the ratio of the measured plasma concentration to the 
reference concentration at 4 h after complete administration. 
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CONCLUSIONS AND PERSPECTIVES 

Despite the need for an improved dose selection in early development of 
anticancer agents, many dose-escalating Phase I clinical trials still define the 
recommended Phase 2 dose (RP2D) on toxicity data [1,2]. However, for improved 
dose selection, characterisation of exposure-response relationships is essential. 
This thesis focusses on three important methods for the support of dose finding 
in oncology drug development: sensitive bioanalytical methods, microdosing 
and pharmacometric modelling. The main findings and implications of the work 
described in this thesis on these three topics are summarized in Figure 1. 

Pharmacometric methods are an integral part for characterisation of 
exposure and exposure-response relationships 

Microdosing and microtracers can very efficiently be used for exposure 
characterisation and optimisation in early drug development 

Liquid-chromatography tandem mass spectrometry methods are capable of 
quantifying drug concentrations in complex clinical samples 

Figure 1. Key points extracted from this thesis. 

Ultra-sensitive liquid-chromatography tandem mass spectrometry methods are 
capable of quantifying drug concentrations in complex clinical samples 
The ability to quantify drug concentrations in biological matrices over a 
clinically relevant concentration range is essential for the characterisation 
of pharmacokinetics and thus for dose finding. Previously, accelerated mass 
spectrometry (AMS) was necessary to quantify concentrations in the picogram 
per millilitre (pg/mL) range (or lower) [3]. Application of AMS is complicated 
by its limited availability and the use of radioactive labelled compounds [3]. 
Recent advances within the field of bioanalysis made it possible to quantify 
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increasingly lower drug concentrations with liquid chromatography tandem 
mass spectrometry (LC-MS/MS). In comparison to AMS, LC-MS/MS is more 
readily available in laboratories and is independent on the radioactive labelling 
of compounds, making it a suitable equipment to support clinical trials [3]. In 
this thesis, the development and validation of several fit-for-purpose LC-MS/MS 
methods have been described that contribute to exposure characterisation and 
exposure optimisation of several anticancer agents. 

Two LC-MS/MS method were used for the quantification of vincristine in human 
plasma (Chapter 9) and whole blood collected with volumetric absorptive 
microsampling (VAMS; Chapter 10). The bioanalysis of vincristine in plasma 
is a relatively straightforward LC-MS/MS method but still with a lower limit of 
quantitation in the low ng/mL range. Despite the long-established clinical use 
of vincristine, covariates explaining the inter-individual variability observed in 
vincristine pharmacokinetics remain largely unknown [4,5]. Due to these two 
sensitive LC-MS/MS methods vincristine pharmacokinetics in plasma and whole 
blood could be investigated resulting in the conclusion that children have a lower 
β-tubulin binding capacity compared to adults as described in Chapter 11 and by 
Nijstad., et al [6], which might explain the fact that children are able to tolerate 
higher doses of vincristine. 

These studies paved the way for further dose optimisation of vincristine in 
children. However, for this population, an assay requiring minimal volumes of 
blood is necessary, which demands ultrasensitive detection. Therefore, an assay 
for vincristine in VAMS was developed (Chapter 10). This LC-MS/MS contributed 
to the feasibility of a pharmacokinetic study for the optimisation of vincristine 
dosing in Kenyan children (NCT05844670). VAMS is an alternative sampling 
method, which requires small volumes (≤20 µL) of whole blood and uses a less 
invasive method for sample collection (e.g., finger prick instead for venepuncture) 
[7,8]. Therefore, VAMS might be a more desirable sampling method for vulnerable 
and frail patient populations, such as paediatrics. Additional advantages of VAMS 
sampling are stability due to the dried matrix form (dried whole blood) making 
shipment at ambient temperatures possible and the possibility of home sampling. 
Since LC-MS/MS methods are capable of quantifying drug concentrations 
in human whole blood collected with VAMS, VAMS can be considered as a 
sampling method in future clinical studies not only for special populations such 
as paediatrics [9] but also adult populations [10]. 
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Further dose optimisation of anticancer agents could be achieved with target-
site bioanalysis with LC-MS/MS. Tissue drug concentrations could improve our 
understanding of exposure-response relationship. Target-site bioanalysis early in 
drug development is possible since biopsy collection at start and during treatment 
has become more common practice in Phase I clinical trials [11]. While intra-
tumour sunitinib concentrations were higher compared to plasma for glioblastoma 
[12], it is unknown if this will be the case for every drug. Therefore, sensitive LC-
MS/MS methods are essential for the quantification of tissue drug concentrations. 

Lastly, LC-MS/MS methods can also support novel clinical trial designs such as 
microdose and microtracer studies. These compounds are usually administrated 
at extreme low doses (≤100 µg) and therefore ultrasensitive bioanalytical assay 
are essential for the feasibility of these studies. Moreover, these bioanalytical 
methods, especially for the support of microtracer studies, are challenged by 
isotope interference due to the large difference in concentration range between 
microtracer (stable isotopically labelled drug) and the unlabelled drug (≥1,000-fold). 
Chapter 2 demonstrated that concentrations as low as 1 pg/mL of 2H6-alectinib 
(microtracer) could be quantified with an accuracy and precision of ±15.9% 
and ≤12.5%, respectively, in presence of ≥400 ng/mL alectinib. The methods of 
correction for spectral isotope interference described in this chapter can be applied 
to other LC-MS/MS bioanalytical methods with microdose and microtracer studies. 

Taken together, relatively simple LC-MS/MS methods are capable of quantifying 
drug concentrations in complex clinical samples. Ultrasensitive LC-MS/MS 
methods enable pharmacokinetic studies which were not possible before, and 
which can make important contributions to dose optimization for instance in 
special populations like paediatrics. 

Microdosing and microtracers can very efficiently be used for exposure 
characterisation and optimisation in early drug development
Microdoses are sub-therapeutic doses at 1/100th of the (anticipated) therapeutic 
dose with a maximum dose of 100 µg [5]. These microdoses are administrated to 
study participants with the aim of an early assessment of in vivo pharmacokinetics 
prior to Phase I clinical trials [5]. The predictive value of a microdose is usually 
determined by performing non-compartmental analysis for both the microdose 
and the therapeutic dose, where the dose-normalised pharmacokinetic metrics 
should fall within 2-fold of each other [13,14]. Based on this methodology, the 
predictive value of a microdose was found to be between 62-68% for oral drugs 
and 94-100% for intravenous drugs [15,16]. 
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The predominant disadvantage of this methodology is its inability to extrapolate to 
different therapeutic doses. Extrapolation to therapeutic doses can be performed 
using naïve pooled data (NPD) pharmacokinetic models (Chapter 1). These 
extrapolations can be used to inform dose selection in dose-escalating Phase I 
trials. Dose selection for dose-escalating Phase I trials could be further improved 
by using physiologically-based pharmacokinetic (PBPK) modelling to combine 
microdose pharmacokinetics with preclinical data. Drug characteristics, disease 
biology, and preclinical data such as in vitro enzyme/transporter kinetic data, 
could be used for the development of a PBPK model for a new anticancer agent, 
while in vivo microdose pharmacokinetics could be used for model optimisation. 

