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Preface

Preface

Cancer is the leading cause of death worldwide, with prostate- and breast cancer being
the most common among men and women in the Western population, respectively
(1). Initial strategies to treat cancer were based on unspecific cytotoxicity, thereby
preventing tumor growth and inducing apoptosis. These classical chemotherapeutics
are still an important pillar for cancer arrest treatment, however, in recent times drug
development has shifted towards targeted therapies resulting in tumor specific cell
cycle arrest and/or cell death. Many of these new targeted drugs are administered
orally, causing an increased variability in drug levels and exposure compared to
intravenously administered drugs, due to fluctuating bioavailability. Variability in drug
exposure may have consequences for treatment efficacy and toxicity. Therefore, a
better understanding of the pharmacokinetics and pharmacodynamics may further
optimize treatment and improve drug safety.

Drug pharmacokinetics are investigated in an early stage of drug development and
further characterization of the pharmacokinetic profile may be conducted post-
registration. The starting point for studying drug pharmacokinetics is the development
and validation of an analytical method to quantitate the drug and metabolites of
interest in biological matrix (e.g. plasma, serum, urine, tissue). This thesis describes
the clinical pharmacology of anti-cancer drugs, with a focus on bioanalysis, therapeutic
drug monitoring (TDM) and microdosing. The first chapter describes the development
and validation of liquid chromatography-mass spectrometry (LC-MS/MS) assays of
several anti-hormonal drugs and gemcitabine. The second and third chapters deal with
several aspects of TDM and microdosing studies.

Outline of this thesis

Chapter 1 introduces the development and validation of several LC-MS/MS methods
for the quantification of anti-cancer drugs and hormones. The validation of these assays
follows the current United States Food and Drug Administration (FDA) and European
Medicines Agency (EMA) guidelines for bioanalytical method validation. However, a
limited validation approach is recommended for the validation of TDM assays based
on the intended use of these methods, as described in chapter 1.1. These
recommendations have been applied in chapters 1.2, 1.3 and 1.4, to validate LC-MS/
MS assays for the quantification of anti-hormonal drugs used in the treatment of
prostate cancer and breast cancer. Chapter 1.5 describes the quantification of
testosterone, dihydrotestosterone, androstenedione, dihydrotestosterone, cortisol
and prednisone. These hormones play an important role in the pathophysiology and
prognosis of prostate cancer. In chapter 1.6, we report a full method validation
according to FDA and EMA for the quantification of gemcitabine and its metabolite in
a microdose study.
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Chapter 2 describes the use of TDM for anti-hormonal drugs in oncology. TDM is the
clinical practice of individualized drug dosing by monitoring drug concentrations in
patient blood, plasma or serum. In current practice, oral anti-hormonal drugs are
administered at fixed doses, which could lead to suboptimal exposure or toxic
concentrations. Use of TDM in oncology has been strongly recommended for other
targeted therapies, such as imatinib and pazopanib (2). Chapter 2.1 provides
recommendations for TDM of anti-hormonal drugs used to treat breast cancer and
prostate cancer and evaluates potential targets. Chapters 2.2 and 2.3 describe the
exposure-response relationship of enzalutamide and abiraterone in “real-world”
cohorts of patients with metastatic castration-resistant prostate cancer, respectively.
The results of a food-intervention to increase plasma concentrations of abiraterone in
patients with trough concentrations below the proposed target are given in chapter
2.4. TDM may also be valuable to monitor plasma concentrations in patients with organ
dysfunction, such as a patient undergoing hemodialysis (chapter 2.5) and a patient
with a hepatic transplant (chapter 2.6). As abiraterone acetate and enzalutamide are
primarily administered to elderly patients, chapter 2.7 specifically describes the impact
of age on exposure to these drugs. By implementation of TDM we aim to improve
treatment outcome and increase patient safety. Nevertheless, cost aspects of this
intervention need to be evaluated. In Chapters 2.8 and 2.9 the cost-effectiveness of
TDM in the Netherlands is assessed, exemplified for Z-endoxifen and abiraterone
acetate, respectively.

Phase 0 microdose trials are exploratory studies to early assess human pharmacokinetics
with very low drug dosages (<100 pg) (3). Chapter 3.1 discusses the predictive value
of microdose pharmacokinetics and in chapter 3.2 a phase 0 trial is described in which
we examined whether the pharmacokinetics of gemcitabine in a therapeutic dose could
be predicted from the pharmacokinetics of a microdose.

This thesis represents the application of bioanalysis and clinical pharmacology to
optimize treatment and to support drug development in oncology. An overall
conclusion, including perspectives, is given in the last chapter of this thesis to place
gathered information in a broader perspective.

10
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Abstract

Therapeutic drug monitoring (TDM) has shown to benefit patients treated with drugs
of many drug classes, among which oncology. With an increasing demand for drug
monitoring, new assays have to be developed and validated. Guidelines for bioanalytical
validation issued by the European Medicines Agency (EMA) and US Food and Drug
Administration (FDA), are applicable for clinical trials and toxicokinetic studies and
demand fully validated bioanalytical methods to yield reliable results. However, for
TDM assays a limited validation approach is suggested based on the intended use of
these methods. This review presents an overview of publications that describe method
validation of assays specifically designed for TDM. In addition to evaluating current
practice, we provide recommendations that could serve as a guide for future validations
of TDM assays.

