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The introduction of targeted anti-cancer therapies has unrecognizably changed and improved the 

treatment of cancer. Yet, challenges remain in selecting those patients who may benefit most from 

these treatments and how to best deploy these agents in the treatment of patients. 

These targeted agents are generally divided in two main categories: monoclonal antibodies and 

small molecules. Most of these small molecules inhibit kinases, which are proteins involved in 

the signal transduction of growth factors that stimulate survival, proliferation and metastasis of 

tumor cells. Kinase inhibitors have revolutionized the treatment of cancer and are currently used 

for a wide range of solid and hematological malignancies. This thesis describes a range of clinical 

pharmacological studies to optimize and personalize the treatment of cancer with kinase inhibitors. 

The introduction of these kinase inhibitors to the clinic has widely been hailed as a triumph of 

personalized or precision medicine. At the moment however, all these drugs are administered using 

a one-size-fits-all fixed dosing schedule, which consists of either a flat dose or a fixed dose based on 

body surface area (BSA), even though a clear rationale for BSA based dosing is often lacking [2]. This 

starting dose is then only empirically reduced after the occurrence of intolerable toxicity. Chapter 1 

argues how individualized dosing could improve cancer treatment, for example through adapting 

the dose based on the concentration of the drug in plasma, generally known as therapeutic drug 

monitoring.  

In chapter 1.1 we describe the available evidence for individualized dosing through therapeutic 

drug monitoring of kinase inhibitors in oncology. Furthermore, available data is translated into 

practical recommendations for dose individualization of these agents. 

Chapter 2 focusses on pazopanib, a kinase inhibitor targeting the vascular endothelial growth factor 

receptor (VEGFR) used for the treatment of advanced renal cancer and soft tissue sarcoma. First in 

chapter 2.1 we provide an overview of the available pharmacokinetic and pharmacodynamic data 

of pazopanib. Chapters 2.2 and 2.3 provide a description of the bioanalytical validation and clinical 

application of liquid chromatography tandem mass spectrometry assays to quantify pazopanib 

in plasma and dried blood spot samples, respectively. Chapter 2.4 reports on identification of 

relationships between the pazopanib concentration measured in plasma samples of patients and 

treatment outcomes in routine care. This chapter is particularly focused on the relationship between 

pazopanib plasma concentrations and progression free survival. Finally, in chapter 2.5 we describe 

a prospective study in cancer patients to evaluate the safety and feasibility of individualized dosing 

of pazopanib based on measured plasma concentrations.

Chapter 3 provides an outline of bioanalytical and clinical studies with the mammalian target of 

rapamycin (mTOR) inhibitor everolimus used in the treatment of breast cancer, renal cancer and 

neuro-endocrine tumors. First, a method to quantify everolimus concentrations in patient samples 

using a less invasive sampling technique called volumetric absorptive microsampling (VAMS) 

is described in chapter 3.1. Thereafter, chapter 3.2 describes a randomized pharmacokinetic 
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crossover study to optimize the pharmacokinetics of everolimus by splitting the dosing schedule 

from a once daily to a bi-daily schedule in cancer patients. This could reduce the maximum 

concentrations which are thought to be related to toxicity and, thereby, reduce toxicity without 

negatively impacting treatment efficacy.

Chapter 4 studies the clinical pharmacological properties of kinase inhibitors by analyzing data 

from real-world patient cohorts. In chapter 4.1, circulating tumor DNA is monitored in a group  of 

patients with non-small cell lung cancer (NSCLC) treated with erlotinib. The quantitative dynamics 

of circulating tumor DNA of the epidermal growth factor receptor gene were investigated and 

associated with early treatment failure and disease progression. 

In chapter 4.2, we report the pharmacokinetics of imatinib in a cohort of gastro-intestinal 

stromal tumor patients. Analyses included the incidence and predictive factors of low imatinib 

pharmacokinetics exposure, the change in the exposure over time and the correlation between 

exposure and response. 

In addition to suboptimal and one-size-fits-all fixed dosing, another shortcoming of the current 

application of kinase inhibitors is their limited penetration of the blood-brain barrier, resulting in 

low concentrations in the central nervous system and suboptimal efficacy in preventing and treating 

brain tumors and metastases.[4] This is a frequent problem (amongst others) in NSCLC and results in 

a dismal prognosis for patients. It was hypothesized that the brain concentration of kinase inhibitors 

routinely used in NSCLC, such as erlotinib, could be increased by co-administration of molecules 

that inhibit key efflux transporters in the brain, in particular the ATP-binding cassette transporters 

(ABC) ABCB1 and ABCG2. Specific inhibitors of these transporters have been developed, one 

example being elacridar. Chapter 5.1 describes the clinical pharmacokinetics of a novel amorphous 

solid dispersion formulation of elacridar in a phase I dose-escalation study. Chapter 5.2 shows the 

application of this formulation of elacridar in a proof-of-concept study in cancer patients. In this 

study, patients were subjected to 11C-erlotinib PET scanning, enabling non-invasive visualization 

of erlotinib in the brain. To evaluate the effect of elacridar on erlotinib brain penetration, patients 

underwent a PET scan with and without administration of an elacridar dose. 

Clinical pharmacological studies could also guide early drug development for example to optimize 

the posology of drug candidates. The novel focal adhesion kinase inhibitor BI 853520 is such a drug 

currently under clinical development. Chapter 6.1 describes two randomized open-label crossover 

clinical pharmacokinetic studies on the effect of food and formulation as a liquid dispersion. 
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Introduction 
Despite the fact that pharmacokinetic exposure of kinase inhibitors (KIs) is highly variable and clear 

relationships exist between exposure and treatment outcomes, fixed dosing is still standard practice. 

This review aims to summarize the available clinical pharmacokinetic and pharmacodynamic data 

into practical guidelines for individualized dosing of KIs through therapeutic drug monitoring 

(TDM). Additionally, we provide an overview of prospective TDM trials and discuss the future steps 

needed for further implementation of TDM of KIs.
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Introduction

Numerous kinase inhibitors (KIs) have become available for the treatment of solid tumors and have 

improved outcomes for a wide range of malignant diseases. In contrast to most classical cytotoxic 

drugs, these agents target specifi c molecular aberrations of cancer cells and are administered orally. 

Many KIs show exposure-response and exposure-toxicity relationships. As pharmacokinetic (PK) 

exposure (e.g. area under the plasma concentration time curve (AUC) or plasma trough level (Cmin)) 

varies highly between patients, some patients may be at risk of treatment related toxicity due to 

high exposure, while others may experience suboptimal effi  cacy caused by low exposure.

Therefore, PK is a relevant and obvious biomarker which could be used to optimize treatment 

through therapeutic drug monitoring (TDM) (fi gure 1). For some anti-cancer drugs, TDM targets 

have already been recommended previously1. Nonetheless, expansion and an update of these 

previous works is warranted given the rapid developments in oncology demonstrated by the large 

volume of new PK and pharmacodynamic (PD) data that has become available and the abundance 

of new agents in this class that have been approved in recent years. 

The purpose of this review is to integrate the available clinical PK and PD data into practical 

recommendations which can be used to personalize the treatment with KIs approved for the 

treatment of solid tumors, using TDM. An overview of the selected KIs used in the treatment of solid 

tumors and their pharmacokinetic properties (most relevant to TDM) are provided in supplemental 

table 1. A discussion of the available data for each KI is provided below. First, an overview of the 

available exposure-toxicity studies is given and exposure-response data is discussed. Concentrations 

for metabolites are taken into account if these have been shown to be pharmacologically active and 

contribute substantially to the anti-cancer eff ect. Then, based on these data, TDM recommendations 

are provided, focusing on the PK target. These TDM recommendations for each drug are summarized 

in table 1 and 2. Where evidence based target exposure is lacking, the average exposure of the 

approved effi  cacious dose will be provided as a proxy (also see fi gure 2). Additionally, we provide a 

comprehensive general discussion on a broadly applicable PK-guided dosing algorithm, a weighting 

of the evidence for TDM of each drug, the use of the mean exposure as proxy for a PK target and an 

overview of previously conducted prospective TDM trials in oncology.

Practical Recommendations for TDM of KIs in Oncology

Anaplastic Lymphoma Kinase (ALK) inhibitors

Alectinib

In previous studies, no relationships between alectinib exposure and grade 3 toxicity have been 

found.2 No relationship between best overall response and the combined average concentration 

of alectinib and its metabolite M4 was found (n=49). However, in an population pharmacokinetic 
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analysis, a higher than median steady-state alectinib Cmin ≥435 ng/mL has been associated with 

greater reduction in tumor size (n=46).2 

Based on the available data, the best estimate for a cut-off  for effi  cacy at this time is Cmin ≥435 ng/mL. 

Yet, this preliminary fi nding should be confi rmed in future studies.  

Figure 1: Current fi xed dosing paradigm (left) versus the proposed individualized or TDM dosing algorithm 
(right).

Ceritinib

Higher ceritinib Cmin has been associated with an increase of grade ≥3 adverse events (AEs) 

(p=0.002), specifi cally with grade ≥3 alanine transaminase (ALT) elevation, aspartate transaminase 
(AST) elevation, grade ≥2 hyperglycemia and probability of dose reduction (all p< 0.01), but not 

with grade ≥2 diarrhea (p=0.11), grade ≥3 gastro-intestinal tract AEs (p=0.86) or fatigue (p=0.92).3 

No signifi cant exposure-response relationships were identifi ed for the primary effi  cacy endpoint 

objective response rate (ORR) and secondary effi  cacy endpoint progression free survival (PFS) in the 

pivotal trial in non-small cell lung cancer (NSCLC),3 but a trend towards higher ORR with higher Cmin 

was reported.4

Based on the limited data no specifi c threshold can be proposed yet. For now, ceritinib concentrations 

measured for TDM could be interpreted in relation to the mean Cmin of 871 ng/mL at the approved 

dose.3

Crizotinib

No relationships between exposure and toxicity have been reported for crizotinib, except for a 

suggested relationship with QTc prolongation.5 In two trials (n=120 and 114), the ORR was 60% in 

the patients with a Cmin in the upper three quartiles (≥235 ng/mL) compared to 47% in the lowest 
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quartile (<235 ng/mL).6 An increase in PFS with increasing Cmin was also found. A stepwise Cox 

proportional analysis pointed toward a higher hazard of disease progression in the lowest quartile 

compared to the higher quartiles with a hazard ratio of 3.2 (90% CI: 1.62–6.36).6 This threshold of 

>235 ng/mL is in accordance with the EC50 of 233 ng/mL found in preclinical models.7

Based on these data, it seems reasonable to use the threshold of  Cmin ≥235 ng/mL for TDM of 

crizotinib.

Break Point Cluster Region - Abelson (Bcr-Abl) oncoprotein inhibitors

Bosutinib

Few exposure-response and exposure-toxicity data have been reported for bosutinib in chronic 

myelogenous leukemia (CML).8 PK-PD analyses indicated weak relationships between the incidence 

(but not severity) of diarrhea and rash and PK described by an Emax model.9 The same study 

identifi ed limited associations between AUC and Cmin for both complete cytogenetic response and 

complete hematological response and between AUC, Cmax and Cmin with major molecular response. 

Moreover, Cmin was reported to be higher in responders than in non-responders in the pivotal CML 

trial.10 Although the limited data point towards both exposure-response and exposure-toxicity 

relationships, no cut-off  values have yet been proposed. Therefore, the most pragmatic PK target for 

TDM would be the median Cmin on the approved 500 mg QD dose of 147 ng/mL.9,11

Dasatinib

In a population PK-PD analysis of the several clinical trials including the phase III study in CML 

(n=981), the dasatinib trough concentration was signifi cantly related to pleural eff usion (p <0.01).12

Moreover, the dasatinib weighted average steady-state concentration was signifi cantly associated 

with major cytogenetic response, with the odds of  response increasing 2.11-fold for every doubling 

of the average steady-state concentration (p <0.001).12

Another study in Japanse patients (n=51) found that the time above the IC50  of phosphorylated 

CT10 regulator of kinase like (p-CrkL) in CD43+ cells was related to early molecular response to 

dasatinib in CML.13

Given the solid relation of exposure (weighted average steady-state concentration) with treatment 

response, TDM could be of value for dasatinib. However, using an average concentration for TDM is 

not feasible. Therefore using the geometric mean Cmin of 2.61 ng/mL may serve as  a more practical 

proxy.

Nilotinib

Large population PK-PD analyses identifi ed several exposure-response and exposure-safety 

relationships for nilotinib. Higher Cmin was associated with the occurrence of all-grade elevations in 

total bilirubin and lipase  levels and increases in QTcF changes.14,15

Also, patients  in the lowest Cmin quartile had signifi cantly longer time to complete cytogenetic 

response or major molecular response and shorter time to progression compared with patients in 
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the higher quartiles.14 For each of these analyses this Q1-Q2 threshold varied from 469 to 553 ng/

mL. Based on the above, nilotinib TDM could be employed with a target of Cmin ≥ 469 ng/mL. 