Microdosing has also been applied to other study design, such as drug-drug 
interaction studies, pharmacokinetic studies in vulnerable populations, metabolic 
profiling, and site of action studies [15,17,18]. Extrapolation of these studies to 
therapeutic dose level can also be achieved with the NPD pharmacokinetic models. 
Moreover, microdosing has increasingly been used for in vivo phenotyping of 
Cytochrome P450 (CYP) enzymes (Chapter 4). In vivo phenotyping at microdose 
level would allow characterisation of drug elimination in early drug development 
without pharmacological adverse events. Moreover, in vivo phenotyping at 
microdose level could be used for individualised dose-adaptations such as for 
simvastatin [19]. 

Microtracers, like microdoses, are administrated at a maximum dose of 100 
µg. Unlike microdoses, they are stable isotopically labelled drugs that are co-
administrated with an unlabelled therapeutic dose [20]. Due to the difference in 
molecular weight, both labelled and unlabelled drug can be quantified within the 
same sample, and therefore pharmacokinetics of both labelled and unlabelled 
drug can be determined simultaneously. Due to this characteristic, microtracers 
were originally used for the determination of absolute bioavailability [20]. 
Despite absolute bioavailability, other pharmacokinetic processes such as drug 
absorption can be investigated using microtracers. For example, a microtracer 
food-effect study would allow the determination of the food-effect on the 
pharmacokinetics of the microtracer, while the treatment with the unlabelled 
drug is unaffected (Chapter 3). Using this trial design, the patient burden of 
food-effect studies in patients for drugs with long half-lives can be decreased. 
This is clinically relevant since food-effect on drug exposure can differ between 
single dose pharmacokinetics in healthy volunteers compared to steady-state 
pharmacokinetics in patients as for lapatinib [21,22] and abiraterone [23]. 
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In summary, microdoses and microtracers can very efficiently be used for the 
characterisation of pharmacokinetic processes in early drug development. Data 
obtained during microdose/microtracer studies can inform dose selection for 
subsequent clinical trials. Therefore, these study designs should become an 
integral part of drug development for new anticancer agents. 

Pharmacometric methods are an integral part of the characterisation of exposure 
and exposure-response relationships 
Quantitative mathematical models are fundamental for the characterisation 
of drug exposure and exposure-response relationships. The importance of 
pharmacometrics in drug development has been recognized by the US Food and 
Drug Administration (FDA) [24]. While pharmacometrics has been embraced 
by the pharmaceutical industry, it has yet to be implemented consistently in 
decision-making regarding dose selection in early drug development [25-27]. This 
is a missed opportunity since pharmacometrics can contribute to an improved 
dose selection in early drug development. 

First, pharmacokinetic models can identify patient subpopulations with different 
pharmacokinetic profiles who might need dose adaptations. By investigating 
factors (covariates) affecting inter-individual variability in pharmacokinetics 
an improved understanding of population pharmacokinetics can be obtained 
(Chapter 7). Moreover, PBPK models can investigate the influence of physiological 
processes on pharmacokinetics since they quantitatively describe human 
physiology to accurately predict concentration-time profiles of drugs in 
different tissues. Thereby, hypotheses can be mechanistically investigated as 
demonstrated for the influence of vincristine binding to β-tubulin in blood cells 
on vincristine pharmacokinetics (Chapter 11). Identification of subpopulations 
with deviant pharmacokinetic profiles is important to rationalise dose selection in 
these subpopulations such as children (Chapter 11), African children (Chapter 12), 
and patients with a specific tumour type such as metastatic castration resistant 
prostate cancer (Chapter 7). 

In addition to identification of patient subpopulations, these pharmacokinetic 
models can extrapolate pharmacokinetics across subpopulations to inform doses 
for future clinical studies. Both PBPK and population pharmacokinetic models 
can be used for extrapolation. PBPK models extrapolate based on physiological 
mechanistic differences between populations, such as difference in drug-target 
binding (Chapter 11), and thereby able to predict drug exposure in multiple 
tissues. Population pharmacokinetic models can extrapolate drug exposure to 
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patient subpopulations based on clinically relevant covariates, such as tumour 
type (Chapter 12). Using these models, dosing regimens can be compared to 
each other or the achievement of a desired target, and thereby rationalising dose 
selection for future clinical studies in these populations. These models can be 
improved by incorporating emerging (clinical) data. For example, the PBPK model 
for vincristine in Chapter 11 might be improved by the incorporation of the CEP72 
mutation [28]. 

A next step to improve dose selection would be the development of 
pharmacokinetic-pharmacodynamic (PK-PD) models, in which pharmacokinetics 
is linked to clinical outcomes such as efficacy or toxicity (Chapter 6). These PK-PD 
models can be used to extrapolate different dose regimens and investigate which 
dose regimen result in exposure with an optimal efficacy/toxicity profile. In this 
manner, these models can help select doses for future trials by selecting a dose 
with an optimal exposure-response profile or prioritising future dose levels based 
on their response (Chapter 6). PK-PD models could be improved by incorporating 
mechanistic models describing drug action resulting in efficacy or toxicity. 
Inclusion of drug action mechanisms in PK-PD could increase the confidence 
in predictions under different conditions. An improved understanding of drug 
efficacy and toxicity could be obtained with patient derived organoids (Chapter 5). 

Lastly, pharmacometrics can improve study design by assessing study design 
characteristics and their influence on study endpoints. Power analyses can be 
performed with pharmacokinetic models to rationalise sample sizes (Chapter 3). 
Moreover, different sampling strategies can be investigated for the identification 
of informative sampling times (Chapter 12) or minimising number of samples 
without influencing the endpoint of the study (Chapter 3). Lastly, sensitivity 
analyses can be performed to identify critical aspects in study design such as 
missing data or erroneous sampling times (Chapter 12). Using pharmacokinetic 
models for optimising study design can rationalise minimalistic study designs 
which can influence patient burden positively. 