16
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Introduction

Therapeutic drug monitoring (TDM) is the clinical practice of measuring drug
concentrations in biological fluids to individualize drug dosing. The goal of this
intervention is to prevent drug failure by achieving adequate drug levels while also
reducing toxicity by preventing overexposure. Some important requirements for drugs
to be considered for TDM are long-term therapy, availability of a sensitive bioanalytical
method, high inter-patient variability and low intra-patient variability, a narrow
therapeutic window, an established dose-response and/or dose-toxicity relationship
and a feasible strategy for individualized dosing (1). Many anticancer drugs fit the above
described prerequisites, and therefore, TDM of anticancer drugs is becoming an
important tool in treatment of patients with cancer, especially with increased use of
oral anticancer drugs with highly variable bioavailability (2-7). Consequently, TDM has
been shown to be a valuable intervention to optimize dosing of anticancer drugs and
resulting in effective treatment (4,5,7-9).

A fundamental requirement for the implementation of TDM is the availability of
bioanalytical assays to reliably measure drug concentrations, and concentrations of
relevant metabolites. Different analytical techniques can be used, such as
immunoassays and liquid-chromatography methods with UV (LC-UV), fluorescence or
mass detection (LC-MS/MS) (10,11). Although all four are used in clinical practice,
implementation of LC-coupled techniques gained popularity for routine measurements
as immunoassays show lack of specificity and precision and show high variability
between manufacturers (12). Furthermore, immunoassays could be plagued by cross-
reactivity of structural analogous and generally have a shorter linear calibration range
(13). LC-MS/MS methods, on the other hand, can be applied for simultaneous
quantification of drugs and their metabolites with high sensitivity and selectivity and
is therefore superior to LC-UV (10,14). Bioanalytical assays for TDM are used for routine
clinical care and should therefore be fast and easy to implement, with high accuracy,
precision and selectivity (10). LC-MS/MS assays can offer this by short run times and
fast pretreatment procedures.

The focus of TDM assays should be on developing and validating a robust and high-
throughput method for routine measurements, while the focus of assays for
pharmacokinetic and toxicokinetic studies (PK-TK studies) should be on generating
quantitative concentration data in a wider concentration range. Guidelines for
bioanalytical method validation, issued by the European Medicines Agency (EMA) and
US Food and Drug Administration (FDA), provide valuable assistance for the purpose
of assay validation in clinical PK-TK studies (15,16). These guidelines are, however,
comprehensive for TDM assays because drug concentrations determined for TDM
purpose are generally reported as being below or above a target concentration and,
therefore, not the exact concentration but target attainment is of interest. Together
with the increasing demand for TDM in oncology, due to the use of oral anticancer drugs
with highly variable bioavailability, assay validation ought to be simple and
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straightforward, while still offering confidence in the data quality obtained with the
validated method. There is a need for more concise guidelines specifically designed for
the validation of TDM assays. In addition to more consice validation procedures, the
analysis of study samples should have a rapid turnaround by implementation of a short
analytical run. This review aims to present an overview of publications that describe
LC-MS/MS assays which have been validated specifically for application in TDM. In
addition to evaluating current practices, we provide recommendations that could serve
as a guide for future validations and analysis of study samples for TDM purposes.

Literature search

PubMed was searched on February 12t 2019 using the following terms: Therapeutic
drug monitoring AND validation’. We chose not to specify oncology in the search, to
evaluate the number of bioanalytical validation papers for therapeutic drug monitoring
in other fields. In addition, citation snow-balling was used. Inclusion was limited to
bioanalysis in humans and full-text articles available in the English language.

The search identified 941 papers, of which 36 were found to be eligible for inclusion.
Figure 1 shows a flow-chart of the inclusion process. Validation papers for therapeutic
drug monitoring were identified by studying full-length articles for the aim of the study:
assays that were developed specifically for implementation in therapeutic drug
monitoring were included, while assays developed for the bioanalytical support of clinical
studies and a potential application to TDM were excluded. Furthermore, only full
validation articles were included in this review. This review focuses on the 36 published
validation papers in the field of oncology, however, recommendations may be applicable
to other fields. Results of the literature survey are summarized in Table 1.

Bioanalytical method validation guidelines

Guidelines on bioanalytical method validation are provided by the FDA and EMA (15,16).
Although there is an overlap in experiments and acceptance criteria for all validation
parameters, some differences are apparent when these guidelines are compared.
Table 2 gives a brief overview of the validation experiments and acceptance criteria as
described by the FDA and EMA guidelines. Of the 36 included papers, 27 articles refer
to EMA and FDA guidelines for validation procedures. Other guidelines are occasionally
used for recommendations on specific validation parameters, such as the Clinical &
Laboratory Standards Institute (CLSI) guidelines (17,18). Furthermore, matrix effect
and recovery were investigated by a variety of methods described in literature (19-23).
In this review we will discuss the following aspects of method validation: calibration
model, accuracy & precision, lower limit of quantification (LLOQ), carry-over, selectivity
(endogenous and exogenous), dilution integrity, matrix effect, recovery and stability.
Furthermore, aspects on the analysis of study samples will be evaluated. For each
parameter, recommendations from relevant guidelines for assays supporting PK-TK

18
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Not a full validation paper

Validation AND therapeutic | -~ n=377
drug monitoring search  Z_
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therapeutic drug _
. n=17
monitoring
n =156 Infectious disease
n=49
Cardiovascular disease
n=13
Neurological disorder
Oncology n=26
(Included papers)
n=36 Other
n=15

Figure 1. Flowchart that shows the step-by-step process of inclusion to generate a final number of studies for
analysis in the review.

studies will be summarized, followed by results from the literature search and
recommendations specifically for TDM assays. We aim to provide guidance and criteria
for TDM method validation and on the application of these validated methods in the
routine analysis of study samples.