Table 1: Overview of practical TDM recommendations for KIs approved by the FDA for the treatment of solid 
tumors.*

Drug TDM 
Recommendation

Proposed Target 
(ng/mL)

Mean / Median 
Exposure 
(Cmin in ng/mL)

Outcome 
Parameter Associated 
with TDM Target

References

Afatinib Exploratory 14.4 

Alectinib Promising Cmin ≥435 572 Increased ORR 2

Axitinib Promising AUC ≥300† 375† Increased OS 42

Ceritinib Exploratory 871

Cabozantinib Exploratory 1380 

Cobimetinib Exploratory 127

Crizotinib Promising Cmin  ≥235 274 Increased PFS 6

Dabrafenib Exploratory 96.1

Erlotinib Exploratory 1010

Everolimus Promising Cmin ≥10.0 13.2 Increased PFS 95

Gefitinib Promising Cmin ≥200  291 Increased OS 35

Imatinib Viable Cmin ≥1100 1193 Increased PFS 100

Lapatinib Exploratory 780

Lenvatinib Exploratory 51.5

Nintedanib Exploratory 13.1

Osimertinib Exploratory 166

Palbociclib Exploratory 61

Pazopanib Viable Cmin ≥20,000 24,000 Increased PFS 57,64

Regorafenib Exploratory 1400

Sorafenib Exploratory 3750

Sunitinib Viable Cmin ≥50 (inter),
≥37.5 (cont)

51.6 (sum 
of parent & 
SU12662)

Increased OS 76

Trametinib Promising Cmin ≥10.6 12.1 Increased PFS 110

Vandetanib Exploratory 795

Vemurafenib Promising Cmin ≥42,000 39,000 Increased PFS 85,89

*  The provided recommendation is considered promising if a pharmacokinetic TDM target is available or viable if a 
prospective TDM study has been conducted. Otherwise the recommendations should be considered exploratory.

† For axitinib the AUC is provided in units of ng*h/mL.
‡  Average steady state concentr-ation.
AUC: Area under the 0curve; Cmin: Minimum plasma concentration / trough concentration; ORR: Objective response 
rate; OS: Overall survival; PFS: Progression-free survival; 
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Imatinib

Several relationships between imatinib concentrations and toxicity, including Cmin with 

thrombocytopenia16 and AUC (unbound) with absolute neutrophil count decrease have been 

established.17 A trend towards higher incidences of hematological grade 3 / 4 adverse events for 

patients with patients with very high Cmin (>3180 ng/mL) was reported.18

Multiple studies in CML patients point towards  increased effi  cacy of imatinib in CML with higher 

exposure.

In a subanalysis of the IRIS trial (n=351), signifi cantly reduced incidences of major molecular and 

complete cytogenetic response and a trend towards reduced event free survival were observed in the 

lowest Cmin quartile.19 Another study in Japanese patients found (n=254) found a signifi cant correlation 

between Cmin  ≥1,002 ng/ml and higher probability of achieving a major molecular response.20

An Israeli study (n=191) also found a signifi cantly higher Cmin in CML patients who achieved a complete 

cytogenetic response compared to those without those without (1078 versus 827 ng/mL, p = 0.045).21

A study in 353 CML patients found higher incidences of major molecular response and complete 

cytogenetic response rates for patients with an exposure >1165 ng/mL.18 A subanalysis of an 

imatinib adherence study (n=84) also found a statistically signifi cant increased incidence of major 

molecular response (83.2 versus 60.1%) for patients with Cmin >1000 ng/mL.22 

Several other studies have also that patients with better treatment outcomes also had higher Cmin 

values.23,24

Given the large number of studies reporting the importance of imatinib Cmin, a prospective TDM 

study was conducted in 56 CML patients.25 It set a PK target of 750 – 1500 ng/mL. Due to low 

adherence to the dosing recommendations this study did not meet its formal endpoint. Yet, in 

patients who were dosed in accordance with the recommendation experienced signifi cantly fewer 

unfavorable events ( 28 versus 77%, p=0.03).25

The studies above all seem to support the use of a threshold of ≥1000 ng/mL for effi  cacy for 

imatinib in CML. Moreover the feasibility of imatinib dosing based on Cmin has been established in 

a prospective study.25 Future studies are needed to conclusively demonstrate the added benefi t of 

personalized imatinib dosing in CML patients. 

Ponatinib

For ponatinib, analyses of the dose intensity-safety relationship (defi ned as the average ponatinib 

dose of each subject while on study, which ranged from 0.34 to 45.2 mg) indicated a signifi cant 

increase in grade ≥ 3 safety events such as AST, ALT and lipase increases, myelosuppression, 

hypertension, pancreatitis, rash, neutropenia and thrombocytopenia, with increasing dose 

intensity.26 A statistically signifi cant relationship between dose intensity and probability of major 

cytogenetic responses in CML patients has been described.26

Given the relation between dose intensity and major cytogenetic response, targeting the geometric 

mean (CV%)  Cmin of the approved 45 mg QD dose 34.2 (45.4) ng/mL (corresponding to 64.3 nM) 

seems a reasonable target.27



Chapter 1.1

24

Epidermal Growth Factor Receptor (EGFR) inhibitors

Afatinib

Diarrhea and rash are the most common AEs of afatinib. These toxicities have been correlated to 

AUC and maximum plasma concentration (Cmax) (p <0.0005).28 Cmin in patients experiencing grade 3 

diarrhea was higher (35.8 ng/mL) than those experiencing grade 1-2 diarrhea (25.2 – 31.6 ng/mL). 

In patients experiencing grade 3 rash, Cmin was 31.4 ng/mL versus 26.8 – 27.6 ng/mL in those with 

only grade 1-2 rash.29 A consistent relationship between exposure and response has not been found 

yet for afatinib.30 

Awaiting future exposure-response analyses, TDM of afatinib could focus on targeting a steady state 

Cmin of the 40 mg once daily (QD) dose of 14.4 – 27.4 ng/mL.30

Erlotinib

Erlotinib exposure has been significantly correlated to rash in several studies.31 However, there was 

significant overlap in the range of PK values with patients who had no rash. No correlation was found 

with diarrhea.31 Two clinical exposure-response studies have been reported. The first was conducted 

in head and neck squamous cell carcinoma (HNSCC) patients and found a trend toward increased 

overall survival (OS) for a Cmin >950 ng/mL (p=0.09). The second found a relationship between the 

ratio of erlotinib and its O-desmethyl metabolite and PFS and OS (both p<0.01).32 This metabolite 

ratio was also associated with grade 2 rash (p=0.02). This study found no relationships between PFS 

or OS and erlotinib concentrations. It should be noted however, that these results are based on a 

pooled analysis of NSCLC and pancreatic cancer patients (n=63 and 33, respectively). 

More studies are needed to elaborate the role of erlotinib and O-desmethyl erlotinib concentrations, 

as no threshold for monitoring of the metabolic ratio is currently available.32 At the moment, the 

previously established preclinical threshold of >500 ng/mL still seems the most rational target for 

TDM.1,33 

Gefitinib

Gefitinib AUC0-24 and Cmin were higher in patients experiencing diarrhea and hepatotoxicity.34,35   Rash-

based dosing of gefitinib has been explored in head and neck squamous cell carcinoma, but even 

though this was found to be feasible, it did not result in increased anti-tumor activity, measured as 

response rate or PFS.36 This study did find higher gefitinib Cmin levels in patient with disease control 

compared to patient with progressive disease as best response, 1,117 ng/ml versus 520 ng/ml 

(p=0.01). In another study, OS was linked to gefitinib Cmin in NSCLC patients (n=30). Patients with Cmin 

<200 ng/mL had an OS of 4.7 months compared to 14.6 months for patients ≥200 ng/mL (p=0.007).35 

The available data support TDM of gefitinib in NSCLC using a threshold Cmin of ≥200 ng/mL. 
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Lapatinib

No thorough exposure-response or exposure-toxicity studies have been reported for lapatinib. 

Although one trial found that the majority of responders had a Cmin in the 300 to 600 ng/ml range.37 

Future studies should focus on establishing exposure-response and exposure-toxicity relationships.

Meanwhile, lapatinib Cmin could be interpreted in reference to the mean Cmin of 780 ng/mL.1

Osimertinib 

For osimertinib, a relationship was found between steady state AUC and the probability of rash 

(p=0.0023) and diarrhea (p=0.0041) in a population of NSCLC patients.38 However, no evidence of a 

relationship between exposure and tumor response, duration of response or change in tumor size 

has been established.38,39 

In the absence of conclusive exposure-response analyses, Cmin could be compared to the geometric 

mean (coeffi  cient of variation (CV)) of the approved 80 mg daily dose of 166 (48.7) ng/mL 

(corresponding to 332 nM).39

Vascular Endothelial Growth Factor Receptor (VEGFR) inhibitors

Axitinib

Exposure-safety analysis has demonstrated that axitinib AUC was signifi cantly related to increased 

hypertension, proteinuria, fatigue, and diarrhea.40 Diastolic blood pressure (dBP) ≥90 mm Hg has 

been associated with increased probability of response, PFS and OS in RCC patients.41,42 Based 

on these results, a randomized phase II trial to individualize axitinib dose based on dBP has 

been performed.43 In total, 122 RCC patients were randomized to either axitinib or placebo dose 

titration. The axitinib dose titration group showed an increased ORR compared to the placebo 

group (p=0.019)43, but this did not result in improved OS (p=0.162).44 One small study (n=24) also 

found a relationship between axitinib Cmin >5 ng/mL and tumor response and the occurrence of 

hypertension, hyperthyroidism and proteinuria.45 In renal cell carcinoma (RCC) patients, an AUC 

≥300 ng*h/mL was signifi cantly associated with increased PFS (13.8 versus 7.4 months, p=0.03) and 

OS (37.4 versus 15.8 months, p<0.01).42 

The available data support using an AUC ≥300 ng*h/mL as a target for TDM.42 However, given that 

prospective studies using dBP are already available, an integrated approach using both PK and dBP to 

guided dosing may be the most appropriate strategy to optimize treatment, as has been advocated 

previously.46 Although more evidence is available to support the AUC target, the more practical Cmin 

target of >5 ng/mL could also be considered (as it requires only a single plasma sample). 45 

Cabozantinib

Steady state AUC derived from a population PK model of combined phase I, II, and III studies has been 

correlated to dose reductions and lower achieved dose intensity. These dose modifi cations, however, did 

not appear to impact PFS.47  Population pharmacodynamic modelling suggested that a concentration of 

only 59-78 ng/mL would already result in 50% of maximum eff ect in medullary thyroid cancer patients.48



Chapter 1.1

26

As no PK thresholds for cabozantinib have been reported, future studies should first establish these 

before TDM of cabozantinib can move forward. Meanwhile, cabozantinib concentrations could be 

referenced relative to the mean Cmin in the medullary thyroid cancer phase III trial of 1380 ng/mL (on  

140 mg) or 1125 ng/mL in renal cell carcinoma.49,50

Lenvatinib

An increase in the incidence of grade 3 or higher hypertension, grade 3 or higher proteinuria, nausea 

and vomiting with higher lenvatinib dose intensity has been observed.51 Analyses of the pivotal 

study in thyroid cancer indicated similar PFS across the full range of exposures (AUC0-24 between 

1,410 and 10,700 ng*h/mL).52 However, a model based PKPD analysis indicated that lenvatinib AUC0-

24 was correlated to reduction in tumor size.52 

As no exposure-response and exposure-toxicity thresholds are established yet for lenvatinib, TDM 

could target the mean Cmin of 51.5 ng/mL.51

Nintedanib

Nintedanib has only shown modest relationships between exposure and safety and efficacy.53 In 

exploratory analyses, higher nintedanib concentrations have been associated with hepatotoxicity, 

but not with gastrointestinal AEs. Exposure-response analyses are currently not available for clinical 

endpoints, except for a statistically significant association between nintedanib exposure and 

dynamic contrast enhanced MRI response54 and a decrease in soluble vascular endothelial growth 

factor (VEGFR) levels with increasing Cmin in a phase I study (r=-0.46, n=15).55

As no specific threshold for nintedanib has been proposed, TDM should focus on targeting the 

mean Cmin value of the approved dose (calculated for a 200 mg dose, based on the dose-normalized 

Cmin value of 0.0654 ng/mL/mg) of 13.1 ng/mL.56

Pazopanib

Pazopanib exposure has been correlated to hypertension.57 This correlation was stronger for Cmin 

than for AUC0-t (R2 of 0.91,p =0.0075 and 0.25 respectively, p =0.23). Relations were also found 

between Cmin and diarrhea, ALT-elevations, hand-foot syndrome and stomatitis.58 The probability of 

grade ≥3 ALT increased with higher pazopanib concentration.59 However, a recent study suggested 

that pazopanib hepatotoxicity maybe related to genetic mutations in human leukocyte antigen 

(HLA) and, therefore, unrelated to PK.60 Analysis of data from 177 RCC patients showed an increased 

PFS in patients with Cmin ≥20.5 mg/L compared to patients with a Cmin below this threshold (52.0 

versus 19.6 weeks, p=0.0038).57 This threshold seems to be in accordance with preclinical data 

showing optimal VEGFR2 inhibition by pazopanib in vivo at a concentration ≥17.5 mg/L.61 Plasma 

concentrations have also been correlated with radiographic response in a phase II study of patients 

with progressive, radioiodine-refractory, metastatic differentiated thyroid cancer.62 Two trials have 

investigated individualized dosing of pazopanib in cancer patients. The first used pazopanib AUC0-24h 

as a target (715-920 mg*h/L) and set a reduction in variability as the primary endpoint.63 AUC-guided 
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dosing did not signifi cantly reduce inter-patient variability, probably due to intra-patient variability 

or sampling time issues. Based on this trial the authors concluded it may be more benefi cial to 

target the Cmin threshold rather than an AUC window. The second study was a prospective study in 

30 patients with advanced solid tumors, using a Cmin ≥20 mg/L as target.64 The dosing algorithm, 

based on dose adjustments after 2, 4 and 6 weeks, led to patients being treated at dosages ranging 

from 400 to 1800 mg daily. Cmin in patients whose dose was successfully escalated above 800 mg 

(n=10) increased signifi cantly from 13.2 (38.0%) mg/L (mean (CV%)) to 22.9 mg/L (44.9%). 