Summarising, pharmacometric modelling is a powerful tool for the characterisation 
and extrapolation of drug exposure and exposure-response relationships. Thereby 
these models can inform dose selection for future clinical studies. Lastly, 
pharmacometrics can optimise clinical study design and thereby reduce patient 
burden of these studies. 
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Final remarks
Currently dose selection in oncology drug development is predominantly based 
on toxicity. Dose selection can be improved by taking both exposure-efficacy 
and exposure-toxicity relationships into account. A thorough characterisation of 
exposure-response relationship is therefore fundamental to improve dose selection 
in early drug development of anticancer. Ultrasensitive LC-MS/MS methods 
enable innovative pharmacokinetic studies essential for the characterisation of 
exposure-response relationships, especially in patient subpopulations. Microdoses 
and microtracers can be efficiently applied for the characterisation of drug 
exposure in early drug development. Therefore, such study designs should be 
implemented in drug development programs. Lastly, future drug development 
programs should apply pharmacometrics early in development and continuously 
update pharmacokinetic models with emerging clinical data to improve exposure-
response characterisation and thereby dose selection. By implementing these 
consideration, dose selection of anticancer agents in early drug development 
could potentially be improved. 
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SUMMARY 

In recent years the focus of drug development in oncology has switched from 
conventional cytotoxic drugs to targeted therapies. Despite this change in focus, 
dose selection of anticancer agents in early drug development is still often based 
on toxicity. Dose selection can be improved by using both exposure-efficacy and 
exposure-toxicity relationships for decision making regarding dose selection. 
Therefore, a thorough understanding of these exposure-response relationships 
in early drug development is essential. Methodologies for exposure optimisation 
and characterization of exposure-response relationship are, therefore, 
needed. Moreover, exposure-response relationships might differ between 
patient subpopulations. Methods for exposure extrapolation across patient 
subpopulations need to be investigated. In this thesis, several methodologies 
for the optimisation of drug exposure and exposure-response relationships are 
described, contributing to improving dose selection of anticancer agents in early 
drug development. 

In Part 1 the application of microdoses and microtracers for exposure 
optimisation of anticancer agents was discussed. Chapter 1 described a 
new methodology for the extrapolation of microdose pharmacokinetics to 
therapeutic pharmacokinetics. Naïve pooled data (NPD) pharmacokinetic 
models for gemcitabine, its metabolite 2′,2′-difluorodeoxyuridine (dFdU) and 
anastrozole were developed based on microdose data. Subsequently, these 
pharmacokinetic models were used for extrapolation to therapeutic dose. 
Comparison between the predicted and observed therapeutic pharmacokinetic 
curve showed discrepancies of gemcitabine and dFdU but showed great 
similarity for anastrozole. These results demonstrated the application of NPD 
pharmacokinetic models for microdose extrapolation to therapeutic doses, 
which can contribute to dose selection for future dose-escalating Phase I trials. 

Chapter 2 and 3 described an innovative design for food-effect trials: microtracer 
food-effect study exemplified by alectinib. In this study, 100 µg 2H6-alectinib 
(microtracer) will be co-administered with 600 mg alectinib with and without 
food. In Chapter 2 the bioanalytical method for the quantification of 2H6-alectinib 
in alectinib-containing human plasma for the support of this microtracer food-
effect study was described. Samples collected during this study will contain a 
≥5,000-fold difference in concentration between the two analytes. The method 
was validated according to the FDA and EMA guidelines over a concentration 
range of 1-10 pg/mL with a bias and precision of ±3.5% and ≤5.7% (±15.9% 
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and ≤12.5% for the lower limit of quantification (LLOQ)), respectively. Several 
methods for correction of isotope interference were investigated and validated. 
Stability experiments demonstrated the stability of 2H6-alectinib in the biomatrix 
for 2 days at ambient temperature and for 44 days at -20 ºC. 

Chapter 3 focussed on the feasibility of the study design of alectinib microtracer 
food-effect study. An in silico simulation study was performed using a previously 
published population pharmacokinetic model. Pharmacokinetics of a 100 µg dose 
of 2H6-alectinib were simulated. The proposed study design of 10 patients on steady 
state treatment, 10 blood samples collected within 24 hours after administration of 
the microtracer and an assumed food-effect of 40% had a power of 99.9%. The mean 
estimated food-effect was 39.8% (80% confidence interval (CI): 31.0-48.6%). These 
findings support the feasibility of a microtracer food-effect study for alectinib. 

Moreover, in Chapter 4 the application of microdosing to in vivo phenotyping of 
Cytochrome P450 (CYP) enzymes was discussed. There is sufficient evidence 
to support in vivo phenotyping of CYP2C19 and CYP3A with microdoses of 
omeprazole and midazolam, respectively. For CYP1A2, CYP2C9, CYP2D6, and 
CYP2E1 evidence for sensitivity to changes in enzyme activity at microdose level 
were lacking. Before microdose phenotyping test can be used for individualised 
dose adaptations, validation studies to establish sensitivity of probes to changes 
in enzyme activity at microdose level need to be conducted. 

Part 2 described the challenging dose optimisation of combination therapy 
consisting of mitogen-activated protein kinase kinase (MEK) inhibitors and human 
epidermal growth factor receptor (pan-HER) inhibitors. Chapter 5 described the 
safety and pharmacokinetics of the first four dose levels of a dose-escalation study 
with lapatinib (pan-HER inhibitor), binimetinib (MEK inhibitor), and vinorelbine 
(microtubule targeting agent) in patients with RAS mutated metastatic colorectal 
cancer. At data cut-off, 14 patients were included. Most frequent toxicities were 
diarrhoea (n=10), rash (n=11), and anaemia (n=4). An intermittent dose regimen of 
1000 mg lapatinib QD, 30 mg binimetinib BID with once weekly administration of 
17.5 mg/m2 vinorelbine was found to be tolerable. Pharmacokinetic data showed 
a dose-exposure relationship for binimetinib but not for lapatinib, which was 
consistent with their relative increasing in exposure. 

In Chapter 6 a pharmacokinetic-toxicity model was developed linking the 
pharmacokinetics of pan-HER inhibitors (lapatinib, dacomitinib, and afatinib) and 
MEK inhibitors (binimetinib, trametinib, mirdametinib, and selumetinib) to toxicity 
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using a latent variable representing cumulative toxic effects. Development of a dose-
limiting toxicity (DLT) was modelled using a logistic regression model. The relative 
contribution of MEK inhibitors compared to pan-HER inhibitors to overall toxicity 
was estimated as 7.6-fold (95% CI: 7.5-7.8). The maximum predicted probability of 
DLT increased from 6% within the first week of treatment to 17% in week four, which 
corresponded to the observed incidence of DLT of 22%. These results suggest in terms 
of toxicity, dose-escalation of MEK inhibitors should be prioritised to dose-escalation 
of pan-HER inhibitors. Lastly, this model can be used to predict the probability of DLTs 
for new dose levels of these or similar drug combinations. 