Calibration model

The calibration model shows the relationship between instrument response and
nominal analyte concentrations. For assays in clinical PK-TK studies, FDA and EMA
guidelines have reached consensus on the experiments and acceptance criteria for
the calibration model. The matrix of the calibration standards should, if possible,
represent the matrix in study samples and fresh calibration standards should be
prepared prior to each validation run. The number of calibration standards should be
anticipated on the validation range with a minimum of six standards, including an LLOQ
sample. Additionally, each set of calibration standards should include a blank sample
(processed matrix sample without analyte and without internal standard) and a zero
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Table 1. Overview of bioanalytical LC-MS/MS assays for therapeutic drug monitoring in oncology.

Analyte(s) Calibration Accuracy & Precision LLOQ Selectivity Carry-over
Levels RANBE | els Replic. SIN ls: Exc n
(-fold) genous genous samples
Intra: 6 6 blanks
Osimertinib 7 1000 4 . 6 LLOQ 3 blanks
Inter: 18
6 zeros
Afatinib
Axitinib
Dabrafenib
Dasatinib
Erlotinib
Gefitinib
Ibrutinib
Imatinib
Lapatinib Intra: 8
Nilotinib 6 100 3 Inter:15 5 6 blanks
Pazopanib
Regorafenib
Ruxolitinib
Sorafenib
Sunitinib
Trametinib
Vandetanib
Vemurafenib
Intra:20 OTC
Busulfan 5 300 3 Inter: 20 DOA 5 blanks
N Intra: 5 1 blank oTC
Vincristine 8 1000 3 Inter-4 (pooled) ACD
Intra: 10
Pemetrexed 7 64 3 Inter 30
Sorafenib 6 1000 4 Intra:4 6 blanks ACD
inter:6
Everolimus 7 80 5 Intra: 10 IMS
Inter: 10
) Intra:6
5-Fluorouracil 8 1000 4 ) 5 6 blanks ACD
inter:18
Intra: 5 6 blanks
Methotrexate 7 500 3 Inter15 5 61L0Q
i Hemo
Busulfan 5 333 3 Intra:10 Lipi 3Low
inter: 28
Icte
Docetaxel
Paclitaxel Intra: 5 6 blank
Vinblastine 7 100 4 Inter: 5 10 6LLOQ
Vinorelbine
Everolimus Intra: 15
Sirolimus 6 . 8 Inter: 15 IMS
. Intra: 6
Octreotide 9 50 4 Inter: 15
. 1 blank
Imatinib 8 20 3 10 11L0Q Cross-IS 1 solvent
. Intra: 5
Lapatinib 8 50 4 i 10 6 blanks Cross- IS
Inter: 5

20
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Dilution

ety Matrix effect Recovery Internal standards Short-term stability Ref
Levels Levels Levels Levels Conditions
Replic. Blanks Replic.  Blanks Replic.
3levels . RT 4h
2 2 replic Pazopanib 3 F/T3 (51)
piic. FE 24h
[?H,]-Erlotinib
1 level 6 levels [2H,]-Gefitinib
4 replic 6 blanks 6 replic [?H,)-Lapatinib FE 96°C (52)
1 replic plic. [*H,]-Sorafenib
RT 28d
3 levels ) F/T6
2 levels 3 replic (45) [?H,]-Busulfan 2°C 28 (53)
-70°C 28d
RT 15h
g ::ave|.|<s; Vinblastine 3 FT3 (50)
P FE 10h
F/T3
Methotrexate 3 4°C 24h (54)
-20°C 20d
2 levels 5 levels 5 levels RT 5h
5 replic 9 blanks 3 replic ['3C,*H,]-Sorafenib 4 FE 24h (55)
P 1 replic P 30°C 1w
1 level ?Olet\)llealriks 5 levels 40-0-~(3-hydroxy) 3 FE 24h (56)
10 replic 1 replic (22) 3replic propyl-rapamycin
1 level 3 levels 15 . RT 4
3 replic 3 replic ["*N,]-5-Fluorouracil 3 F/T3 (57)
FE 96h
1 level 3 levels 3 levels RT 7h
5 replic 1 blank 5 replic p-Aminoacetophenone 2 F/T3 (58)
P 5 replic P FE 48h
1 level o
3 levels 3 blanks Jlevess [2H,]- Busulfan P (40)
P 3 replic (19) plic.
3 levels 3 levels RT 12h
1 blank 5re Iic' Vindoline F/T/ 3 (59)
5 replic (19) piic. -20°C 1m
Patient Post-column
samples X . ['*C,*H,] Everolimus 3 RT 12h (60)
1 replic infusion (23)
3 levels 3 levels RT 12h
6 batches 6 replic Triptorelin 4 F/T3 61)
3 replic (21) P FE 3d
g 't:‘;ilis [?H,J-Imatinib 42)
RT 8h
3levels n F/T3
5 replic Sorafenib 3 FE 10h (48)
-70°C 21d