This study demonstrated the safety and feasibility of Cmin (≥20 mg/L) guided dosing for pazopanib 

and merits further investigation of pazopanib TDM for instance in a randomized clinical trial (RCT) to 

demonstrate the relevance of individualized over fi xed dosing on a clinical endpoint such as PFS or OS.

 
Figure 2: The TDM-thresholds of selected KIs as percent of the mean/median exposure of the approved dose 
(blue bars). Overall, the thresholds were 81.7 % of the mean exposure across all agents (orange bar), with a 
standard deviation of 17.4%. Dotted horizontal lines indicate 100% of mean exposure and 81% (the mean of the 
thresholds). This analysis suggests that across all kinase inhibitors, the target exposure matches with 81.7% of 
the population exposure and supports the view that targeting the population average could serve as a proxy, in 
absence of a defi nitive TDM target.

Regorafenib

Regorafenib is metabolized by CYP3A4 into the active metabolites M2 (N-oxide) and M5 (N-oxide, 

N-desmethyl), which at steady state form a major component of the total exposure.65 An exposure-
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dependent increase was seen for rash, total bilirubin and median indirect bilirubin in gastro-

intestinal stromal tumor (GIST) patients, for parent and total (including M2 and M5) regorafenib 

exposure.66 No exposure-response relationships for efficacy have been reported for regorafenib 

hitherto. 65 

More studies are needed to investigate exposure-response and -toxicity relationships of regorafenib. 

These should take into account M2 and M5, as these have been shown to be pharmacologically 

active and present at similar or higher concentrations than the parent compound. Currently, the 

most appropriate TDM target for regorafenib (parent compound only) is the mean Cmin of 1.4 mg/L.65

Table 2: Overview of practical TDM recommendations for KIs approved by the FDA for the treatment of 
hematological malignancies.*

Drug TDM 
Recommendation

Proposed Target 
(ng/mL)

Mean / Median 
Exposure 
(Cmin in ng/mL)

Outcome 
Parameter Associated 
with TDM Target

References

Bosutinib Exploratory 147

Dasatinib Exploratory 2.61

Nilotinib Promising Cmin ≥469 1165 Prolonged TTP 14

Idelalisib Exploratory 318

Ibrutinib Exploratory 680†

Imatinib Viable Cmin ≥1000 1170 Improved MMR, CCYR 19

Ponatinib Exploratory 34.2

*  The provided recommendation is considered promising if a pharmacokinetic TDM target is available or viable if a 
prospective TDM study has been conducted. Otherwise the recommendations should be considered exploratory.

CCYR: Complete cytogenetic response; MMR: Major molecular response; TTP; Time to progression.
† For ibrutinib the AUC is provided in ng*h/mL”

Sorafenib

In a study of  patients with advanced solid tumors (n=54), a cut-off at a cumulative AUC (calculated 

over day 0 to 30) of 3,161 mg*h/L was associated with the highest risk to develop any grade 

≥3 toxicity (p=0.018).67 A patient series found that sorafenib Cmin was higher in patients who 

experienced grade 3 AEs (n=8) than those who did not (n=14), 7.7 ± 3.6 mg/L versus 4.4 ± 2.4 mg/L, 

(p=0.0083).68 Sorafenib steady state concentrations were found to be higher in patients with grade 

≥2 hand-foot syndrome and hypertension than in those not experiencing these AEs (p=0.0045 and 

0.0453, respectively). Optimal cut-offs were 5.78 mg/L for hand-foot syndrome and 4.78 mg/L for 

hypertension.69 In a small cohort of 25 hepatocellular carcinoma patients, the AUC-ratio of sorafenib 

and its metabolites resulted in even better prediction of toxicity (p=0.002).70 The same cohort 

found that not sorafenib AUC but that of its metabolite seemed significantly associated with dose 

reduction or discontinuation (p=0.031) and increased PFS (p=0.048).70 A study in Japanese patients 

(n=91) found a trend toward increased OS in hepatocellular carcinoma patients at a sorafenib Cmax 

of ≥4.78 mg/L (12.0 versus 6.5 months, p=0.08).69



Practical recommendations for therapeutic drug monitoring of kinase inhibitors

29

1

Future studies need to confi rm the proposed exposure-response and -toxicity relations described 

in these small patients cohorts, taking into account the N-oxide metabolite. Currently, the most 

appropriate target for sorafenib TDM is >3.75-4.30 mg/L (parent compound only), based on 

preclinical experiments and the mean exposure in humans, as was advocated previously.1

Table 3: Overview of prospective dose individualization trials of KIs.

Drug n Pati ent 
Populati on

PK 
Parameter

Target Dose Change PK-guided 
dose 
escalati ons 
(↑) or 
reducti ons 
(↓)†

Endpoint Reference

Everolimus 28 Pediatric 
SEGA pati ents

Cmin 5-15 ng/mL - ↑ and ↓ PD 97

Suniti nib 37 Advanced solid 
tumors

Cmin ≥50 ng/mL Aft er 3 and 5 
weeks

↑ only PK 78

Imati nib 56 Chronic 
myelogenous 
leukemia  
pati ents

Cmin 750 – 1500 
ng/mL

- ↑ and ↓ PK 25

Pazopanib 13 Renal cell 
carcinoma 
pati ents

AUC 715-920 
mg*h/L Aft er 2 weeks

↑ and ↓ PK 63

Pazopanib 30 Advanced solid 
tumors

Cmin ≥20 mg/L Aft er 2, 4 and 
6 weeks

↑ only PK 64

AUC: Area under the curve; Cmin: Minimum plasma concentration / trough concentration; PD: Pharmacodynamic; PK: 
Pharmacokinetic; SEGA: Subendymal giant cell astrocytoma
†Per protocol, some trials had dosing algorithms which allowed for dose reductions (in absence of toxicity) based on 
PK, while others only allowed for dose escalation based on PK. All allowed for dose reductions based on toxicity. 

Sunitinib

Sunitinib is metabolized by CYP3A4 into its active metabolite N-desethylsunitinib also known as 

SU12662. TDM for sunitinib is generally performed using the sum of concentrations (total Cmin) of 

both sunitinib and SU12662.71 Dose limiting and grade ≥3 toxicities of sunitinib have been associated 

with total Cmin ≥100 ng/mL.17,72 Grade ≥2 mucositis and altered taste have also been related to higher 

total Cmin .
73 A relationship was also found between sunitinib AUC and grade ≥3 toxicity (p=0.0005).74 

Based on the above, an upper Cmin cut-off  of <100 ng/mL could be considered. 

In RCC, increasing AUC has been related to higher response rates, longer PFS and OS.74–77 A meta-

analysis found AUC of sunitinib combined with its active metabolite N-desethylsunitinib to be 

signifi cantly associated with PFS and OS in both GIST (n=401) and RCC (n=169), all p<0.01.76 An 

increased OS was found for an AUC ≥1973 ng*h/mL in another study in RCC patients (n=55).74 Cmin 

correlated with AUC (r2=0.8-0.9), suggesting Cmin could be used for TDM as substitute.76 A PK target 

of 50-100 ng/mL17 has been suggested for intermittent dosing in RCC (50 mg daily for 4 weeks in a 

6 week cycle) and based on PK linearity a target of ≥37.5 ng/mL was extrapolated for continuous 

dosing in GIST (37.5 mg daily continuously) .1
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A TDM-feasibility trial has been conducted in cancer patients using Cmin ≥50 ng/mL as PK target 

allowing for dose adjustments after 3 and 5 weeks of treatment.78 A third of the patients <50 ng/

mL at the standard dose, could be treated successfully at an increased dose and additional patients 

reached the target exposure. This study demonstrates the feasibility using Cmin≥50 ng/mL (sunitinib 

+ metabolite) as TDM target. Future studies are now needed to confirm the efficacy of TDM over 

fixed dosing for sunitinib.

Vandetanib

Grade ≥2 diarrhea and fatigue have significantly been associated with steady state vandetanib 

Cmin (p=0.03 and 0.02, respectively), but no relationship was found for hypertension or rash.79 

Importantly, a substantial dose and exposure related QTc prolongation has been observed.79 No 

clear relationship between PFS and exposure has been found in the pivotal trial in patients with 

thyroid cancer 79, although multiple studies have used IC50 values established in vitro (190 ng/mL) to 

support dose selection in early clinical trials.80

In absence of studies that establish specific PK thresholds, current exploratory TDM efforts could 

focus on targeting the population mean exposure of 795 ng/mL.

Serine/Threonine-Protein kinase B-Raf (BRAF) inhibitors

Dabrafenib 

Dabrafenib is metabolized into its carboxy, hydroxyl and desmethyl metabolites.81 The hydroxyl 

metabolite showed similar IC50 values to dabrafenib in vitro. No relationships between AEs 

and exposure, except for pyrexia, have been reported.82 Pyrexia seemed to be related to Caverage 

dabrafenib and hydroxy-dabrafenib Cmin, but not to desmethyldabrafenib Cmin.83 At the moment, 

no evident exposure-response relationships have been reported for dabrafenib and/or for any of 

its metabolites.84

In absence of  a validated target, current TDM efforts could target the median Cmin (sum of parent 

dabrafenib and its hydroxyl metabolite) of 99.6 ng/mL.84

Vemurafenib

In melanoma patients, vemurafenib concentrations were significantly higher in those patients 

who developed grade ≥2 rash compared to those who did not (mean ± standard deviation (SD) 

of 61.7±25.0 vs. 36.3±17.9 mg/L, p<0.0001).85 Another study found an exposure-dependent QTc 

prolongation for vemurafenib.86 Vemurafenib concentrations have also been related to treatment 

response. Responders had a mean concentration of 56.4 mg/L, whilst non-responders had a mean 

of 38.8 mg/L (p=0.013).87,88 Moreover, melanoma patients in the lowest exposure quartile (<40.4 

mg/L) had a PFS of 1.5 months compared to that of 4.5 months of patients in the higher three 

quartiles (p=0.029).85 This effect was confirmed in an independent cohort after 12 months of follow 

up with a threshold of 42 mg/L (p=0.005).89
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The available data support the use of a threshold Cmin of >42 mg/L. A real-world study however, found 

that in routine care only half of patients had a Cmin <42 mg/L,90 demonstrating the opportunities for 

dose optimization.90 

Mitogen Activated Protein Kinase Kinase (MEK) inhibitors

Cobimetinib

Exploratory exposure-toxicity analyses for safety identifi ed a trend towards increased diarrhea with 

increasing cobimetinib and vemurafenib exposure.91 No signifi cant exposure-response relationship 

has been established for cobimetinib on the primary endpoint of PFS in the pivotal registration trial.91 

On the basis of the available data no clear PK target can yet be identifi ed for cobimetinib. Therefore, 

the currently most appropriate target would be the mean Cmin of the approved dose of 127 ng/mL.91

Trametinib

No exposure- toxicity relationships have been identifi ed for trametinib. A population analysis was 

performed to explore the eff ect of trametinib Cmin and average concentration on ORR and PFS.92 The 

proportion of responders seemed to increase with increasing exposure and reached a plateau at a 

Cmin of 10 ng/mL. No relationship between exposure above or below the mean Cmin of 13.6 ng/mL 

and PFS has been identifi ed in phase 3 trials. However, in an analysis of the phase 2 study, patients 

with Cmin above 10.6 ng/mL, had longer PFS than those below this Cmin value.92 Furthermore, the Cmin 

threshold of 10.6 ng/mL is supported by preclinical data pointing towards a target of 10.4 ng/mL 

based on effi  cacy in BRAF mutant melanoma cell lines.93 

Given the above, the threshold of a Cmin  ≥10.6 ng/mL seems the most appropriate target to be used 

for trametinib TDM.