Part 3 focused on dose finding of oral docetaxel co-administered with the 
booster ritonavir for patients with metastatic castration-resistant prostate cancer 
(mCRPC). Previous studies have reported significant lower exposure of both 
intravenous and oral docetaxel for mCRPC patients compared to patients with 
other solid tumours. This observed difference in docetaxel pharmacokinetics is 
thought to be caused by an increased CYP3A activity or increased hepatic uptake 
resulting in higher clearance. 

In Chapter 7 the difference in oral docetaxel and ritonavir pharmacokinetics 
between these two patient populations was quantified using a population 
pharmacokinetic model. mCRPC patients had an estimated 2.3-fold (relative 
standard error (RSE)%: 7.1) higher ritonavir clearance and a 1.5-fold (RSE%: 14.6) 
docetaxel intrinsic clearance. Oral docetaxel exposure for mCRPC patients was 
predicted for 16 different dosing regimens of docetaxel and ritonavir, with several 
dosing regimens resulting in similar docetaxel exposure. The pharmacokinetic 
profiles of these dosing regimens differentiated which could potentially result in 
differences in efficacy and toxicity. 

Chapter 8 investigated the difference in CYP3A activity between patients with 
prostate cancer and male patients with other solid tumours. Midazolam clearance 
was determined as a measurement of CYP3A activity. Oral midazolam clearance 
was 1.26-fold higher in patients with prostate cancer compared to patients with 
other solid tumours (geometric mean (CV%): 94.1 (33.5%) L/h vs. 74.4 (39.1%) L/h, 
respectively; p=0.08). Intravenous midazolam clearance did not significantly differ 
between the two groups (p=0.93). Furthermore, the metabolic ratio of midazolam 
to 1’-hydroxy midazolam did not differ between the two patient groups. Based 
on these results it can be concluded that the observed difference in docetaxel 
pharmacokinetics between the two patient groups cannot be fully explained by 
a difference in CYP3A activity. 
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Part 4 addressed the exposure optimisation of vincristine in paediatric populations. 
A LC-MS/MS method for the quantification of the vinca-alkaloids vincristine, 
vinblastine, vinorelbine and its metabolite 4-O-deacetyl vinorelbine in human 
plasma was described in Chapter 9. The method was validated according to 
the FDA and EMA guidelines over a concentration range of 0.025 to 10 ng/mL 
for vinblastine, vinorelbine, and 4-O-deacetyl vinorelbine and 0.1 to 40 ng/mL 
for vincristine. The bias and precision were within ±12.4% and ≤10.6% (±13.2% 
and ≤16.3% at LLOQ), respectively. The method was successfully used for the 
quantification of vincristine for a paediatric pharmacokinetic study and the 
quantification of vinorelbine and its metabolite for a preclinical mouse study. 

Chapter 10 described a LC-MS/MS method for the quantification of vincristine in 
human whole blood collected in volumetric absorptive microsampling (VAMS). 
The method was validated according to the EMA and FDA guidelines over 
a concentration of 1 to 50 ng/mL with the use of only 10 microliters of whole 
blood. The accuracy and precision were ±9.9% and ≤7.3% (±9.4% and ≤7.3% at 
LLOQ), respectively. Samples exceeding the upper limit of quantification could 
be diluted 20 times. Quantification of vincristine in VAMS was independent on 
the haematocrit of whole blood. Stability showed that vincristine was stable in 
the biomatrix for 3 months at ambient temperature and 1 month at 25 ºC and 
a relative humidity of 60%. Comparison of vincristine plasma concentrations to 
vincristine whole blood concentrations demonstrated a non-linear relationship. 

A PBPK model was used to improve understanding of the complex non-linear 
pharmacokinetics of vincristine in Chapter 11. The hypothesis of vincristine 
binding to β-tubulin in blood cells was investigated. The PBPK model including 
blood cell binding adequately described vincristine pharmacokinetics. A higher 
binding capacity to β-tubulin for tissue and blood for infants (2.5-fold), children 
(2.0-fold), and adolescents (1.5-fold) compared to adults was necessary for 
the adequate description of pharmacokinetics in these populations. A higher 
β-tubulin binding capacity resulted in a more pronounced initial distribution 
phase of vincristine. Decreased free vincristine concentrations in the central 
compartment could potentially result in a lower risk of peripheral neuropathy, 
since less free vincristine is able to distribute to peripheral tissue where it can 
cause peripheral neuropathy. The higher binding capacity might explain the fact 
that children are able to tolerate higher relative doses of vincristine and the need 
for dose capping in adults. 
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Clinical outcomes of vincristine treatment (e.g., efficacy and toxicity) differ 
between Caucasian children and African children, which resulted in the 
hypothesis that African children are currently underdosed compared to their 
Caucasian peers. In Chapter 12 a pharmacometric nomogram based on reference 
vincristine concentrations and bodyweight was used to identify patients with 
low vincristine exposure with a sensitivity, specificity, and accuracy of 75.1%, 
76.4%, and 75.9%, respectively. The pharmacometric nomogram performed 
consistently for the different weight categories. The pharmacometric nomogram 
could contribute to optimisation of vincristine dosing in African children, by 
identifying patients who might need a dose increase and will be implemented in 
a planned prospective clinical trial. 

In conclusion, this thesis aimed to improve dose finding in early drug development 
of anticancer agents by investigating novel methods for exposure optimization and 
exposure extrapolation. It was demonstrated that ultrasensitive and innovative 
LC-MS/MS methods enable novel pharmacokinetic studies essential for the 
characterisation of exposure-response relationships. Moreover, the application 
of microdoses and microtracers as efficient strategies for early characterisation of 
drug exposure was established. Lastly, several pharmacometrics methods were 
used for exposure optimisation of anticancer agents, confirming its essential role 
in drug development. Implementation of these methods might improve dose 
selection of anticancer agents in in early drug development. 
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In de afgelopen jaren is de focus gedurende de ontwikkeling van oncologische 
geneesmiddelen veranderd van conventionele chemotherapie naar doelgerichte 
therapie. Ondanks deze verandering in focus, is toxiciteit vroeg in het 
ontwikkelingstraject nog vaak bepalend bij de doseringsselectie van oncologische 
middelen. Doseringsselectie kan verbeterd worden door blootstelling-effectiviteit 
en blootstelling-toxiciteit relaties van geneesmiddelen te betrekken bij de 
besluitvorming. Een diepgaand inzicht in deze blootstelling-effect relaties 
vroeg in het ontwikkelingstraject van geneesmiddelen is essentieel. Hiervoor is 
methodologie voor het optimaliseren van de blootstelling en voor het beschrijven 
van de blootstelling-effect relatie nodig. Daarnaast kan een blootstelling-
effect relatie verschillen tussen patiënten subpopulaties (bijvoorbeeld tussen 
volwassenen en kinderen). Methoden voor de extrapolatie van de blootstelling 
over patiënt-subpopulaties moeten daarom onderzocht worden. Dit proefschrift 
beschrijft verschillende methoden om de blootstelling te optimaliseren en 
blootstelling-effect relaties te beschrijven. Hierbij wordt bijgedragen aan de 
verbetering van doseringsselectie van oncologische geneesmiddelen vroeg in 
het ontwikkelingstraject. 