21
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Table 1. Continued

Analyte(s) Calibration Accuracy & Precision LLOQ Selectivity Carry-over
Levels RANBE ). els Replic. SIN Ziils: Exod n
(-fold) genous genous samples
Intra: 6 >1
Letrozole 6 60 4 Inter: 18 10 6 blanks blank
Inta:10 )
Methotrexate 6 5000 3 gasn;?]lklzcsi 1 blank
Intrer:20 P
6-Methylmer- I?’mpreusmn:
captopurine 6 100 3 . 10 blanks
X X Inaccuracy:
6-Thioguanine
12
Everolimus 5 54 3 Intra: 3 1 Low
Inter: 30
Cobimetinib
panib 500 3 : 8 blanks and >1 blank
Regorafenib Inter:6
L other
Trametinib
Vemurafenib
Dasatinib
Erlotinib
Gefitinib
Imatinib 8 Intra: 15 6 blanks Cross-
Lapatinib 500 4 Inter: 15 6 LLOQ analyte/IS 2 blanks
Nilotinib
Sorafenib
Sunitinib
Olaparib TKls
Pazopanib 250 Intra: 25 ART
Ruxolitinib 000 2 Inter: 24 6 blanks AFT
Vismodegib other
Dabrafenib Intra: 15 6 blanks Cross-
Trametinib 8 100 4 Inter:15 5 6 LLOQ analyte/IS 2 blanks
Dasatinib
Erlotinib
Gefitinib
Imatinib Intra:5
Lapatinib 7 50-100 3 Inter:5 5
Nilotinib
Sorafenib
Sunitinib
Abiraterone Intra: 15 6 blanks Cross-
Enzalutamide 100 3 Inter: 15 5 6LLOQ analyte/IS 2blanks
Dasatinib
L 533- Inter:6 6 blanks Cross-
Irr»1at|‘n|_b 8 2000 4 Intra: 18 5 6 zeros analyte/IS >1 blanks
Nilotinib
) Intra: 15 6 blanks
Pazopanib 8 50 4 Inter: 15 5 61L0Q Cross-IS 2 blanks
Dasatinib
Erlotinib
Gefitinib
Imatinib
Lapatinib Intra: 15 6 blanks
Nilotinib 4 0 3 Inter:15 > 61L0Q 2 blanks
Pazopanib
Sorafenib
Sunitinib

Vermurafenib

22
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!)|Iut|t?n Matrix effect Recovery Internal standards Short-term stability Ref
integrity
Levels Levels Levels Levels Conditions
Replic. Blanks Replic.  Blanks Replic.
2 levels 3 jevels RT 4h
6 blanks 6 replic Anastrozole 3 F/T3 (62)
1 replic FE 24h
RT 4h
3 Jevels Eost-golumn F/T3
3 replic infusion [?H,]-Methotrexate 2 FE 24h (63)
(23) -80°C 30d
4°C 24h
1 level ['3C,,'°N]-6-Thioguanine
1 blank ;ﬁ"el:c [2H,]-6-Methylmer- FE 24n (64)
5 replic (19) P captopurine
5 blanks R 41)
1 replic [*H,]-Everolimus 5)
['*C.]-Cobimetinib
3 levels [?H,]-Dabrafenib RT 48h
7 blanks 3 levels ['*C,*H,]-Pazopanib 3 F/T3 28)
1 replic 7 replic ['3C,2H,]-Regorafenib FE 24h
[13C6]- Trametinib 4°C 48h
['*C.]- Vemurafenib
[Hg]-Dasatinib
['*C,]-Erlotinib
2 levels [?H,]-Gefitinib RT 48h
1 level 1 blank 2 levels ['*C, 2H,]-Imatinib 5 F/T3 (65)
5 replic 3 replic 3replic ['3C, 2H,]-Lapatinib FE 8d
[?H,]-Nilotinib
['*C, 2H,]-Sorafenib
[*H, J-Sunitinib
[Hgl-Olaparib RT 4d
3 levels [?H,.]-Pazopanib F/T4
1 blank (19) 3levels [2H.]-Ruxolitinib 3 FE 24h (66)
['3C,,?H,])-Vismodegib 4°C4ad
2 levels 5 . RT24h F/T3
. 'ri‘;f“'c 6 blanks {1%]]_2‘;’::;222 2 2-8°C 68 @5
1 replic & -20°C 20d
[2H,]-Gefitinib
1 level 1 level [*Hgl-Imatinib RT 1d
6 blanks 6 replic ['*C,,"*N,]-Nilotinib 3 F/T3 (67)
1 replic [?H, J-Sunitinib 4°C 1w
2 levels . RT 5d
1 level 6 blanks 2 levels [?H,]-Abiraterone 5 F/T3 35)
5 replic 1 replic 3replic [?H ]-Enzalutamide FE 5d
-20°C1m
3 levels 3 levels [Hg]-Dasatinib E;—]_438h
6 blanks X [2H_]-Imatinib 2 (68)
1 replic 6 replic [5C2H,] Nilotinib FE 24h
r 4°C 24h
1 level 2 levels 2 levels . RT 5d
5 replic 6 blanks 5 replic ['*C,?H,]-Pazopanib 2 F/T3 (26)
1 replic FE 70d
[?H ]-Dasatinib
['*C,]-Erlotinib
[2H,]-Gefitinib
[*C]-Imatinib RT 48h F/T/ 3
1 level [*C]-Lapatinib 5 FE 8d (69)
5 replic [2H,]-Nilotinib -20°C1m