Other Kinase Inhibitors used in Oncology

Everolimus

In transplantation medicine, TDM is routinely applied for everolimus, using a window of 6-10 ng/mL 

or 3-8 ng/mL in combination therapy.94 No target for TDM has been validated in oncology. Higher 

Cmin has been associated with increased risk of high-grade pulmonary and metabolic (such as 

hyperglycemia) AEs and stomatitis. However, this meta-analysis of everolimus phase II trials (n=945), 

found that a 2-fold increase in everolimus Cmin was associated with improved tumor size reduction, 

regardless of cancer type.95 No specifi c target window has been proposed, but in RCC and pNET 

cut-off s at ≥10 and 30 ng/mL resulted in numerically higher PFS values than Cmin<10 ng/mL.95 A 

retrospective analysis of 45 RCC patients showed a trend toward increased PFS for patients with a 

Cmin ≥14.1 ng/mL of 13.3 versus 3.9 months, p=0.06.96

Based on experience in transplant and pediatric patients, everolimus TDM seems feasible.94,97 

Although exposure-response relations are seen for everolimus in oncology, no formal PK-target has  

been established yet. Based on the available data, a cut-off  for effi  cacy of Cmin ≥10 ng/mL seems a 

reasonable target for TDM of everolimus in oncology.
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Ibrutinib

For ibrutinib no exposure-safety relationships were found.98 A phase 1 study indicated maximum 

Bruton’s tyrosine kinase occupancy at doses of  ≥ 2.5 mg/kg (corresponding to a 175 mg dose for 

average weight of 70 kg). This complete target inhibition was already seen at an AUC of 160 ng*h/mL.99 

In absence of a clearly defined pharmacokinetic thresholds for clinical patient outcomes, ibrutinib 

TDM could target the mean +SD AUC at the approved 560 mg QD dose of 953 ± 705 ng*h/mL 

for mantle cell lymphoma patients or 680 ± 517 ng*h/mL at 420 mg QD for patients with chronic 

lymphocytic leukemia (no Cmin data was reported).98 

Imatinib 

In addition to its use in CML, imatinib is also used as an inhibitor of the stem cell receptor KIT 

and platelet derived growth factor receptor (PDGFR) in GIST. In an analysis of 73 GIST patients 

randomized to either 400 or 600 mg QD, an increase in time to disease progression was found for 

patients with a Cmin >1100 ng/mL.100 Another study did not find a relationship between imatinib Cmin 

and treatment response, but did find a relationship between free (unbound to plasma proteins) 

imatinib concentration >20 ng/mL and complete response.101 Two real-world studies suggest 

a relationship of imatinib Cmin and efficacy. The first, found that responders had a median Cmin of 

1271 ng/mL, whilst Cmin in non-responders was 920 ng/mL (p=0.23).102 The second, did not find a 

significant relationship between a Cmin >1100 ng/mL threshold of imatinib and PFS (p=0.1107). 

However, a threshold of >760 ng/mL was associated with a significantly longer PFS (p=0.0256).103

The available studies point towards different targets for imatinib TDM in GIST patients (≥760 and 

≥1100 ng/mL). The more pragmatic approach may be to use the Cmin >1100 ng/mL threshold, as 

it is based on PFS data from a RCT 100 and seems to be confirmed by data from an independent 

observational cohort.102 Moreover, a retrospective cohort study of 68 GIST patients, indicated the 

feasibility of dosing imatinib based on the 1100 ng/mL threshold, with more patients reaching the 

prespecified target exposure.104 

Idelalisib

No exposure-response or exposure-safety relationships have been identified for idelalisib in chronic 

lymphocytic leukemia or non-Hodgkin lymphoma, using either AUC or Cmin as pharmacokinetic 

parameters.105 However, dose selection was supported by that fact that the exposure achieved on 

the approved dose achieved the EC90 of 125 ng/mL for  inhibition of PI3Kδ in vitro.105 In absence of 

more conclusive data, TDM of idelalisib should for now target the median Cmin at the approved 150 

mg QD dose of 318 ng/mL.105,106

Palbociclib

A greater reduction in absolute neutrophil count (ANC) appears to be associated with increased 

palbociclib exposure.107 No conclusive exposure-response relationship has been found in 81 

patients treated at the 125 mg fixed dose. 
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Based on the limited exposure response and toxicity analyses no specifi c PK target for palbociclib 

can be formulated. More thorough PKPD analyses are needed. Until these come available palbociclib 

concentrations can be compared to the population mean (CV) Cmin of 61 (42) ng/mL.107 

Discussion

Currently, KIs are administered at a fi xed starting dose which is only adjusted in case of intolerable 

toxicity (fi gure 1, left). As many KIs show an exposure-response and exposure-toxicity relationship 

and exposure varies highly between patients, we propose that an individualized PK-guided dosing  

or TDM algorithm should be explored for KIs (fi gure 1, right). 

Based on the PK targets discussed above, dose increments could be considered for patients with 

low exposure in absence of signifi cant toxicity. These dose increments could for instance follow the 

dose-escalation schedule explored in the phase I dose-escalation study of the respective drug. Yet if 

available, a prospectively validated and safe TDM-dose algorithm would be preferred (see table 3). 

For patients with a high plasma concentration not experiencing toxicity, dose reductions could be 

considered. However, in contrast to for example TDM of aminoglycosides in infectious diseases, in 

oncology the main focus of TDM will probably be directed towards improving effi  cacy by increasing 

the dose in low exposure patients. Concerns for lasting side-eff ects may in most cases be less 

relevant.

Nonetheless, monitoring of plasma concentrations may be useful in patients requiring dose 

reductions for toxicity. Here, it could be used to diff erentiate between patients who had toxicity 

due to high exposure (who might be successfully treated at the lower dose) and those who do 

not tolerate treatment despite an exposure below the effi  cacious concentration (red box, fi gure 

1). Taking together the considerations above, a proposal for a generic decision tree for PK-guided 

dosing is provided in fi gure 1.

Ideally, individualized dosing should be based on thorough exposure-response and exposure-

toxicity analyses. A weighting of the robustness of the evidence has been provided for each of the 

proposed TDM recommendations in table 1 and 2 as either negative, exploratory, promising, viable 

or standard of care. 

None of the included drugs has been qualifi ed as negative. Based on the mechanism of action of KIs 

and the clinical pharmacological properties, exposure-response relationships are to be expected 

for most of these drugs. A fully negative recommendation can only be provided if evidence from a 

adequately sized and powered study demonstrates that at the recommended dose no relationship 

between drug exposure and response exist.

For the drugs in the exploratory category (table 1 and 2), no PK-targets have been specifi ed yet. Therefore 

it is too early to recommend implementation of TDM for these drugs. Further PK sampling in clinical trials 

and routine patient care could help to identify exposure-response and exposure-toxicity relationships. 
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TDM, however, could already be of value in specific patient populations, such as patients with hepatic 

impairment, patients not able to swallow medication or patients having possible drug interactions and 

compliance issues. The mean population exposure could be used as reference for interpretation of the 

exposure of these individual patients.1 An updated analysis of the relationship between available TDM 

targets and the average population exposure support this (figure 2). Overall the targets (n=11) amounted 

to 81.7% of the population exposure, with a relatively small SD of 17.4%. Although this is no substitute 

for thorough exposure-response analyses, the data support the view that targeting the mean or median 

exposure will generally result in efficacious concentrations for KIs in oncology. 

If an exposure-outcome relationship and a PK target have been established, TDM could be considered 

a promising strategy for treatment optimization. The agents for which a TDM target is available are 

therefore classified as promising in table 1 and 2. For these drugs, the feasibility of individualized 

dosing based on this target should preferably be demonstrated in a prospective clinical trial. 

For KIs where feasibility studies have already been conducted (table 3), TDM is classified as viable 

(table 1 and 2). All but one of these studies have used PK endpoints, aiming to establish the safety and 

feasibility of reaching the target exposure.25,63,64,78,108 One study used a PD endpoint, a one-armed trial 

with the purpose to show efficacy in a rare pediatric tumor (subependymal giant cell astrocytoma).97 

Currently, for none of the discussed agents TDM is performed as the standard of care. Before TDM 

can become standard for drugs in the viable category, the relevance of this dosing strategy over 

fixed dosing should, if feasible, be clinically validated in a prospective randomized trial. Such studies 

are scarce, but have been conducted previously for TDM of cytotoxic drugs such as paclitaxel,109 

indicating the feasibility of conducting randomized individualized dosing trials in cancer patients. 

This type of trials should now be initiated to demonstrate an effect of TDM for targeted anti-cancer 

agents on relevant clinical endpoints in oncology.

Conclusion

For KIs with an exposure-response and/or exposure-toxicity relationship and high inter-patient 

variability in exposure, a PK parameter such as Cmin is an obvious and relevant biomarker for dose 

individualization through TDM. 

Several clinical trials demonstrate the safety and feasibility of TDM of KIs, such as imatinib, pazopanib, 

tamoxifen, everolimus and sunitinib. Randomized clinical trials are now needed to confirm an effect 

of TDM over fixed dosing on relevant clinical efficacy endpoints such as PFS and OS, before TDM can 

become universally implemented as standard care of cancer patients treated with KIs.
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Supplemental table 1: Overview of KIs approved by the FDA for oncological indications with selected (steady 
state) pharmacokinetic parameters.

Drug Indicati on (Primary)
Target

Approved 
Dose

Tmax 
(h)

Cmin 
(ng/mL  plus
 ± SD, (CV%)
 or [range] 

T1/2

 (h)
Refs

Afati nib NSCLC EGFR 40 mg QD 3 14.4  (70) 36 1

Alecti nib NSCLC ALK 600 mg BID 4 572 (48) 32 2,3

Axiti nib RCC VEGFR 5 mg BID 3 NR 4 4

Bosuti nib CML Bcr-Abl 500 mg QD 6 147 [16-841] 34 5,6

Cabozanti nib TC, RCC VEGFR 140 mg QD / 
60 mg QD

3 1380 (53) 55 7

Ceriti nib NSCLC ALK 750 mg QD 6 871 (46) 40 8,9

Cobimeti nib Mel MEK 60 mg QD 2 127 (87) 44 10

Crizoti nib NSCLC ALK 250 mg BID 5 274 42 11,12

Dabrafenib Mel BRAF 150 mg BID 2 99.6* 10 13,14

Dasati nib CML Bcr-Abl 100 mg QD 1 2.61 (26) 6 15

Erloti nib NSCLC, Pan EGFR 150 mg QD 4 1010 [75-5542] 36 16,17

Everolimus RCC, NET, 
BC

mTOR 10 mg QD 1 13.2 ± 7.9 38 18

Gefi ti nib NSCLC EGFR 250 mg QD 5 291(67) 41 19,20

Ibruti nib CLL, MCL BTK 420 mg QD / 
560 mg QD

1 680 ± 517 † 9 21

Idelalisib CLL, FL PI3Kδ 150 mg BID 3 318 [97 – 700] 8 22

Imati nib GIST, CML KIT, 
PDGFR, 
Bcr-Abl

400 mg QD 3 1193 [227 – 2606] 19 23,24

Lapati nib BC HER2 1250 mg QD 4 780 (22) 24 25,26

Lenvati nib TC VEGFR 24 mg QD 2 51.5 29 27,28

Niloti nib CML Bcr-Abl 300 mg BID 3 1123 (64) 17 29,30

Nintedanib NSCLC VEGFR 200 mg BID 3 13.1(81) 20 31

Osimerti nib NSCLC EGFR 80 mg QD 6 166 (49) 55 32,33

Palbociclib BC CDK4/6 125 QD 4 61(42) 27 34,35

Pazopanib RCC, STS VEGFR 800 mg QD 4 24,000 (67) 31 36

Ponati nib CML Bcr-Abl 45 mg QD 4 34.2 (45) 22 37

Regorafenib CRC, GIST VEGFR 160 mg QD 4 1400 (57) 28 38

Sorafenib HCC, TC VEGFR 400 mg BID 8 3750 (104) 26 39

Suniti nib RCC, 
HCC

VEGFR 50 mg QD (inter)
37.5 mg QD 
(cont)

5 
(parent)

51.6 [15 -94]
(sum of parent & 
SU12662)

50 
(parent),
95 
(SU12662)

16,40,41

Trameti nib Mel MEK 2 mg QD 2 12.1 96 42

Vandetanib TC VEGFR 300 mg QD 6 795 456 43

Vemurafenib Mel BRAF 960 mg BID 5 38,900 (41) 34 44,45
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* Sum of the Cmin of dabrafenib and its hydroxyl metabolite
†For ibrutinib the area under the plasma concentration-time curve in ng*h/mL is provided as no Cmin data was 
reported.
ALK: Anaplastic lymphoma kinase; AR: androgen receptor; BC: Breast cancer; BCR-Abl: Break point cluster region – 
Abelson fusion oncoprotein; BRAF: Serine/threonine-protein kinase B-Raf; BTK: Bruton’s tyrosine kinase; CDK4/6: 
Cycline dependent Kinase 4/6; CML: Chronic myelogenous leukemia; Cmin: Minimum plasma concentration / trough 
concentration; CLL: Chronic lymphocytic leukemia; CRC: Colorectal cancer; CV: coefficient of variation; EGFR: 
Epidermal growth factor receptor; ER: Estrogen receptor; FL: Follicular lymphoma; GIST: Gastro-intestinal stromal 
tumors; HCC: Hepatocellular carcinoma; HER: Human epidermal growth factor receptor; KIT: CD117; MCL: Mantle cell 
lymphoma; MEK: Mitogen-activated protein kinase kinase; Mel: Melanoma; mTOR: Mammalian target of rapamycin; 
NET: Neuro-endocrine tumors; NSCLC: Non-small cell lung cancer; NR: Not reported; PC: Pancreatic cancer; PDGFR: 
Platelet derived growth factor receptor; PI3Kδ:phosphoinositide 3 kinase delta; RCC: Renal cell cancer; SD: standard 
deviation; STS: Soft tissue sarcoma; TC: Thyroid cancer; VEGFR: Vascular endothelial growth factor receptor.
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Abstract

Pazopanib is an inhibitor of VEGFR, PDGFR, FGFR and c-Kit, approved for the treatment of renal cell 

carcinoma and soft tissue sarcoma. 

The pharmacokinetics of pazopanib are complex and characterized by pH-dependent solubility, 

large interpatient variability and low, non-linear and time-dependent bioavailability. Exposure to 

pazopanib is increased by food and co-administration of ketoconazole, but drastically reduced by 

proton-pump inhibitors. 