In Deel 1 van dit proefschrift wordt beschreven hoe microdoses en microtracers 
gebruikt kunnen worden om de blootstelling van oncologische middelen 
te optimaliseren. Hoofdstuk 1 beschreef een nieuwe methodologie om de 
farmacokinetiek van microdoses te extrapoleren naar therapeutische doseringen. 
Naïve pooled data (NPD) farmacokinetiek modellen zijn ontwikkeld voor 
gemcitabine, de metaboliet 2’,2’-difluorodeoxyuridine (dFdU) en anastrozole. Deze 
farmacokinetiek modellen zijn vervolgens gebruikt voor de extrapolatie naar 
therapeutische doseringen. De voorspelde therapeutische concentraties weken 
af van de gemeten therapeutische concentraties voor gemcitabine en dFdU, maar 
waren gelijkwaardig voor anastrozole. Dit resultaat demonstreerde de toepassing 
van NPD farmacokinetiek modellen voor de extrapolatie van microdoses naar 
therapeutische doseringen. Deze modellen kunnen gebruikt worden voor 
besluitvorming rondom doseringen voor toekomstige dosisescalatie Fase I studies. 

Hoofdstuk 2 en 3 beschreven een innovatieve studie opzet voor voedsel-effect 
studies: een microtracer voedsel-effect studie waarbij alectinib als voorbeeld is 
genomen. In deze microtracer voedsel-effect studie wordt 100 µg 2H6-alectinib 
(microtracer) samen ingenomen met 600 mg alectinib met een maaltijd en of 
op een nuchtere maag. In Hoofdstuk 2 wordt de bioanalyse methode voor de 
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kwantificatie van 2H6-alectinib in humaan plasma met alectinib beschreven. Deze 
bioanalyse methode zal ter ondersteuning gebruikt worden voor de toekomstige 
microtracer voedsel-effect studie. De plasmaconcentraties van 2H6-alectinib 
en alectinib in de monsters die gedurende de toekomstige studie verzameld 
zullen worden, zullen een ≥5,000-voud van elkaar verschillen. De methode 
werd gevalideerd volgens de FDA en EMA-richtlijnen met een gevalideerde 
concentratie range van 1-10 pg/mL met een nauwkeurigheid van ±3.5% en een 
precisie van ≤5.7% (±15.9% en ≤12.5% voor de laagste kwantificatielimiet (LLOQ)), 
respectievelijk. Verschillen methoden om de monsters te corrigeren voor isotoop 
interferentie zijn onderzocht en gevalideerd. 2H6-alectinib was stabiel in humaan 
plasma voor 2 dagen op kamertemperatuur en 44 dagen op ºC. 

De focus van Hoofdstuk 3 lag op de haalbaarheid van de toekomstige alectinib 
microtracer voedsel-effect studie. Om de haalbaarheid van de studie opzet te 
bestuderen was er een in silico simulatie studie uitgevoerd. Hierbij was een 
eerder gepubliceerd populatie farmacokinetiek model gebruikt. Farmacokinetiek 
van een 100 µg 2H6-alectinib dosering werd gesimuleerd voor de voorgestelde 
studie opzet voor 10 patiënten op steady-state alectinib behandeling waarbij 
10 monster worden afgenomen binnen 24 uur na inname van de microtracer 
met een aangenomen voedsel-effect van 40%. Deze studie opzet had een 
power van 99.9% met een gemiddeld geschatte voedsel-effect van 39.8% (80% 
betrouwbaarheidsinterval (CI): 31.0-48.6%). Deze resultaten onderstrepen de 
haalbaarheid van een microtracer voedsel-effect studie voor alectinib. 

Hoofdstuk 4 beschreef de toepassing van microdoses voor in vivo fenotypering van 
Cytochroom P450 (CYP) enzymen. Er was voldoende bewijs voor de toepassing 
van microdosing voor de in vivo fenotypering van CYP2C19 en CYP3A met 
omeprazol en midazolam microdoses, respectievelijk. Voor CYP1A2, CYP2C9, 
CYP2D6 en CYP2E1 was er te weinig bewijs dat de fenotyperingsmiddelen (probes) 
gevoelig waren voor veranderingen in enzymactiviteit op microdose niveau. 
Daarom moeten er validatie studies uitgevoerd worden om deze gevoeligheid vast 
te stellen voordat microdose fenotypering gebruikt kan worden voor individuele 
doseeraanpassingen. 

Deel 2 beschreef de uitdagende optimalisatie van de combinatie behandeling 
van mitogen-activated protein kinase kinase (MEK) remmers en remmers van 
meerdere human epidermal growth factor receptoren (pan-HER). In Hoofdstuk 5 
werden de veiligheid en farmacokinetiek van de eerste vier doseerlevels van 
een dosisescalatie studie met lapatinib (pan-HER remmer), binimetinib (MEK 



391

Nederlandse samenvatting

A
PPEN

D
IX

remmer) en vinorelbine (microtubule targeting agent) in patiënten met RAS 
gemuteerde gemetastaseerde colorectaal kanker beschreven. Op het moment 
van data-analyse waren er 14 patiënten geïncludeerd. De meest voorkomende 
bijwerkingen waren diarree (n=10), huiduitslag (n=11) en bloedarmoede (n=4). 
Een intermitterend doseerschema van 1000 mg lapatinib eenmaal daags, 30 
mg binimetinib tweemaal daags, en een wekelijkse toediening van 17.5 mg/
m2 vinorelbine werd beschouwd als veilig. Farmacokinetische data lieten een 
dosis-blootstellingsrelatie zien voor binimetinib, maar niet voor lapatinib. Dit was 
consistent met hun relatieve toename in blootstelling. 