['*C]-Pazopanib
['*C]-Sorafenib

[?H, ]-Sunitinib
['*C.]-Vermurafenib

23
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Table 1. Continued

Analyte(s) Calibration Accuracy & Precision LLOQ Selectivity Carry-over

Range | o els Replic. SIN Ziils: Exod n

Levels (-fold) genous genous samples

Bosutinib

Cobimetinib

Dabrafenib

Dasatinib

Erlotinib

Ibrutinib

Imatinib 6-8 Intra: 25 6 blanks ART, AFT,
Lapatinib 100-500 4 Inter: 24 other
Nilotinib

Ponatinib

Sorafenib

Sunitinib

Trametinib

Vemurafenib

Intra: 15 6 blanks

Z-Endoxifen 4 25 3 Inter: 15 5 61LL0Q Cross-IS
Binimetinib
COblmem.”b 250- Intra: 5 6 blanks Cross-
Dabrafenib 7-9 3

L 1000 Inter:15 6 zeros analyte/IS
Trametinib
Vemurafenib
Afatinib
Axitinib
Ceritinib Cross-
Crizotinib Intra: 15 6 blanks
Dabrafenib 4 100 3 Inter: 15 5 6 LLOQ analyte/ls 2 blanks

Enzalutamide
Regorafenib

Trametinib
L Intra: 15 6 blanks
Sunitinib 8 200 4 Inter 15 61L0Q Cross-IS 2 blanks
. Intra: 5 5 blanks
Imatinib 6 200 3 Inter 10 10 51L0Q 1 blank
Methotrexate 7 1000 4 Intra: 30 10 blanks 1 blank
Inter: 30 10 LLOQ
Abiraterone
Anastrozole
Bicalutamide .
Enzalutamide 4 20-200 3 Intra: 15 5 6 blanks 2 blanks
Inter: 15 6 LLOQ
Exemestane
Letrozole
Z-Endoxifen

Abbreviations: S/N = signal-to-noise ratio, Ref = reference, replic. = replicates, RT = room temperature, F/T

= freeze/thaw, FE = final extract, h = hours, w = weeks, d = days, LLOQ = lower limit of quantifications, IS =
internal standard, OTC = over the counter, Hemo = hemolytic, Lipi = lipidemic, Icte = icteric, DOA = drugs of
abuse, ACD = anticancer drugs, IMS = immunosuppressants, AB = antibiotics, TKI = tyrosine kinase inhibitors,
ART = antiretroviral therapy, AFT = antifungal therapy
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!)|Iut|t?n Matrix effect Recovery Internal standards Short-term stability Ref
integrity
Levels Levels Levels Levels Conditions
Replic. Blanks Replic.  Blanks Replic.
[?H,]-Bosutinib
['*C]-Cobimetinib
[?H,]-Dabrafenib
[Hgl-Dasatinib
['*C_]-Erlotinib
[?H:]»Ibrutinib RT 48h
3 levels [?H]-Imatinib FiT4
1 blank (19) 3 levels [1°C*H.J-Lapatinib 3 chzjgh 70
['*C,2H,J-Nilotinib
[?H,]-Ponatinib
['3C,?H,]-Sorafenib
[2H,,]-Sunitinib
['*C ]-Trametinib
['*C.]-Vemurafenib
RT 7d
F/T3
2blanks Eeli;ﬂts [2H,] Z-endoxifen 2 FE 7d 32)
-20°C7d
2-8°C7d
[‘3C2,2H4]-BinimeFinib RT 24h
1 level 1 level ['3C,]-Cobimetinib 2°C 3d
6 blanks . [2H ]-Dabrafenib 2 71)
) 3 replic 3 . F/T3
1 replic ['*C]-Trametinib 20°C 1m
['*C.]-Vemurafenib
['3C J-Afatinib
[13C,2H,]-Axitinib
2 levels [2H,]-Ceritinib RT 48h
1 level 6 blanks ['*C,]-Crizotinib 5 F/T3 ©
5 replic 1 replic [?H,]-Dabrafenib FE 48h
[H]-Enzalutamide -20°C1m
['*C,?H,]-Regorafenib-
['*C ]-Trametinib
1 level 2 levels 2 levels L RT 72h
5 replic 1 blank 3 replic [?H, I-Sunitinib 2 F/T3 (24)
3 replic FE 7d
1 level 3 levels
4 blanks [*Hgl-Imatinib (72)
1 replic
2 levels 4 levels 4 levels [?H,]-Methotrexate 4 F/T3 (73)
6 blanks 3replic -20°C 48h
3 replic 4°C72h
-80°C 34d
[*H,]-Abiraterone
[?H,,]-Anastrozole RT 5d
[*H,]-Bicalutamide F/T3
[H ]-Enzalutamide 2 4°C 5d (49)
[?H,]-Exemestane FE 5d
[?H,]-Letrozole -20°C 21w

[2H_]-Endoxifen
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Table 2. Recommendations for bioanalytical method validation as given by the European Medicines Agency
(EMA), the US Food and Drug Administration (FDA) and proposed recommendations specifically for therapeutic
drug monitoring (TDM) assays