Studies have demonstrated relationships between systemic exposure to pazopanib and toxicity, 

such as hypertension. Furthermore, a strong relationship between pazopanib trough level ≥20 

mg/L and both tumor shrinkage and progression free survival has been established. At the currently 

approved daily dose of 800 mg, approximately 20% of patients do not reach this threshold and may 

be at risk of suboptimal treatment.

Because of this, clinical trials have explored individualized pazopanib dosing. These demonstrate 

the safety and feasibility of individualized pazopanib dosing based on trough levels.

In summary, we provide an overview of the complex pharmacokinetic and pharmacodynamic 

profiles of pazopanib and based on the available data we propose optimized dosing strategies.
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Introduction

Pazopanib is an inhibitor of the Vascular Endothelial Growth Factor Receptor (VEGFR), Platelet 

Derived Growth Factor Receptor (PDGFR), Fibroblast Growth Factor Receptor (FGFR) and the stem 

cell receptor (c-Kit), approved for the treatment of renal cell carcinoma (RCC) and soft tissue sarcoma 

(STS).[1–3] 

In patients with locally advanced or metastatic RCC, pazopanib increased progression free survival 

(PFS) from 4.2 to 9.2 months compared to placebo, with a hazard ratio (HR) of 0.46 (95% CI, 0.34-

0.62; p<0.0001). [2] In the phase III trial in STS patients, PFS was 4.6 months in the pazopanib treated 

group versus only 1.6 months in the placebo group, corresponding to a HR of 0.31 (95% CI 0.24-0.40; 

p<0.0001).[3]

Treatment with pazopanib has also been explored in a range of other tumor types such as thyroid 

cancer[4], gastro-intestinal stromal tumors [5] and ovarian cancer.[6] 

The most common adverse events related to pazopanib included fatigue, nausea, diarrhea, 

hypertension, anorexia and hair depigmentation, aspartate transaminase (AST) and alanine 

transaminase (ALT) elevations.[2,3]

The purpose of this review is to provide an overview of the available clinical pharmacokinetic 

and pharmacodynamic data for pazopanib. In addition, we describe population pharmacokinetic 

models that have been developed for pazopanib and the clinical trials studying adaptive dosing 

strategies in an eff ort to optimize treatment outcomes of patients treated with this drug.

Physiochemical properties & Preclinical Pharmacology

Physiochemical properties 

Pazopanib is a synthetic 5-[[4-[(2,3-Dimethyl-2H-indazol-6-yl)methylamino]-2-pyrimidinyl]amino]-

2-methyl-benzenesulfonamide and part of the group of indazolylpyrimidines.[7] The  chemical 

structure of pazopanib is shown in fi gure 1.  Pazopanib has three pKa values of 2.1, 6.4, and 10.2. 

Commercially, pazopanib is formulated as a hydrochloride salt. This salt is slightly soluble at very 

low pH (1) but practically insoluble at pH values ≥4 in aqueous matrices.[8] The permeability of 

pazopanib was measured in vitro by Caco-2 monolayers experiments. The results pointed towards 

dissolution rate limited permeability. Given the above pazopanib was classifi ed as a class II 

compound, according to the Biopharmaceutics Classifi cation System.[8]

Mechanism of Action and Preclinical Pharmacology

Angiogenesis is one of the hallmarks of cancer and is controlled partly by the Vascular Endothelial 

Growth Factor (VEGF).[9] VEGF and its receptor VEGFR mediate numerous changes within the 

tumor vasculature and inhibition of this pathway aff ects vascular function (including both fl ow and 

permeability) in addition to inhibition of further new blood vessel growth.[10]
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In vitro, pazopanib has shown to inhibit VEGFR 1, 2 and 3 with an IC50 of 10, 30 and 47 nM respectively. 

[7] Pazopanib has also shown affinity for other proteins such as PDGFR α and β (with an IC50 of 71 

and 81 nM), c-Kit (74 nM) and FGFR 1, 3 and 4 (140, 130 and 800 nM respectively).[1]

The activity of pazopanib based on these kinase assays was further confirmed in cell-based assays 

where it inhibited ligand-induced autophosphorylation of VEGFR2, PDGFR β and c-Kit in human 

umbilical vein endothelial cells, human foreskin fibroblasts and NCI-H526 cells respectively.[1]

In vivo, pazopanib has been shown to have a dose dependent anti-tumor activity in a variety of 

tumor xenograft models based on colon, melanoma, prostate, renal, breast and lung cancer cell 

lines.[1] To establish the pazopanib concentration required for optimal efficacy, VEGF-induced 

VEGFR2 phosphorylation was assessed in mice lungs after oral doses of pazopanib. Results indicated 

maximal inhibition at a concentration of approximately 40 µmol/L, which corresponds to a steady 

state Cmin of 17.5 mg/L.[1] 

Figure 1: Chemical structure of pazopanib ((5-[[4-[(2,3-Dimethyl-2H-indazol-6-yl)methylamino]-2-pyrimidinyl]
amino]-2-methyl-benzenesulfonamide). 

Clinical Pharmacokinetics

Pharmacokinetics in Cancer Patients

In a phase I study (n=63), pazopanib doses ranging from 50 to 2000 mg have been explored.[11] 

Pazopanib pharmacokinetics did not increase linearly with dose. Although the highest exposure 

after single administration was seen at the 2000 mg dose, steady-state exposure to pazopanib 

seemed to plateau at doses above  800 mg.[11] 
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Four patients experienced dose-limiting toxicities (DLTs): gastrointestinal hemorrhage, 

extrapyramidal involuntary movements, hypertension and fatigue. The maximum tolerated dose 

(MTD) was not reached, but based on a plateau in exposure at the 800 mg once daily (QD) dose,  this 

dose was selected for further clinical development. 

A single 800 mg dose (n=10) resulted in a mean (CV%) Cmax of 19.46 (176) mg/L, AUC0-24 of 275.1 (203) 

mg*h/L, Cmin of 9.4 (240) mg/L and Tmax of 3 hours. Pazopanib was eliminated with a t1/2 of 31.1 hours, 

resulting in accumulation with repeated daily dosing. At steady state (day 22, n=10) Cmax, AUC0-24, 

Cmin  and Tmax were 45.1 (68.8) mg/L, 743.3 (76.1) mg*h/L, 24.0 (67.4) mg/L, 2 hours, respectively.[11]

Administration of pazopanib as a crushed tablet or oral suspension increased Cmax by 2.09 and 1.29 

fold and AUC0-72 by 1.46 and 1.33 fold, respectively. [12]

Pazopanib is bound to plasma proteins to a very large extent (>99.9%), with an unbound fraction of 

on average 0.011±0.0013%. Protein binding seemed not infl uenced by the total pazopanib plasma 

concentration. Pazopanib was mainly bound to albumin and to a lesser extend to α1 glycoprotein 

or other plasma proteins.[13] 

The bioavailability (F), metabolism and disposition of pazopanib were studied in cancer patients 

using 14C-labeled pazopanib.[14] Absolute F was determined by comparing the dose-normalized 

ratio of AUC0-24 on day 15 at a 800 mg QD tablet dose to the AUC0-inf of a  5 mg i.v. dose. Mean F was 

estimated to be 21.4% ranging from 13.5 to 38.9%.[14] 

Seven metabolites were identifi ed, M1 to M7. Two of these were hydroxylated metabolites, M1 (or 

GSK1268992) and M2 (or GSK1268997) and one N-demethylated metabolite M3 (or GSK1071306). 

Pazopanib was also directly glucuronidated to form M4. The hydroxylated metabolites M1 and M2 

were subsequently glucuronidated to form M5 and M6, respectively. Lastly M7 was thought to be 

the carboxylic acid derivative of pazopanib. 

In total, pazopanib metabolites accounted for ≤10% of plasma radioactivity and the contribution to 

the eff ect of parent compound was shown to be low based on their low relative concentrations and 

in vitro potency.[14]

Pazopanib was primarily excreted with feces (82.2%), with unchanged pazopanib being the most 

abundant compound excreted following oral administration. Only 2.6% of radioactivity was found 

in urine. 

Pharmacokinetics in Special Populations

Pediatric Cancer Patients

A phase I study was conducted in children with STS or other treatment refractory solid tumors 

(n=51).[15] Pazopanib was administered as a tablet formulation at doses of 275, 350, 450 and 600 

mg/m2 and as a suspension for oral use at 160 and 225 mg/m2. 

DLTs included lipase, amylase and ALT elevations, proteinuria, hypertension and intracranial 

hemorrhage (the last occurred in a patient with brain metastases). 
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The MTD was reached at 450 mg/m2 (for the tablet formulation). At steady state this dose resulted 

in a mean (CV%) Cmin of 23.9 (13.5) mg/L,[15] which was very similar to the average (CV%)  Cmin 

observed in the adult phase I trial at 800 mg of 24.0 (67.4) mg/L.[11] 

Patients with Renal Impairment

As pazopanib was only excreted in urine to a very limited extent (2.6%)[14], no dedicated clinical 

trial was performed to assess the pharmacokinetics of pazopanib in patients with impaired renal 

function. 

However, in a small cohort of end-stage renal disease (ESRD) patients, 9 patients with metastatic 

renal cell cancer were treated with pazopanib.[16] Five patients received 800 mg QD and four 

patients received 600 mg QD. Two of the 800 mg QD treated patients required a dose reduction to 

400 mg, while all patients who started at 600 mg QD were reduced to 400 mg QD. Median time on 

treatment was 11.6 months.[16] Unfortunately no pharmacokinetic data was available in this study.

Further sporadic case reports are available of patients treated with pazopanib during dialysis.

[17,18] However, no pharmacokinetic sampling in patients with severe renal impairment or those 

undergoing dialysis has been reported.

In a population pharmacokinetic analysis, creatinine clearance (values ranging from 30 to 150 mL/

min) did not show an effect on the clearance of pazopanib (n=408).[8] 

Currently, no dose adjustments are recommended for patients with a creatinine clearance ≥30 mL/

min, but caution is advised in patients with lower clearance values.[19]

Patients with Hepatic Impairment 

To study the effect of hepatic impairment on the pharmacokinetics of pazopanib, a phase 1 study 

was conducted in 89 patients with solid tumors. Patients were stratified into 4 groups [A (normal), B 

(mild), C (moderate), and D (severe)], using the National Cancer Institute Organ Dysfunction Working 

Group (NCI-ODWG) categories of liver dysfunction.[20] 

Patients in the mild group tolerated 800 mg QD, while patients in the moderate and severe groups 

only tolerated 200 mg QD. At steady state, the 800 mg QD dose led to a median (range) Cmin and 

AUC0-24 of 24.0 (8.3–74.6) mg/L and 774.2 (214.7–2034.4) mg*h/L in patients with mild hepatic 

dysfunction (n=12).

The 200 mg dose was associated with a median (range) Cmin and AUC0-24 of 16.2 (3.1–24.2) mg/L and 

256.8 (65.7–487.7) mg*h/L in patients with moderate dysfunction (n=11) and 5.7 (1.5–18.4) mg/L 

and 130.6 (46.9–473.2) mg*h/L with severe dysfunction (n=14). 

Based on this study, a dose of 800 mg is advised in patients with mild and a 200 mg dose for patients 

with moderate hepatic impairment. Use of pazopanib is not recommend in patients with severe 

liver impairment.[19]

Although patients with moderate impairment were shown to tolerate doses of 200 mg QD, it 

should be taken into account that the mean Cmin value  in these patients of 16.2 mg/L was below 
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the concentrations found to be effi  cacious in preclinical models (≥17.5 mg/L),[1] and clinical trials 

(≥20.5 mg/L).[21] 

Food Eff ect

Pazopanib pharmacokinetics were investigated in a fasted state and with high fat or low fat meal in 

an open-label, randomized, crossover, phase I study (n=35).[22] Compared to a fasted state AUC0–72 

and Cmax increased 2.34 and 2.08 fold, respectively, with administration of a single dose of pazopanib 

with a high-fat meal and 1.92 and 2.10 fold, respectively, with a low-fat meal. T1/2 was not aff ected by 

either a high or low fat meal. Although the PK of metabolites was also altered, the AUC0–72 and Cmax 

of these remained below 5% of that of pazopanib.

Based on this study the authors advocated that food increased pazopanib exposure, but that 

pazopanib should be administered in a fasted state, at least 1 hour before or 2 hours after a meal, 

to reduce variability in pazopanib exposure that may be caused by the variability of food intake in 

cancer patients. 

Given the clear food eff ect, it has been hypothesized that pazopanib’s large PK variability may be 

partially caused by intake of food.[23] A larger fasted interval around ingestion could therefore 

theoretically reduce variability, however this hypothesis has not been confi rmed in a clinical trial.

Drug-Drug Interaction Studies

Pazopanib has been studied in a range of combination regimens, including combinations with 

chemotherapy [24,25], hormonal agents [26] and other targeted therapies.[27] In general, eff orts 

to combine tyrosine kinase inhibitors such as pazopanib with other anti-cancer drugs have been 

unsuccessful due to limited tolerability. As none of these combinations with pazopanib are currently 

approved by the Food and Drug Administration (FDA) or the European Medicines Agency (EMA), 

only dedicated pharmacokinetics interaction studies will be discussed in detail here.