In Hoofdstuk 6 werd een farmacokinetiek-toxiciteit model ontwikkeld. In dit model 
werd de farmacokinetiek van pan-HER remmers (lapatinib, dacomitinib, afatinib) 
en MEK remmers (binimetinib, trametinib, mirdametinib, en selumetinib) gelinkt 
aan toxiciteit met een latente variabele die de cumulatieve toxische effecten van 
de behandeling weergeeft. De ontwikkeling van een dosis limiterende toxiciteit 
(DLT) werd voorspeld met behulp van logistische regressie. De relatieve bijdragen 
van MEK-remmers ten opzichte van pan-HER remmers aan de algehele toxiciteit 
werd geschat als 7.6-voud (95% CI: 7.5-7.8). De maximale voorspelde kans op 
een DLT nam toe van 6% gedurende de eerste week van de behandeling tot 17% 
in week 4. Dit correspondeerde met de geobserveerde incidentie van 22%. Deze 
resultaten suggereren dat de dosisescalatie van MEK remmers de prioriteit moet 
hebben over de dosisescalatie van pan-HER remmers betreffende de toxiciteit 
van de behandeling. Tenslotte kan dit model gebruikt worden om de kans op 
DLTs te voorspellen voor toekomstige doseerlevels voor zowel deze combinaties 
als gelijkwaardige combinaties. 

De focus van Deel 3 lag op het vinden van een geschikte dosis voor orale docetaxel 
gecombineerd met de booster ritonavir voor patiënten met gemetastaseerde 
castratie-resistente prostaatkanker (mCRPC). Eerder studies rapporteerden voor 
mCRPC patiënten een significante lagere blootstelling voor zowel intraveneus 
als oraal docetaxel vergeleken met patiënten met andere solide tumoren. De 
hypothese achter dit verschil in blootstelling is een verhoogd CYP3A activiteit of 
een verhoogde hepatische opname in mCRPC patiënten resulterend in een hogere 
klaring en een lagere blootstelling. 

Hoofdstuk 7 beschreef de kwantificatie van het geobserveerde verschil in de 
farmacokinetiek van docetaxel en ritonavir tussen mCRPC patiënten en patiënten 
met andere solide tumoren. De geschatte klaring voor mCRPC patiënten was 
2.5-voud hoger voor de ritonavir klaring (relatieve standaardfout (RSE%): 7.1) 
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en 1.5-voud hoger voor docetaxel intrinsieke klaring (RSE%: 14.6) ten opzichte 
van patiënten met andere solide tumoren. De blootstelling van orale docetaxel 
voor mCRPC patiënten werd voorspeld voor 16 verschillende doseerschemas voor 
docetaxel en ritonavir. Meerdere doseringen resulteerde in een gelijkwaardige 
blootstelling, maar hadden verschillende farmacokinetische profielen wat 
mogelijk de effectiviteit en veiligheid zou kunnen beïnvloeden. 

Hoofdstuk 8 onderzocht het potentiële verschil in CYP3A activiteit tussen 
patiënten met prostaatkanker en mannelijke patiënten met andere solide 
tumoren. CYP3A activiteit werd gedefinieerd als midazolam klaring, omdat dit 
een algemeen geaccepteerde maat is voor CYP3A activiteit. Orale midazolam 
klaring was 1.26-voud hoger in patiënten met prostaatkanker ten opzichte van 
mannelijke patiënten met andere solide tumoren (geometrisch gemiddelde 
(CV%): 94.1 (33.5%) L/h vs. 74.4 (39.1%), respectievelijk, p = 0.08). Intraveneuze 
midazolam klaring verschilde niet tussen de twee patiëntengroepen (p=0.93) 
evenals de metabole ratio van midazolam naar 1′-hydroxy midazolam. Op basis 
van deze resultaten kon geconcludeerd worden dat de geobserveerde verschillen 
in docetaxel farmacokinetiek tussen deze patiëntengroepen niet volledig 
verklaard kan worden door een verschil in CYP3A activiteit. 

Deel 4 beschreef de optimalisatie van de vincristine blootstelling in kinderen. Een 
bioanalyse methode voor de kwantificatie van vincristine, vinblastine, vinorelbine 
en zijn metaboliet 4-O-deacetylvinorelbine in humaan plasma werd beschreven 
in Hoofdstuk 9. De methode werd gevalideerd volgens de richtlijnen van de FDA 
en EMA over een concentratie range van 0.025 tot 10 ng/mL voor vinblastine, 
vinorelbine, en 4-O-deacetylvinorelbine en 0.1 tot 40 ng/mL voor vincristine. De 
nauwkeurigheid en precisie was respectievelijk ±12.4% en ≤10.6% (±13.2% en 
≤16.3% voor de LLOQ). Deze methode was succesvol in het kwantificeren van 
vincristine plasmaconcentraties voor een farmacokinetische studie in kinderen 
en in het kwantificeren van vinorelbine en zijn metaboliet voor een preklinische 
studie met muizen. 

Hoofdstuk 10 beschreef een bioanalyse methode voor de kwantificatie van 
vincristine in humaan volbloed dat werd verzameld met volumetric absorptive 
microsampling (VAMS). De methode werd gevalideerd volgens de richtlijnen 
van de EMA en FDA over een concentratie range van 1 tot 50 ng/mL met een 
sample volume van 10 µL volbloed. De nauwkeurigheid en precisie waren 
respectievelijk ±9.9% en ≤7.3% (±9.4% en ≤7.3% voor de LLOQ). Monsters met een 
concentratie boven de bovenste grens van kwantificatie konden 20 keer verdund 
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worden. De kwantificatie van vincristine in volbloed verzameld met VAMS was 
onafhankelijk van de hematocriet waarde van de volbloed. Vincristine was stabiel 
in de droge volbloed voor 3 maanden op kamertemperatuur en 1 maand op 25 
ºC bij een relatieve luchtvochtigheid van 60%. De vergelijking tussen vincristine 
concentratie in plasma en volbloed lied een non-lineaire relatie zien. 

Een fysiologisch gebaseerd farmacokinetiek (PBPK) model was gebruikt om 
de complexe farmacokinetiek van vincristine te bestuderen in Hoofdstuk 11. 
De hypothese van de binding van vincristine aan β-tubuline in bloedcellen 
werd onderzocht. Het PBPK-model waarbij de binding van vincristine aan 
bloedcellen werd meegenomen, beschreef de vincristine farmacokinetiek goed. 
Een hogere bindingscapaciteit aan β-tubuline in weefsel en bloed was nodig 
om de farmacokinetiek adequaat te beschrijven in baby’s (2.5-voud), kinderen 
(2.0-voud) en adolescenten (1.5-voud) vergeleken met volwassenen. Een 
hogere bindingscapaciteit voor β-tubuline resulteerde in een duidelijker initiële 
distributie fase voor vincristine. Afgenomen vrije vincristine concentraties in het 
centrale compartiment kunnen potentieel zorgen voor een lager risico op perifere 
neuropathie, omdat er mindere vincristine beschikbaar is voor het perifere weefsel 
waar de perifere neuropathie kan veroorzaken. Een hogere bindingscapaciteit voor 
vincristine aan β-tubuline zou daarom kunnen verklaren dat kinderen een hogere 
vincristine dosis kunnen verdragen en waarom er een maximale tolereerbare 
vincristine dosering is bij volwassenen. 