Validation Experiments/ EMA FDA TDM
parameter criteria*
Calibration Experiments  Consists of a blank Consists of a blank Consists of a blank
model sample, a zero sample sample, a zero sample sample, a zero sample
and 6-8 calibration and 6-8 calibration and 4 calibration
standards (incl. LLOQ) standards (incl. LLOQ) standards (incl. LLOQ)
Acceptance 85-115% 85-115% 85-115%
criteria 80-120% for LLOQ 80-120% for LLOQ 80-120% for LLOQ
75% should meetthe  75% should meetthe  75% should meet the
criteria, including criteria, including criteria, including
LLOQ and ULOQ LLOQ and ULOQ LLOQ and ULOQ
LLOQ Experiments  Lowest calibration Lowest calibration Lowest calibration
standard level standard level standard level
Acceptance 80-120% 80-120% 80-120%
criteria >5S/N >5S/N >10 S/N
Carry-over Experiments  Blank sample injected  Should be monitored At least 2 blank
after a high sample during analysis samples injected after
the ULOQ
Acceptance <20% of LLOQ <20% of LLOQ <20% of LLOQ
criteria <5% of IS <5% of IS
Accuracy & Experiments 4 Concentration levels 4 Concentration levels 3 Concentration levels
precision 5 samples per level 5 samples per level (LLOQ, Mid=target
concentration, ULOQ),
5 samples per level
Acceptance 85-115% 85-115% 85-115%
criteria 80-120% for LLOQ 80-120% for LLOQ 80-120% for LLOQ
Dilution Experiments  Dilute sample >ULOQ  Dilute sample >ULOQ  Not applicable
integrity (n=5) with blank (n=5) with blank
matrix matrix
Acceptance 85-115% 85-115%
criteria 80-120% for LLOQ 80-120% for LLOQ
Endogenous Experiments 6 Batches, blank 6 Batches, blank 6 Batches, blank
Selectivity samples samples samples
and at LLOQ and at LLOQ
Acceptance <20% of LLOQ <20% of LLOQ <20% of LLOQ
criteria <5% of IS <5% of IS <5% of IS
Exogenous Experiments Potential interfering Cross-interference If applicable:
Selectivity substances should be  when >1 analyte in the interference of

tested separately

assay

structural analogues
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Table 2. Continued

Validation Experiments/ EMA FDA TDM

parameter criteria*

Stability Experiments  Low and High Low and High LLOQ and ULOQ
concentrations: concentrations: concentrations:
Stock solutions, Stock solutions, Stock solutions,
Working solutions, F/T, Working solutions, F/T  Working solutions, F/T
short-term at RT, 3, short-term at RT, 3, short-term at RT,
Long-term. Long-term. prolonged at RT
If applicable: dry If applicable: dry during transport,
extract, autosampler extract, autosampler long-term, influence of
stability stability exposure to light.

If applicable: dry
extract, autosampler

stability
Acceptance 85-115% 85-115% 85-115%
criteria
Matrix effect ~ Experiments 6 Batches of blank Matrix effect should Not applicable if a
matrix, Low and High  be evaluated stable isotopically-
samples labeled internal
standard is used
Acceptance CV of IS-normalized co-eluting with the
criteria should be <15% analyte
Recovery Experiments  Not applicable Extracted compared Not applicable

to unextracted at 3
concentration levels

* % of nominal concentration unless otherwise specified. Abbreviations: EMA = European Medicines
Agency, FDA = US Food and Drug Administration, TDM = therapeutic drug monitoring, LLOQ = lower limit of
quantification, ULOQ = upper limit of quantification, S/N = signal-to-noise, CV = coefficient of variance, IS =
internal standard.

sample (processed matrix sample without analyte). These samples are not included in
the calculation of the regression line. The EMA recommends the analysis of calibration
standards on three occasions in duplicate (total n=6) to evaluate linearity of the
calibration model. Acceptance criteria for calibration standards are 85-115% of the
nominal concentration, and 80-120% for the LLOQ. At least 75% of calibration standards
should meet these criteria, including the LLOQ (and the upper limit of quantification
(ULOQ) in EMA guidelines).

Calibration standards

Included analytical assays all used a matrix similar to study samples for preparation
of calibration standards. Most papers do not describe whether calibration standards
were produced freshly before each validation run. The number of calibration standards
ranged from four to nine, with a median number of seven and a median calibration
range of 100-fold. The median number of calibration standards is in line with the
recommended guidelines. However, nine articles use <6 calibration standards for the
calibration model. When dividing the calibration range by the number of calibration
standards, a median of 24 nominal concentration units per standard is calculated.
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Based on this median, a 100-fold calibration range would only need four calibration
standards. Reducing the analysis time by using fewer calibration standards (n=3) was
previously demonstrated by Lankheet et al. in a method comparison of LC-MS/MS
assays for the quantification of sunitinib (24). Reducing the number of calibration
standards from six to three increased the turnaround while preserving accuracy and
precision. To further investigate this concept, we performed a similar experiment in
our lab using data from previously published TDM assays for quantification of
pazopanib, trametinib and dasatinib (25,26). QC samples at LLOQ, low, mid and high
level (n=15) were analyzed using both the original method with eight calibration
standards and an adjusted method with four calibration standards. The results of the
method comparison are shown in Figure 2. A regression test was performed for all
three analytes and showed no significant constant error (y-axis intercept 95%
confidence intervals contained zero; -0.0719 to 0.0607 for pazopanib, -0.0599 to 0.0433
for trametinib and -5.55 to 9.03 for dabrafenib). Furthermore, the slopes of the
regression lines were not significantly different from one for pazopanib and dabrafenib
(95% confidence interval; 0.996 to 1.00 and 0.997 to 1.00, respectively). Although the
regression line for trametinib was found to be significantly different from one by
reducing the number of calibration standards, with a slope of 1.01 (95% confidence
interval; 1.01 to 1.02), the accuracy and precision improved compared to the original
method from +4.3% to +3.8% and from <5.6% to <3.0%, respectively. These data suggest
that reducing the number of calibration standards from eight to four when using
calibration ranges of 100 fold or less does not affect the accuracy and precision of the
method.