To study the potential of pazopanib for drug-drug interactions, a trial in patients with advanced 

solid tumors (n=24) evaluated the eff ect of pazopanib on CYP450 isoforms using a cocktail of probe 

drugs.[28] The probes used were midazolam (CYP3A), warfarin (CYP2C9), omeprazole (CYP2C19), 

caff eine (CYP1A2) and dextromethorphan (CYP2D6).

Pazopanib did not have a signifi cant eff ect on the AUC0-24 or Cmax of warfarin, omeprazole or caff eine.  

The AUC0-24 and Cmax of midazolam however, were increased 1.3 fold from 53 ng*h/mL and 21 ng/mL to 

71 ng*h/mL and 27 ng/mL, respectively. This demonstrates that pazopanib is a weak inhibitor of CYP3A4.

When pazopanib was co-administered with dextromethorphan, it increased the dextromethorphan/

dextrorphan ratio in urine by 1.33-1.64 fold, indicating only moderate inhibition of CYP2D6. 

Although inhibition of CYP3A and CYP2D6 was weak, the authors concluded it might be necessary to 

closely monitor when co-administrating CYP3A and CYP2D6 substrates with a narrow therapeutic index.
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Table 1: Biomarkers related to pazopanib treatment efficacy.

Study Tumor Type N Matrix Biomarker Association p

Sleijfer et al.[29] STS 142 Serum High sVEGFR2
(12 weeks)‡

PFS12wks ↑ 0.0039

Low PlGF
(12 weeks)

PFS12wks ↑ 0.0318

OS ↑ 0.0009

Low IL12 p40 PFS12wks ↑ 0.0305

Low MPC3 PFS12wks ↑ 0.0271

Low HGF PFS ↑ 0.0079

Low bNGF PFS ↑ 0.0044

Low Ilra2 OS ↑ 0.0078

ICAM-1 OS ↑ 0.0072

Tran et al.[31] RCC 129 Plasma Low IL8 PFS ↑ 0.006

Low HGF PFS ↑ 0.0004

Low TIMP-1 PFS ↑ 0.010

Low Osteopontin PFS ↑ 0.006

High IL6 PFS ↑ 0.009

Xu et al. [33] RCC 397 Whole blood IL8 2767A>T PFS 0.009

IL8 251 T>A PFS 0.01

HIF1A 1790 G>A PFS 0.03

RR 0.02

NR1I2 25385 C>T RR 0.03

VEGFA 2578 A>C RR 0.02

VEGFA 1498 C>T RR 0.02

VEGFA 634 G>C RR 0.03

Sweis et  al.[35] RCC 18 DCE-MRI High Ktrans PFS ↑ 0.036

‡High and low biomarker levels were defined based on the median.
bNGF: basic nerve growth factor
HGF: hepatocyte growth factor
HIF1a: hypoxia-inducible factor 1A
ICAM-1: intercellular adhesion molecule-1
IL12 p40: interleukin 12 p40 subunit
IL8: interleukin 8
NR1I2: nuclear receptor subfamily 1, group I, member 2
OS: overall survival
PFS: progression free survival
PFS12wks: probability of PFS at 12 weeks
PlGF; placental growth factor
RCC: renal cell carcinoma
RR: response rate
STS: soft tissue sarcoma
sVEGFR2: soluble vascular endothelial growth factor receptor 2
TIMP-1: tissue inhibitor of metalloproteinases-1
VEGFA: vascular endothelial growth factor A
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A dedicated drug-drug interaction study was performed with pazopanib and the CYP3A4 inhibitor 

ketoconazole.[29] In total, 21 patients were treated with a 400 mg dose of pazopanib and 400 mg 

of ketoconazole. After 5 days of co-administration, pazopanib AUC0–24 increased 1.66-fold and Cmax 

1.45-fold. The formation of metabolites was inhibited to a 0.39-fold lower AUC of GSK1268997 (M2) 

and 0.56-fold of GSK1071306 (M3). GSK1268992 (M1) was less aff ected with an AUC-ratio of 1.06, 

suggesting that this metabolite it is not formed through CYP3A4 metabolism.[29]

The pazopanib exposure at 400 mg QD pazopanib in combination with 400 mg QD of ketoconazole 

was approximately similar to that of the 800 mg QD pazopanib dose in the phase I monotherapy 

study (geometric mean (95% CI) Cmax of 59.2 (45.1-77.6) mg/L and 1300 (1030-1620) mg*h/L versus 

mean (CV%) 45.1 (68.8) mg/L and 743.3* (76.1) mg*h/L). Therefore, it is now recommended to 

lower the dose of pazopanib to 400 mg when co-administration with a strong CYP3A4-inhibitor is 

therapeutically necessary. [19,29]

The pharmacokinetics of pazopanib were also studied in 13 patients who were treated with 800 

mg pazopanib (QD 1 hour before or 2 hours after breakfast) and 40 mg esomeprazole (QD before 

bedtime) for 7 days. Pazopanib exposure was markedly reduced by the proton pump inhibitor (PPI), 

with an AUC-ratio of 0.60 and Cmax-ratio of 0.58. Mean Cmin was also reduced from 27.2  mg/L under 

control condition to 17.3 mg/L. If concomitant use of a PPI is unavoidable, pazopanib should be 

administered when gastric pH is expected to be lowest (i.e. in the evening) and together with the 

PPI.[29,30] The current recommendation therefore is to avoid the use of gastric acid reducing agents 

and if unavoidable take pazopanib without food once daily in the evening concomitantly with the 

PPI. [19] If the concomitant use of an H2-receptor antagonist is necessary, pazopanib could best 

be taken without food at least 2 hours before or at least 10 hours after a dose of an H2-receptor 

antagonist. For short-acting antacids, the interval can be shorted to at least 1 hour before or 2 hours 

after administration of the antacid.[19]

Clinical Pharmacodynamics

Pharmacodynamic markers

An overview of all pharmacodynamic biomarkers signifi cantly related to pazopanib treatment 

effi  cacy is provided in table 1.

Pharmacodynamics in Soft Tissue Sarcoma

Hypertension is generally considered a relevant biomarker for response of angiogenesis 

inhibitors,[31] an often studied example of this is bevacizumab.[32] Yet, for pazopanib a retrospective 

analysis of 337 sarcoma patients did not fi nd any signifi cant relationship between hypertension and 

PFS (HR 0.88; 95% CI 0.64-1.23;p=0.467) or OS (HR 0.76; 95% CI 0.54-1.08; p=0.123).[33]
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Cytokines and circulating angiogenic factors in serum were investigated as predictors of pazopanib 

efficacy and toxicity in STS patients.[34] For efficacy, increased interleukin 12 (IL12) and mitochondrial 

pyruvate carrier 3 (MPC3) levels at baseline were related to a higher probability of PFS after 12 

weeks. Low (≤7000) sVEGFR2 and high (>50) placental growth factor (PlGF) levels were related to 

lower PFS after 12 weeks. Moreover, PlGF levels were also significantly related to shorter OS.[34] A 

full overview of all associations is provided in table 1. Low sVEGFR2 and high PlGF levels were also 

related to increased grades of hypertension and elevations of thyroid stimulating hormone.[34]

Pharmacodynamics in Renal cell Carcinoma

In RCC patients, change in blood pressure was not significantly related to PFS. A trend toward 

increased PFS was seen for higher systolic blood pressure at week 4 and 12, p=0.06 and 0.07, 

respectively.[35]

A retrospective analysis of pazopanib phase II and III trials in RCC assessed the prognostic and 

predictive value of plasma concentrations of cytokine and angiogenic factors.[36]

Pazopanib treated patients with high concentrations of interleukin 8 (IL8) (p=0.006), osteopontin 

(p=0.0004), hepatocyte growth factor (HGF) (p=0.010), and tissue inhibitor of metalloproteinases-1 

(TIMP-1) (p=0.006) had shorter PFS than did those with low concentrations, while high interleukin 

6 (IL6), VEGF and E-selectin concentrations were not predictive of PFS (p=0.445, 0.689 and 0.844, 

respectively).[36]

In the placebo treated group, higher IL6 and osteopontin were related with shorter PFS, which 

could suggest a relationship between progression in RCC instead of a relationship with pazopanib 

pharmacodynamics. [36]

Analysis of VEGF genotypes in RCC biopsies, suggested increased benefit of pazopanib compared to 

sunitinib for the s833061 TT, rs2010963 CC and rs699947 CC genotypes.[37] However this was based 

on only 19 pazopanib treated patients of which RCC nephrectomy or biopsy tissue was available.

An analysis of germline pharmacogenetic markers in peripheral blood was performed on samples 

of 397 patients with RCC from pazopanib phase II and III trials. Three polymorphisms in the IL8 gene 

and hypoxia-inducible factor 1A (HIF1A) showed a significant relation with PFS.[38] Response rate 

was significantly associated with polymorphisms in HIF1A, nuclear receptor subfamily 1, group I, 

member 2 (NR1I2) and VEGFA genes.[38] A complete overview of all relationships found for the 

genotypes and PFS and response rate is provided in table 1.

A randomized trial comparing pazopanib with sunitinib in RCC patients found a shorter PFS for 

pazopanib treated patients with a higher (>55) H-score for programmed death ligand 1 (PD-L1) 

in immunohistochemical stainings of tumor biopsies (15.1 versus 35.6 months, p=0.03).[39] 

However, since a similar effect (15.3 versus 27.8 months, p=0.03) was seen in the sunitinib arm, it 
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seems possible that this is a prognostic marker in RCC rather than a marker specifi c for pazopanib 

pharmacodynamics.

Dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) is a modality used for 

imaging of tumor vasculature and angiogenesis and DCE-MRI parameters, such as Ktrans which 

refl ects perfusion rate and capillary permeability, have been related to treatment response of 

other VEGFR-inhibitors.[40] DCE-MRI was also explored as potential biomarker for PFS in a cohort 

of RCC patients treated with pazopanib.[41] The parameter Ktrans was tested dichotomously (above 

or below the median of 0.472/min) in a survival analysis. Patients with high Ktrans values had a longer 

PFS in univariate analysis (p=0.036). However, this was not signifi cant anymore in multivariate cox 

regression including prognostic markers and previous treatments (p=0.83).[41]

Table 2: Pharmacokinetic parameters signifi cantly related to pazopanib treatment effi  cacy and toxicity.

Relati onship Pharmacokineti c
Parameter

n Tumor 
Type

Value Associati on p Reference

Effi  cacy Cmax 36 Thyroid cancer r=–0.40† Maximum 
change in 
tumor size ↑

0.021 [4]

Cmin 177 Renal Cancer ≥20.5 mg/L
threshold

PFS ↑ 0.0038 [21]

Cmin 177 Renal Cancer ≥20.5 mg/L
 threshold

Maximum 
change in 
tumor size ↑

<0.001 [21]

Cmin
* 30 Advanced 

solid tumors
≥20.0 mg/L
threshold

Maximum 
change in 
tumor size ↑

0.01 [36]

Toxicity Cmin 54 Renal Cancer r=0.95‡ Blood 
Pressure ↑

0.0075 [21]

Cmin 59 Pediatric 
advanced solid 
tumors

Cmin  38.8±11.1 
versus 
29.6±13.6 mg/L

Any DLT ↑ 0.04 [15]

Cmin 38 Pediatric 
advanced solid 
tumors

Cmin  43.7±13.3 
versus 
29.4±13.0 mg/L

Blood 
Pressure ↑

0.004 [15]

AUC0-24 29 Pediatric 
advanced solid 
tumors

r=0.595‡ DLT cycle 
1 ↑

0.01 [15]

AUC0-24: Area under the plasma time curve from 0 to 24 hours
Cmax: Maximum plasma concentration (during the fi rst cycle)
Cmin: Minimum plasma concentration / trough level (at steady state)
DLT: Dose limiting toxicity
PFS: Progression free survival
r: Spearman’s rank correlation coeffi  cient† or correlation coeffi  cient‡
*Mean of all available Cmin samples
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It should be noted, that although many of the proposed biomarkers discussed above were 

numerically significant at the p<0.05 or even <0.01 level, many of these associations are likely to 

be considered statistically negligible after correction for multiple testing given the multitude of 

biomarkers, sampling times and endpoints tested in several of these studies. Therefore, further 

prospective confirmation of these proposed biomarkers is necessary before treatment of patients 

could be guided by these markers.

Exposure-Response Analyses

An overview of all pharmacokinetic parameters significantly related to pazopanib treatment efficacy 

and toxicity is provided in table 2. Most exposure-response studies have used Cmin as PK parameter 

instead of AUC0-24. However, for pazopanib Cmin correlated significantly with AUC0-24. Interestingly, 

this relation was better for the concentration exactly 24 hours after intake than the concentration 

just before intake of the next tablet (R2=0.940 versus 0.596).[23] 

In the phase 1 trial, 5 of the 6 RCC patients with PR or SD had a steady-state Cmin of ≥15 mg/L, while 

all patients with PD as best response had a Cmin of <15 mg/L.[11] 

In a retrospective analysis of 177 RCC patients, relationships between exposure and response were 

explored. A threshold Cmin of ≥20.5 mg/L was significantly related to both tumor shrinkage and 

PFS. Patients below the threshold had a median tumor shrinkage of 6.9% versus 37.9% for patients 

with pazopanib Cmin above the threshold (p<0.001). PFS was also strongly associated with Cmin, with 

patients with a pazopanib Cmin level <20.5 mg/L having a PFS of only 19.6 weeks compared to 52.0 

weeks for patients with a pazopanib Cmin level ≥20.5 mg/L (p=0.0038). 