Klinische uitkomsten van de behandeling met vincristine (bijvoorbeeld 
effectiviteit of toxiciteit) verschillenen tussen Kaukasische kinderen en 
Afrikaanse kinderen. Deze observatie leidde tot de hypothese dat Afrikaanse 
kinderen mogelijk een te lage dosering krijgen in vergelijking tot Kaukasische 
kinderen. In Hoofdstuk 12 wordt er een farmacometrische nomogram beschreven 
gebaseerd op referentie van vincristine concentraties en lichaamsgewicht. Dit 
nomogram kon patiënten identificeren met een lage vincristine blootstelling met 
een sensitiviteit, specificiteit en nauwkeurigheid van 75.1%, 76.4%, en 75.9%, 
respectievelijk. Het farmacometrische nomogram functioneerde consistent over 
de verschillende categorieën voor lichaamsgewicht. Dit nomogram kan bijdragen 
aan het optimaliseren van de vincristine doseringen in Afrikaanse kinderen door 
de identificatie van patiënten die mogelijk een dosis verhoging nodig hebben. 
Het farmacometrische nomogram zal gebruikt worden in een toekomstige 
prospectieve klinische studie. 
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Concluderend had dit proefschrift als doel een bijdrage te leveren aan het 
verbeteren van de dosis selectie van oncologische middelen vroeg in de 
geneesmiddelontwikkeling door nieuwe methoden te onderzoeken voor het 
optimaliseren van de blootstelling en extrapolatie van blootstelling. Er is 
aangetoond dat ultra-sensitieve en innovatieve bioanalyse methoden nodig 
zijn ter ondersteuning van nieuwe farmacokinetische studies. Deze studies 
zijn essentieel voor de beschrijving van blootstelling-effect relaties van nieuwe 
geneesmiddelen. Verder zijn microdoses en microtracers efficiëntie strategieën 
om de blootstelling van een nieuw oncologisch middel vroeg in de ontwikkeling 
in kaart te brengen. Tenslotte zijn er verschillende farmacometrische methoden 
gebruikt voor de optimalisatie van de blootstelling van verschillende oncologische 
middelen. Hierbij wordt bevestigd dat farmacometrie essentieel is gedurende 
geneesmiddelontwikkeling. De implementatie van deze methoden zou kunnen 
bijdragen aan de verbetering van dosisselectie van oncologische geneesmiddelen 
vroeg in de geneesmiddelontwikkeling.
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De afgelopen vier jaar heb ik met veel liefde en enthousiasme gewerkt aan 
mijn onderzoeksprojecten. Nu mijn proefschrift is afgerond voel ik niet alleen 
de verwachtte opluchting, maar ook teleurstelling dat het allemaal ten einde 
is gekomen. De afgelopen jaren heb ik veel geleerd, gezien en veel gelachen, 
waardoor het Antoni van Leeuwenhoek aan is gaan voelen als een tweede thuis. 
Een proefschrift schrijven is geen sinecure, maar het product van de steun en inzet 
van vele mensen. Daarom wil ik een aantal mensen in het bijzonder bedanken. 

Ten eerste wil ik alle patiënten bedanken die hebben deelgenomen aan de 
klinische studies die zijn beschreven in dit proefschrift. Het is bijzonder om te 
ervaren hoeveel mensen mee willen doen met klinisch onderzoek, wetende dat 
zij daar zelf weinig baat van zullen hebben. Regelmatig werden de goede zorgen 
die zij hebben ervaren in het ziekenhuis genoemd als motivatie om mee te doen, 
zodat toekomstige patiënten nog betere zorg kunnen krijgen. Wegens die reden 
wil ik ook al het zorgpersoneel in het ziekenhuis bedanken. 

Alwin, je had gelijk: uiteindelijk is het allemaal goed gekomen. Jouw onuitputtelijke 
enthousiasme en positiviteit hebben mij, vooral in de laatste maanden, feilloos 
door het promotietraject heen geloosd. Hoe vast ik ook zat in mijn eigen hoofd, jij 
wist altijd het probleem op een gestructureerde manier te benaderen, waardoor 
het opeens allemaal heel logisch werd. Ik ben je ontzettend dankbaar voor al 
kansen die je mij hebt gegeven en het vertrouwen dat je in mij had. Ik had het 
niet zonder jou kunnen doen. 

Jos, ook jij gaf mij het vertrouwen dat het allemaal goed zou komen. Jouw 
kritische blik zorgde ervoor dat elk manuscript naar een hoger niveau getild 
werden. Onze gespreken leidden altijd tot nieuwe inzichten waar ik weer mee 
aan de slag kon. Zo heb ik veel van je kunnen leren. Bedankt voor al de steun en 
adviezen die jij mij de afgelopen jaren hebt gegeven. 

Thomas, ik heb ontzettend veel bewondering voor hoe jij, met jouw 
onderzoeksgroep in Uppsala, de wereld een beetje beter probeert te maken. Ik 
heb zoveel van je geleerd; niet alleen model-technisch, maar ook hoe je complexe 
modellen op een simpele en concrete manier uitlegt. Ik wil je bedanken voor alle 
steun en het vertrouwen dat je mij hebt gegeven. 
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Hilde, het bioanalyse lab was compleet uit mijn comfort zone, maar jij gaf mij het 
vertrouwen om toch op het lab te gaan staan. Jouw bioanalytische expertise was 
essentieel tijdens de ontwikkeling van onze bioanalyse methoden. Ondanks dat 
je het regelmatig druk had, wist je altijd tijd voor mij vrij te maken. Bedankt voor 
alle inzichten en hulp die jij mij gegeven hebt. 

Frans, jij was niet alleen de PI van onze farmacokinetiek studie (N20CYM), 
maar ook mijn mentor voor de opleiding tot klinisch farmacoloog. Door jouw 
enthousiaste en betrokken begeleiding heb ik de opleiding met veel plezier 
afgerond. Ik heb zoveel van jou kunnen leren. Bedankt voor al jouw vertrouwen 
en alle leuke casuïstiek die je mijn kant opstuurde. 

Bas en Matthijs, dank jullie wel voor jullie enthousiasme, interesse en de tijd om 
mijn vragen te beantwoorden. Abadi, als mijn lab coach was je regelmatig mijn 
cheerleader op het lab. We hebben veel gelachen samen en dat ik een LC-MS/
MS kan bedienen heb ik te danken aan jouw geduldige en duidelijke uitleg. Leon, 
Manon, Danielle, Ciska, Lianda, Luc en alle andere analisten op het lab. Dank 
voor jullie hulp en de gezelligheid tijdens de koffiepauzes. Niels, ik kan me niet 
voorstellen hoe mijn promotietraject zonder jou was geweest (een stuk saaier in 
elk geval). Bedankt dat ik jou altijd mocht lastigvallen met werk- en niet-werk 
gerelateerde onderwerpen en dat ik bij jou altijd mijzelf kon zijn. 