From a clinical point of view, target attainment is the final objective for decision making
in TDM. Therefore, a one-level calibration could be considered with a calibration point
being the target concentration. In a previous study, bias and precision of multiple-point
and one-point calibration were compared. One-point calibration with a calibration
close to the center of the complete calibration range (e.g. proposed target) shows bias
and precision within the acceptance criteria for the majority of drugs (27). However,
dose adjustments following TDM may depend on the quantitative determination of
the concentration of an anti-cancer agent; patients with a concentration around the
target could receive minimal or no dose adaptations, while large deviations from the
target may ask for other interventions. Therefore a concentration range should be
chosen per analyte depending on the decision making in TDM. A calibration range that
spans 2 orders of magnitude using 4 calibration standards is in most cases sufficient
for these purposes and this reduction in the number of calibrations standards increasis
the turnaround time of TDM assays and has no impact on the quality of the reported
data as demonstrated in Figure 2. Furthermore a one-level calibration assumes a linear
model and a variance independent of the analyte concentration (no weighting factor
is applied). This assumption is in most MS methods not justified. Therefore the
calibration model should be established in each analytical run by analyzing (4)
calibration standards in the chosen, validated range.
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Figure 2. Scatter plots of method comparison showing plasma concentrations of four quality control (QC)
levels (n=15) measured with the original method (eight calibration standards) and the adjusted method (four
calibration standards). The black line represents the linear regression line and the dotted line represents the
line of identity.

Regression line

All but one paper (28) used a weighted linear regression (1/x or 1/x?) for the calibration
model. A linear relationship is the simplest mathematical relationship with a constant
accuracy over the complete range in contrast to quadratic fitting (17). Therefore, linear
regression is the preferred mathematical method for calibration of analytical methods
(29). A weighting factor of 1, 1/x or 1/x? is selected if the standard deviation of the
instrument response is proportional to x (29). Weighted regression of 1/x or 1/x? should
be used when the absolute variance is not constant for all observations, which is
generally the case with a calibration range covering over one magnitude (29).
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Therefore, 1/x or 1/x? weighting may be used to improve the accuracy at lower
concentrations. If a quadratic fit is chosen to compensate for saturation of the ion
detector, the method could be de-optimized to reduce saturation, or the MRM channel
could be modified (+1 or +2) to monitor the m/z values of isotopes and thereby avoid
signal saturation (30). All but five articles report a determination coefficient (R?) and a
minimum of 0.99 is generally strived for. However, deviations from the nominal
concentrations provide more information about linearity of the calibration model.
Therefore, back-calculated concentrations should be reported instead of R2. Acceptance
criteria for the back-calculated calibration standards are provided by 24 papers, being
85-115% of the nominal concentration (80-120% for the LLOQ).

Quantitation range

The quantitation range of bioanalytical assays should be chosen on the basis of
concentrations expected in clinical samples. TDM assays are developed to determine
whether individual concentrations are above or below a certain target and, therefore,
the concentration range should be built around this target concentration. A median
calibration range of 100-fold was used in included assays for TDM purpose. The
calibrations range should be as narrow as possible for high accuracy and precision,
covering the concentration of the majority of samples as seen in the clinic, from the
minimum reported concentration to the maximum reported concentration after drug
intake. Accordingly, the range will depend on inter-patient variability of anticipated
concentrations. In our experience, a range of 20 to 100-fold is in most cases sufficient.

Accuracy and precision

Accuracy of the LC-MS/MS method describes the closeness of mean measured
concentrations to the nominal concentrations of the analyte and is expressed as a
percentage, while the precision of the method describes the closeness of repeated
measurements of an analyte. For PK-TK assays, both parameters should be assessed
using quality control (QC) samples, i.e. spiked samples at known concentrations. QC
samples are generally produced at LLOQ, low (within three times the LLOQ), mid (in
the midrange) and high (approaching the end, >75% of ULOQ, of the calibration range)
level. Accuracy and precision can be further subdivided into within-assay and between-
assay accuracy and precision. According to the EMA and FDA, within-assay accuracy
and precision should be determined by measuring a minimum of five samples at a
minimum of four concentration levels (LLOQ, low, mid, high). Furthermore, between-
assay accuracy and precision should be assessed by measuring four concentration
levels in at least three runs or batches on at least two different days. Mean
concentrations should be 85-115% of the nominal values for QC samples, except for
LLOQ for which 80-120% is considered acceptable. It is recommended by the EMA to
demonstrate accuracy and precision over at least one of the runs in a size equivalent
to a prospective analytical run containing study samples.
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Included analytical papers for TDM purpose determine accuracy and precision, with a
minimum of three concentration levels. Although a variable number of QC samples
was used for determining accuracy and precision, all papers included at least five
samples to determine within-assay accuracy and precision and a minimum of three
runs were performed for between- assay accuracy and precision. Only seven papers
did not give acceptance criteria for accuracy and precision, while other papers reported
acceptance criteria in line with FDA and EMA guidelines. These results suggest that
recommendations in FDA and EMA guidelines are generally acceptable for determining
accuracy and precision of TDM assays. Regarding the short calibration range of TDM
assays and the aim for a fast turnaround, we believe that a minimum of three
concentration levels (LLOQ, medium or target concentration an ULOQ) is sufficient. As
most papers do not provide information on how accuracy and precision were calculated,
we recommend using the following equations (31):