Exposure-response relationships have also been studied in other tumor types. A post-hoc subgroup 

analysis in a randomized phase II study of pazopanib versus best supportive care in gastro-intestinal 

stromal tumor (GIST) patients, found a 4-months PFS of 42.5% in patients with a pazopanib Cmin level 

<20 mg/L versus 71.1% in patients with a pazopanib Cmin level ≥20 mg/L (n=26; p=0.17).[5]

In patients with metastatic, rapidly progressive, radioiodine-refractory differentiated thyroid 

cancers, pazopanib Cmax correlated with tumor response (maximum change in tumor size, p=0.021) 

and was significantly higher in responders than in patients with no tumor response (p=0.009). 

In a pediatric phase 1 trial in STS and advanced solid tumors, all but one patient with clinical benefit had 

Cmin ≥20 mg/L, and all five patients who received therapy for a year or more had a Cmin ≥30mg/L.[15]

Unfortunately, no pharmacokinetic samples were taken in the pivotal study of pazopanib in STS.[3] 

Therefore, the threshold of ≥20 mg/L was not clinically validated for STS patients. 

However, a trial in advanced solid tumors found a trend towards improved tumor size reduction for 

(-6.01 versus +13.5%, p=0.28) and PFS  (47.9 versus 11.5 weeks, p=0.06) in a subset of STS patients 

(n=7) for patients with an average Cmin  ≥20.0 mg/L.[42] 
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The same trial did fi nd a signifi cant relationship using the same threshold and tumor size reduction 

in the overall population of patients with advanced solid tumors (-6.49% versus +14.6%; n=30; 

p=0.01).[42]

In summary, there are multiple studies that support the use of a pazopanib Cmin of ≥20 mg/L as a 

pharmacokinetic threshold for effi  cacy.

Exposure-Toxicity Analyses 

In a retrospective analysis of exposure as a predictor of toxicity in RCC patients (n=205), the frequency 

of hypertension, diarrhea, hair color change, ALT elevations, stomatitis, and hand–foot syndrome 

increased with increasing pazopanib Cmin. However, other adverse events such as vomiting, fatigue, 

nausea, dysgeusia, and rash displayed no obvious relationship with exposure.[21] 

The relationship between pharmacokinetic exposure and toxicity was studied further and 

interestingly, the correlation between exposure and hypertension was stronger for Cmin than for 

AUC0-24, r2 of 0.91 (p=0.0075) and 0.25 (p=0.23) respectively.[21] 

In pediatric cancer patients, Cmin was related to the occurrence of DLTs. Patients experiencing a DLT 

had a mean ±SD Cmin of 38.8±11.1 versus only 29.6±13.6 mg/L for patients who did not (p=0.04). Cmin 

was also related to grade ≥2 hypertension. Here  Cmin  was 43.7±13.3 mg/L (n=11) in hypertensive 

compared to only 29.4±13.0 mg/mL (n=27) in normotensive patients (p=0.004). There also was a 

strong association between AUC0-24 and the occurrence of DLTs in cycle 1. (n=29; r=0.595; p=0.001).

[15] 

A randomized, double-blind, placebo-controlled trial comparing pazopanib to placebo and 

moxifl oxacin (as positive control) did not fi nd an eff ect of pazopanib or its metabolites on the QTcF 

interval.[43]

In the registration trials, the probability of grade ≥3 ALT elevation has been reported to increase 

with higher pazopanib Cmin.[8] However, a recent study suggested that the mechanism of this 

hepatotoxicity may be related to genetic mutations in the human leukocyte antigen (HLA), 

specifi cally with the HLA-B*57:01 genotype. It may therefore be the case that hepatotoxicity is 

mediated by an immunological reaction which would most likely be unrelated to pazopanib 

exposure or dose.[44] 

Pazopanib related ALT-elevations have also been shown to be associated to the rs2858996 and 

rs707889 polymorphisms in the hemochromatosis HFE-gene.[45] Moreover, the risk of ALT-

elevations in cancer patients treated with pazopanib was shown to be higher in those patients who 

concomitantly used simvastatin.[46]

Interestingly, case reports show that administration of a starting dose of 30 mg prednisolone 

(which is subsequently slowly tapered down) is a promising treatment strategy for pazopanib 

related transaminase elevations.[47] The suggestion that immunosuppressive drugs are eff ective 



Chapter 2.1

62

in treating this form of toxicity further support the hypothesis that this drug-induced liver injury is 

immunologically mediated. 

Population Pharmacokinetic & Pharmacodynamic Studies

Several pharmacometric models have been developed for pazopanib to date. Two models focused 

on tumor growth kinetics and two on pharmacokinetic modelling.

The first tumor growth model quantified the effect of pazopanib in clinical data from phase II 

(n=220) and phase III studies (n=423). This study quantified the tumor inhibition of pazopanib using 

a modified Wang model and identified prognostic markers (including prior radiotherapy, baseline 

tumor size, tumor shrinkage rate and tumor regrowth rate) as predictors for the formation of new 

lesions.[48]

The second tumor growth model used both preclinical and clinical (n=47) data. This semi-

mechanistic model also described the role of tumor vasculature (based on preclinical experiments) 

in tumor growth and shrinkage. This study suggested the antitumor effect of pazopanib might be 

comprized of two separate mechanisms, the first a direct cytotoxic effect and the second a slower 

antiangiogenic effect.[49] 

At present, two model-based pharmacokinetic studies have been reported. 

The first is a one-compartment model with first-order absorption and elimination based 

pharmacokinetic data obtained from a phase I study of pazopanib in combination with bevacizumab 

(n=15).[50] Co-administration of bevacizumab did not influence pazopanib Cmin. Inter-individual 

variability in this study was quantified at 40% and an inter-occasion variability at 27%. However, in 

these 15 patients, no significant relationships were found between measures of exposure and either 

DLTs or treatment response (measured by RECIST 1.1).[50]

The second population pharmacokinetic model was based on a larger data set from three clinical 

studies (n=96).[51] The pH-limited solubility of pazopanib[8] was best described by a two-phase 

first-order absorption.[51]

To account for the non-linear F, a relative bioavailability parameter (rF) was introduced as a function 

of dose (rFd) and of time (rFt). rFd was set at 1 for the (lowest) 200 mg  dose and decreased in an Emax 

manner. The influence of time on rFt was best described by an first-order decay. [51]

Simulation studies were performed to quantify the effect of time on pazopanib pharmacokinetics. 

When comparing exposure in week 2 to week 4, both the Cmin and AUC dropped by 11 %. A decrease 

in exposure has also been reported for other tyrosine kinase inhibitors such as imatinib.[52] The 

mechanism behind this effect is unclear.[53] For pazopanib it is hypothesized that this reduced 

exposure could be caused by auto-induction of CYP3A4 as it has been reported that pazopanib 
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induces CYP3A4 in vitro through an interaction with the human pregnane X receptor,[8,51] but this 

theory has not yet been confi rmed in clinical studies.

Simulations also indicated that the non-linear F could be leveraged to increase Cmin in low exposure 

patients, by switching from a once to a twice daily dosing (BID) regimen. At steady state, Cmin on 

the 400 mg BID dose level was 75 % higher at the 800 mg QD dose level, 39 compared to 22 mg/L, 

respectively. AUC increased by 59 % from 665 to 1056 mg*h/L by switching from 800 QD to 400 mg 

BID.[51]

This strategy of splitting intake moments, has the advantage of increasing exposure without 

increasing the overall daily dose and cost of therapy. However, future prospective clinical trials are 

needed to confi rm this hypothesis, before such a strategy can be implemented.

Individualizing Pazopanib Therapy

Several studies have identifi ed pharmacokinetic and pharmacodynamic biomarkers for pazopanib 

treatment effi  cacy in cancer patients (tables 1 and 2). 

Moreover, it has been shown that  at the currently approved dose of 800 mg QD, approximately 20% 

of patients do not reach the pharmacokinetic threshold of Cmin ≥20 mg/L and are therefore at risk of 

suboptimal effi  cacy.[21]  Furthermore, intrapatient variability in pharmacokinetics (25-27%)[23,50] 

was markedly smaller than interpatient variability (67-72%)[11,42]. 

Because of this, two clinical trials have investigated individualized pharmacokinetically-guided 

dosing of pazopanib in cancer patients.[23,42]

The fi rst was a study in advanced solid tumors (n=13) and used an AUC0-24h range of 715 to 920 

mg*h/L as the pharmacokinetic target and set a reduction in variability as the primary endpoint.[23] 

All patients were treated for 3 consecutive periods of 2 weeks. In the fi rst period, all patients received 

800 mg pazopanib once daily to reach steady-state exposure. In the second, patients either received 

a PK-guided dose or the fi xed 800 mg dose. During the last period, the regimens were switched.

AUC-guided dosing did not signifi cantly reduce inter-patient variability in this trial. Interpatient 

variability in Cmin was 36.9% and 31.9% in the AUC-guided and fi xed-dose arm respectively. In the 

AUC-guided dosing arm 53.9% of patients and in the fi xed dosing arm 46.2% of patients achieved 

the target exposure. Based on these results the authors concluded that it might be more benefi cial 

to target the Cmin threshold rather than an AUC range.

The second study was a prospective trial in 30 patients with advanced solid tumors. It set Cmin ≥20.0 

mg/L as target exposure.[42] At weeks 3, 5, and 7, the pazopanib dose was increased if Cmin was 

<20.0 mg/L. Patients with a Cmin <15.0 mg/L received a dose increase of 400 mg in the absence of 

grade ≥2 toxicity or 200 mg when experiencing grade 2 toxicity. Patients with a Cmin of 15.0 to 19.9 

mg/L received a 200 mg dose increase if toxicity was below grade 3. No patients would be treated 

above the prespecifi ed limit of 2000 mg QD. The dose would be reduced in case of grade ≥3 toxicity. 

This dosing algorithm led to patients being treated at dosages ranging from 400 to 1800 mg daily. 
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Mean Cmin in patients whose dose was successfully increased above 800 mg (n=10) rose significantly 

from only 13.2 to 22.9 mg/L (above the pre-specified target of ≥20 mg/L). Patients with a high Cmin 

who experienced ≥ grade 3 toxicity (n=9) and required a dose reduction initially had a mean Cmin 51.3 

mg/L, but even after subsequent dose reductions, mean Cmin was still above the >20 mg/L target at 

28.2 mg/L.[42]

The overall variability in Cmin was reduced from 71.9% on the fixed dose schedule (week 2) to 33.9% 

(week 8) after applying the pharmacokinetically-guided dosing algorithm. 

This trial demonstrated the feasibility of individualized Cmin-guided dosing. Future prospective 

clinical trials to validate this dosing strategy on clinically relevant endpoints are warranted.

Furthermore given its evident exposure-response relationship, pazopanib Cmin monitoring in routine 

care is already of clear importance in specific clinical situations, such as hepatic impairment,[54] or 

co-administration of PPIs or CYP3A4-inhibitors/inducers[29].

To facilitate pharmacokinetic monitoring of pazopanib in routine care, dried blood spot sampling 

could be used as a less invasive alternative to venous blood sampling. Multiple validated bioanalytical 

assays are already available for this purpose.[55,56]

Conclusions

In conclusion, we provide an overview of the complex pharmacokinetic and pharmacodynamic 

profile of pazopanib. We critically reviewed the published (population) pharmacokinetic and 

pharmacodynamic data on pazopanib in patients and special patient populations. 

The pharmacokinetics of pazopanib are described by a low, non-linear and time-dependent 

bioavailability and large interpatient variability. 

A multitude of pharmacokinetic and pharmacodynamic biomarkers has been proposed for 

pazopanib, but only AUC and Cmin have been studied prospectively to individualize treatment. 

There are opportunities to optimize pazopanib dosing through monitoring of Cmin and by switching 

to BID dosing in selected patients. These strategies hold promise to optimize pazopanib dose 

selection and individualization and improve treatment outcomes for cancer patients.
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Abstract 

Background: Pazopanib is an angiogenesis inhibitor approved for renal cell carcinoma and soft 

tissue sarcoma. Studies indicate that treatment with pazopanib could be optimized by adapting the 

dose based on measured pazopanib plasma concentrations.

Methods: This study describes the validation and clinical application of a fast and straightforward 

method for the quantification of pazopanib in human plasma for the purpose of therapeutic drug 

monitoring and bioanalytical support of clinical trials.

Stable isotopically labeled 13C,2H3-pazopanib was used as internal standard. Plasma samples were 

prepared for analysis by protein precipitation using methanol and diluted with 10 mM ammonium 

hydroxide buffer. Chromatographic separation was performed on a C18 column using isocratic 

elution with ammonium hydroxide in water and methanol. For detection an tandem mass 

spectrometer, equipped with a turbo ionspray interface was used in positive ion mode at m/z 438 → 

m/z 357 for pazopanib and m/z 442 → m/z 361 for the internal standard. 

Results: All validated parameters were within pre-established limits and fulfilled the FDA and EMA 

requirements for bioanalytical method validation. Final runtime was 2.5 minutes. After completion 

of the validation, the routine application of the method was tested by analyzing clinical study 

samples which were collected for the purpose of therapeutic drug monitoring. 