Ik wil ook graag alle coauteurs bedanken voor hun waardevolle inbreng op mijn 
stukken. Daarnaast ben ik ook dankbaar voor alle mensen die hebben bijgedragen 
aan de klinische studies. Carla en Else voor het beantwoorden van al mijn vragen. 
Het trialbureau voor de administratieve ondersteuning. De planning farmacologie 
en de centrale bereidingen van de apotheek voor het altijd meedenken over de 
optimale studieplanning voor de patiënt. De verpleegkundig specialisten, in het 
speciaal Marjolein en Coby, en de researchverpleegkundigen, in het speciaal 
Lotte, Moira en Tessa, voor de prettige samenwerking. 

Aniek en Gertjan, bedankt dat jullie mij betrokken hebben bij de CHAPATI studie. 
Ik heb erg genoten van onze discussies over de farmacokinetiek van vincristine. 
Maarten, Jeanine en Nikki, bedankt voor de prettige samenwerking betreffende 
de RASTRIC studie. André, Kishan en Joeri, dankzij jullie enthousiasme en inzet 
verliep de inclusie van de N20CYM erg soepel. Ik ben jullie hier enorm dankbaar 
voor. Marit, dankjewel voor je hulp bij het opzetten van de N20CYM. Dick bedankt 
voor het genotyperen van CYP3A voor dit project. Claire, het was een plezier om 
jou te mogen begeleiden tijdens je masterstage, welke uiteindelijk geleid heeft 
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tot een mooi manuscript. Neeltje, bedankt voor je hulp met het opzetten van de 
N20FEA en al jouw nuttige adviezen; ze hebben zeker geholpen. Raween, Robbert 
en Maïda bedankt voor jullie inzet om van de N20FEA een succes te maken. 

Paola, jij verdient een aparte plek in mijn dankwoord. Zonder jouw passie voor 
onderzoek was ik nooit gaan promoveren. Circa vijf jaar na mijn onderzoeksstage 
ben jij nog steeds een voorbeeld voor mij. De afgelopen vier jaar kon ik altijd bij 
jou terecht met mijn verhaal of voor advies. Dankjewel daarvoor. 

Lishi, dankjewel dat jij mijn paranimf wilt zijn. De afgelopen drie jaar zijn wij 
goede vrienden geworden. Fijn dat jij altijd naar mijn ideeën wilde luisteren en 
wilde meedenken. Ons bijna wekelijkse bijkletsuurtje in de trein was een van 
mijn favoriete momenten van de week. Dankjewel voor al je hulp en gezelligheid. 

Kim, het is vanzelfsprekend dat jij mijn tweede paranimf bent. Als zus sta je al 
heel mijn leven naast mij en door je studie kon jij altijd met mij meepraten en het 
artsenperspectief gegeven op mijn onderzoek. Dankjewel dat je naar mij luisterde 
elke keer als ik probeerde uit te leggen hoe leuk farmacokinetiek is. 

René, je was mijn rots in de branding tijdens de moeilijkste periode van mijn PhD, 
waar ik ontzettend dankbaar voor ben. Je was altijd beschikbaar om te sparren 
en mee te denken, waar ik veel van geleerd heb. Ik heb je de laatste 1.5 jaar moet 
missen als PhD-maatje, maar gelukkig zie ik je regelmatig. 

Mijn lieve (oud)-kamergenootjes, Semra, Ignace, Wendy, Maud en Merel die altijd 
paraat stonden voor advies of om even mee te denken. Jullie zorgden ervoor dat 
mijn werkdagen gevuld waren met gezelligheid, maar daagden mij ook uit om 
vanuit een ander perspectief naar mijn onderzoek te kijken. 

Alle OIOs van H3, bedankt voor alle borrels, etentjes, en OIO-weekenden. Jullie 
maakten van mijn promotietraject een bijzondere tijd. Wietse, dankjewel dat je 
altijd mee te wilde denken als ik vastzat met lab projecten. Alaa, dankjewel dat 
je altijd voor mij klaar stond. Hinke, ik ben dankbaar dat ik met jou kon sparren 
over mijn modellen. 

Lieve vrienden en familie, dank voor al jullie steun en interesse in mijn onderzoek 
en de welkome afleidingen. Lieve oma en Dyonne, dat ik mijn proefschrift heb 
moeten afronden zonder jullie was iets wat ik niet had verwacht. Ik mis jullie, 
maar ik weet dat jullie trots zouden zijn geweest op wat ik heb bereikt.
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Lieve pap en mam, bedankt voor alle onvoorwaardelijke steun. Ondanks dat jullie 
meestal geen idee hadden waar ik had overhad, deden jullie altijd jullie best om 
het te begrijpen. Ik ben dankbaar dat ik op mocht groeien binnen zo’n liefdevol 
gezin. Ruben, mijn kleine grote broer, dankjewel voor al je steun de afgelopen 
jaren. Ik had mij geen lievere broer kunnen wensen. 







417

Curriculum vitae

A
PPEN

D
IX

CURRICULUM VITAE

Lisa van der Heijden was born on July 12th, 1994 in Capelle aan den IJssel, 
the Netherlands. After her high school graduation from the Emmauscollege in 
Rotterdam, she started the study Pharmacy at the University of Utrecht in 2013. 
During her studies she participated in the Decartes College honours program and 
the Innovation in Pharmacy honours program. As part of her master’s program, 
she performed a scientific internship at the department of paediatric surgery of 
Erasmus Medical Center Sophia Children’s Hospital in Rotterdam, The Netherlands, 
focusing on pharmacokinetics of oral paracetamol in frail older patients. After her 
graduation in 2019, she started her PhD research at the department of Pharmacy 
& Pharmacology of the Netherlands Cancer Institute – Antoni van Leeuwenhoek 
Hospital, under the supervision of prof. dr. Alwin Huitema prof. dr. Jos Beijnen, dr. 
Hilde Rosing and dr. Thomas Dorlo. Her PhD mainly focused on methodologies 
for the optimisation of drug exposure in early drug development. During her PhD, 
she also did the training to become a clinical pharmacologist. Despite being raised 
in the Rotterdam area, Amsterdam has grown on her. The city will be her home 
for the next few years as she will start as a resident in the Onze Lieve Vrouwe 
Gasthuis (OLVG hospital) in Amsterdam on the 1st of January 2024, to become 
a hospital pharmacist.
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