Within-assay accuracy (%) =
100% - (mean measured conc.per run-nominal conc.)/(nomimal conc.) (a)

Between-assay accuracy (%) =
100% - (overall mean measured conc.-nominal conc.)/(nominal conc.) (b)

Within-assay precision (%) =
100% (SD of the measured conc.per run)/(mean measured conc.per run) ()

Between-assay precision (%) =

d
(5(271;91@”/((n1+"'+nu_1)‘((nl—l)s%"‘“""(("a‘l)sa)))>_((n1—1)5§+..4+(na—1)sé) (d)
a-1

ni+.+ng-a

T
@

Mean of runs

X 100%

Where conc. = concentration, SD = standard deviation, s?_ __ = overall SD? Sk =
variance (SD?) of mean of replicates on a concentration level for run x, a = number of
runs and n = number of replicates.

Lower limit of quantification

For assays for PK-TK studies, the LLOQ is the lowest level of the calibration standards
which can determined with an accuracy and precision of <20% of the nominal
concentration. Both EMA and FDA guidelines state that the LLOQ should be at least
five times the signal of a blank sample.

The LLOQ in TDM assays is the lowest level of the calibration standards, however, it is
generally not the lowest concentration of an analyte which can be quantified reliably
as the concentration range is higher. Therefore, the LLOQ in TDM assays is rather a
lower limit of the measuring interval (LLMI). In 34 of 36 papers of TDM assays, the LLOQ
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was defined as the lowest level of the calibration range, witth an acceptance criterion
of 80-120% of the nominal concentration. Based on these results, a maximum of +20%
deviation from the nominal concentration seems to be accepted in TDM assays. The
signal-to-noise (S/N) ratio was provided in 19 papers, being at least five (n=12) or ten
(n=7). Furthermore, the limit of detection was determined in 10 papers, with a S/N ratio
of at least three (n=8), five (n=1) or six (n=1). To set an example; In our lab, we perform
weekly TDM measurements of Z-endoxifen with a validated LC-MS/MS assay (32), and
we have recorded the S/N ratio of the LLOQ (1 ng/mL) for 49 weeks. Figure 3 displays
the S/N ratio of the LLOQ to range from 20 to 200 in this time period, demonstrating
a factor 10 inter-occasion variability when the method is applied for a longer period.
Although the EMA and FDA recommend a S/N ratio of at least five for the LLOQ, we
believe this limit should be increased for TDM assays regarding the between-assay
variability of the LC-MS/MS signal over a long time period. Therefore, we aim for a S/N
ratio of at least ten instead of five. Increasing the S/N ratio is supported by the CLSI
guidelines, in which a S/N ratio of at least 20 is recommended (33). Moreover, TDM
assays are developed to measure steady-state drug concentrations and while choosing
calibration standards to cover concentrations in a 20- to 100-fold range, the LLOQ will
generally exceed an S/N ratio of 10. For example, enzalutamide is known to have a
mean trough concentration at steady-state (at a 160 mg dose) of 11.4 mg/L (34). A
validated method in our lab showed a S/N ratio of over 200 for the LLOQ of 5 ng/mL
(35). Taken the variability in account over time and the intended use of TDM methods,
we strongly advice to increase the S/N ratio at the LLOQ to increase the robustness of
the validated method.

Selectivity

The selectivity of the analytical method is investigated during validation to assess
whether the method is able to differentiate the analyte of interest from endogenous
and exogenous components within the sample. EMA and FDA guidelines state that
selectivity should be proven in at least six independently prepared and analyzed
batches of the used biomatrix for PK-TK assays. The interference in these should be
+20% and 5% of the LLOQ for the analyte and the internal standard, respectively.
According to the FDA, selectivity should also be ensured at the LLMI. These experiments
focus on interference from endogenous source, while it may also be necessary to
investigate potential interference from exogenous components, such as metabolites,
co-medication, degradation products, excipients of the formulation and other
xenobiotics. The FDA specifically adds that ‘if the method is intended to quantify more
than one analyte, each analyte should be tested to ensure that there is no interference’.

Endogenous selectivity

In 26 of 36 articles for TDM assays, endogenous selectivity was tested in accordance
with the guidelines, in at least six different batches of blank matrix. One paper included

32



Method validation TDM assays

2.5x102
25102 .
1.5x102,
1x1024 * * . .

5x101- e

S/N ratio Z-endoxifen

0 10 20 30 40 50
Time (weeks)

Figure 3. Z-endoxifen signal-to-noise (S/N) ratios of the LLOQ (1 ng/mL) as measured by LC-MS/MS for
therapeutic drug monitoring for 49 weeks

10 different batches and two papers investigated endogenous interference in one
batch of plasma. Testing for selectivity is important, as it shows that the substance
quantified is indeed the analyte. Therefore, selectivity experiments should be
performed in different batches of plasma, also for TDM assays. Selectivity at LLOQ was
ensured in 14 papers, all analyzing LLOQ samples in six different batches. Although
the EMA does not recommend to do such an experiment, we believe it is important to
investigate the effect of different matrices and endogenous interference on
quantification of the analyte. Endogenous components may cause suppression or
enhancement of the MS signal and thereby influence quantification of the analyte. This
can only be characterized if selectivity has be