Conclusions: In conclusion, the described method was successfully validated and was found to 

be robust for routine application to analyze samples from cancer patients treated with pazopanib.
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Introduction

Pazopanib is a potent and selective multi-targeted receptor tyrosine kinase inhibitor of the vascular 

endothelial growth factor receptor 1 (VEGFR-1), VEGFR-2, VEGFR-3, Platelet derived growth factor 

receptor α and β, and c-kit.[1] Through blocking the kinase activity of these receptors, pazopanib 

blocks tumor growth and inhibits angiogenesis [2]. Pazopanib is currently approved by the Food 

and Drug Administration (FDA) and European Medicines Agency (EMA) for the treatment of renal 

cell carcinoma (RCC) and soft tissue sarcoma (STS) [3,4]. A retrospective analysis showed increased 

tumor shrinkage and longer median progression free survival in patients with pazopanib plasma 

trough concentrations ≥20.5 μg/mL compared to patients with lower concentrations (52.0 weeks 

vs. 19.6 weeks) [5]. 

Pazopanib pharmacokinetics show large inter-individual variability in plasma concentrations. This 

results in a subset of patients at risk of receiving less than optimal exposure [6–9]. In routine clinical 

care this variability may be even greater as these patients are not selected and are likely to have 

more comorbidities and concomitant medication, may be older, may have impaired renal or hepatic 

function and may have suboptimal therapy adherence. 

The factors above may infl uence pazopanib pharmacokinetics, for example absorption of pazopanib 

depends on gastric acidity and intake with food [10] and it is a substrate for various CYP isoenzymes 

which may be inhibited by concomitant medication and subject to genetic polymorphisms [11]. 

Based on the observations above, a prospective study in cancer patients was conducted to study 

pazopanib dose individualization based on plasma trough concentrations.[12] This trial found that 

individualized pazopanib dosing was feasible, safe and lead to more patients reaching an adequate 

pharmacokinetic exposure. Therefore, measurement pazopanib plasma concentrations in routine 

care, also known as therapeutic drug monitoring, could be an eff ective way to estimate the infl uence 

of all these factors and assess if patients would require therapy adjustments based on suboptimal 

exposure. 

Previously, methods for the quantifi cation of pazopanib in plasma have been reported [13,14]. 

However, these methods were only validated for mouse plasma and tissue or suff ered from long 

run time (7 minutes per sample) due to the large number of analytes, making them suboptimal for 

application to routine (e.g. weekly) therapeutic drug monitoring measurements in cancer patients. 

We describe the development, validation and clinical application of a fast and straightforward 

liquid chromatography tandem mass spectrometry (LC-MS/MS) method for the quantifi cation of 

pazopanib in human plasma specifi cally designed for the purpose of therapeutic drug monitoring 

and bioanalytical support of clinical trials.
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Materials & Methods 

Chemicals 

Pazopanib (as hydrochloride) and stable isotopically labeled internal standard (IS) 13C,2H3-pazopanib 

were supplied by GlaxoSmithKline (Zeist, The Netherlands). Dimethyl sulfoxide (DMSO) was 

purchased from Merck (Darmstadt, Germany), ammonia (Empure® 25%) and methanol (HPLC grade) 

from BioSolve Ltd (Valkenswaard, The Netherlands). Control human EDTA-plasma was obtained from 

healthy volunteers and used for preparation of quality control samples (QC), calibration standards 

and matrix blanks.

Stock solutions, calibration standards and quality control samples

Stock solutions of pazopanib were prepared in DMSO at a concentration of 2 mg/mL. Working 

solutions were prepared by diluting stock solutions with methanol. The IS stock solution was 

prepared in methanol at a concentration of 1 mg/mL. The IS working solution was prepared by 

further dilution with methanol to a concentration of 0.1 μg /mL. All stock and working solutions 

were stored at -20 °C, except for the IS working solution which was stored at 2 – 8 °C.

Calibration standards and QC samples were prepared by addition of an 10 µL aliquot of working 

solution to 190 µL of control plasma. Concentrations of 1.00, 3.00, 15.0 and 37.5 μg/mL were 

used for the QC samples (lower limit of quantification (LLOQ), Low, Mid and High concentrations 

respectively). The concentrations for the calibration standards were: 1.00, 2.00, 5.00, 10.0, 20.0, 30.0, 

40.0 and 50.0 μg/mL. 

Table 1: Optimized Mass Spectrometer Settings

Parameter Value

Nebulizer gas 7 a.u.

Turbo gas 7 L/min

Curtian gas 15 a.u.

Collision gas 10 a.u.

Ion spray voltage 3000 V

Ionization temperature 400 ⁰C

Dwell time 200 ms

Declustering Potential 41 V

Collision Energy 57 V

Collision Cell Exit Potential 18 V

Entrance Potential 10 V

a.u.: arbitrary units. 
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Liquid chromatography tandem mass spectrometry

All LC-MS/MS experiments were performed using an 1100 series binary pump, degasser, column 

oven and autosampler from Agilent Technologies (Santa Clara, CA, United USA) and an API3000 

triple quadrupole equipped with Turbo ionspray interface, and  Analyst™ software was used for data 

analysis (Sciex Framigham, MA, USA). Mass transitions of precursor and product ions, fragmentor 

voltage, nebulizer, tubro, curtain and collision gases, ion spray voltage, ionization temperature, 

declustering potential, collision energy, collision cell exit and entrance potential were optimized. An 

overview of the optimized mass spectrometer settings is provided in table 1. 

Quantifi cation was performed in positive ion mode using the m/z 438 → m/z 357 transition for 

pazopanib and m/z 442 → m/z 361 for 13C,2H3-pazopanib. Proposed fragmentation patterns of these 

transitions are provided in fi gure 1.

Separation was performed on Gemini C18 Column, 50 x 2.0 mm ID, 5 μm particle size with a Gemini 

SecurityGuard, 4.0 x 2.0 mm ID guard column by Phenomenex (Torrance, CA, USA) using an 0.2 μm 

in-line fi lter. 

Figure 1: Chemical structures of pazopanib (left) and 13C,2H3-pazopanib (right), including the proposed 
fragmentation patterns (m/z 438  357 and 442  361, respectively).



Chapter 2.2

76

The column oven was set at 55 °C and the tray temperature of the autosampler at 5 °C. Isocratic 

elution was achieved using a mixture of 10 mM ammonium hydroxide in water and 1 mM ammonium 

hydroxide in methanol (45:55, v/v) at flow of 0.4 mL/min. The total runtime was 2.5 minutes.

Sample preparation

A 10 μL aliquot of plasma was transferred to an eppendorf tube of 1.5 mL. A total of 500 μL of 

methanol containing 0.1 μg/mL IS was added and the sample was vortex mixed. The corresponding 

IS concentration is thus 5.00 µg per mL of plasma. Hereafter, 500 μL of 10 mM ammonium hydroxide 

in water was added. The samples were briefly mixed and centrifuged for 5 minutes at 15,000 rpm. 

Then 800 μL of the clear supernatant was transferred to an autosampler vial and 5 μL was injected 

into the LC-MS/MS system.

Validation

The method was validated in accordance with FDA and EMA guidelines for bioanalytical method 

validation  [15,16]. 

The following validation parameters were assessed: calibration model, accuracy and precision, 

LLOQ, dilution integrity, selectivity, instrument carry-over, matrix factor and recovery. Furthermore, 

the stability of pazopanib was studied in various matrices.

Calibration

Weighted linear regression (1/concentration) was applied to fit the calibration plots (area ratio vs 

concentration). At least 75% of the non-zero standards (including at least one LLOQ and upper 

limit of quantification (ULOQ)) in each run had to be within ±15% of the nominal value (±20% for 

the LLOQ). For the LLOQ and ULOQ level at least 50% should meet these criteria. The regression 

coefficient was calculated for each analytical run. 

Accuracy and precision

The assays accuracy and precision were determined in three separate validation runs by injecting 

five replicates of QC samples at the LLOQ, Low, Mid and High concentrations. Intra-run and overall 

accuracy was expressed as the bias in %, The intra-run and overall precision were calculated as the 

coefficient of variation (CV) in %. At each concentration level, the bias had to be within ±15% and 

the precision is not allowed to exceed 15%. For the LLOQ concentrations level bias had to be within 

±20% and the precision would not allowed to exceed 20%.

LLOQ

The LLOQ of the method was evaluated in each analytical run. It was quantified as the ratio of the 

peak height of the 1.00 μg/mL calibration standard (the signal) to the peak height of a double blank 

sample (the noise). A predefined limit of  ≥5 was set for this ratio.
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Dilution integrity

The dilution integrity was studied by analyzing fi ve replicate samples at concentration of 100 µg/

mL. These were diluted 20 times with blank EDTA-plasma  (10 μL sample plus 190 μL matrix) and 

compared with the nominal concentration. Predefi ned limits for bias and precision were set at ±15% 

and ≤15% respectively.

Selectivity

The selectivity of the assay was determined for Cross analyte/IS interference. The internal standard 

interference was assessed by analyzing a pazopanib ULOQ sample without adding the IS and by 

spiking IS separately to a double blank sample at the concentration used in the assay. 

The possibility of endogenous interferences was assessed by analyzing double blank samples from 

six diff erent individuals and comparing the peak area in the blank with the peak area of the LLOQ in 

the same analytical run. 

The endogenous and IS interferences were considered acceptable if it was less than or equal to 20% 

of the response of the LLOQ of the analyte and less than or equal to 5% of the response of the IS.

Carry-over

The instrumentation carry-over was tested by injecting two double blank samples after an ULOQ 

sample in each validation run. The carry-over was calculated as the ratio (in %) of the peak area in 

the blanks and the peak area of the LLOQ. The carry-over was considered acceptable if the response 

at the retention time of the analyte (for both pazopanib and the IS) was less than or equal to 20% of 

the response of the LLOQ in the fi rst blank.

Matrix factor

The matrix factor (MF) was determined in six diff erent batches of plasma spiked at both the QC 

Low and QC High concentration. The MF was calculated by dividing the pazopanib and IS peak 

area in presence of matrix by the peak area ratio at the same concentration in a neat solution. The 

IS-normalized MF was calculated for six diff erent batches of control human plasma and the  IS-

normalized MF was considered acceptable if the coeffi  cient of variation was less than or equal to 

15%.

Sample pretreatment recovery

The pazopanib recovery was determined by dividing the peak area of pazopanib in processed 

validation samples at QC low and high concentrations (n=5) by the peak area of pazopanib in 

presence of matrix (a double blank sample to which pazopanib was spiked after processing). No 

specifi c requirement for recovery was predefi ned except that it should be reproducible.
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Stability

The stability of pazopanib in processed samples (final extract) was determined after being stored at 

nominally 2 – 8 °C. The stability in plasma samples was assessed at ambient temperatures and at -20 °C. 

All these stability analyses were carried out in triplicate at the QC Low and High concentrations. 

Samples were considered to be stable if the measured concentration was within ±15% of the 

nominal concentration. Stability of pazopanib in DSMO (stock) and methanol (working solutions) 

was studied (also in triplicate) at concentrations of 2 mg/mL and 300 µg/mL respectively. For these 

solutions the limit for the deviation was set at within ±5%.

Clinical application

The described method was used to support pharmacokinetic analyses in a clinical trial where 

pazopanib trough samples were collected (trial registry identifier: NTR3967)[12]. This trial was 

conducted in accordance with the World Medical Organization declaration of Helsinki, compliant 

with Good Clinical Practice and approved by the Medical Ethics Committee of each of the 

participating medical centers. All patients provided written informed consent before enrollment.

Table 2: Summary of validation results. All tested parameters met their predefined criteria (predefined 
acceptance criteria are reported in text).

Parameter Result 

Calibration model Weighted (1/x) linear regression, coefficients all >0.99

Calibration range 1.00 to 50.0 μg/mL

Intra-run accuracy 
(%)

±19.2% (LLOQ)
±4.4% (QC Low, Mid, High)

Overall accuracy 
(%)

±7.8% (LLOQ)
±2.0% (QC Low, Mid, High)

Intra-run precision 
(CV)

≤3.8% (LLOQ)
≤8.4% (QC Low, Mid, High)

Overall precision 
(CV)

≤9.6% (LLOQ)
≤1.7% (QC Low, Mid, High)

Lower limit of quantification
(S/N)

>176 

Dilution integrity
(Mean, CV)

bias ±2.2%, CV 2.6%

Selectivity 
(cross analyte and endogenous interference) ≤0.5% and 0.0%

Instrument carry-over 0.7% of the LLOQ

IS-normalized matrix factor 
(mean, CV)

0.984, 3.1% (QC Low) 
0.948, 1.5% (QC High)

Recovery 
(mean, CV)

102%, 3.1% (QC Low)
101%, 1.2% (QC High)

CV: Coefficient of variation; IS: Internal standard; LLOQ: lower limit of quantitation; QC: Quality control sample; S/N: 
Signal to noise ratio
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Figure 2: Representative lower limited of quantitation (LLOQ) chromatograms of pazopanib (438  357) at 1.00 
µg/mL and the internal standard (IS) 13C,2H3-pazopanib (442  361) at 5.00 µg/mL (from the same LLOQ sample).

Results  

Validation

A complete overview of all the validation results is provided in table 2. All validated parameters were 

within their pre-established limits. A representative chromatogram of pazopanib at the LLOQ level, 

the internal standard and a double blank are provided in fi gure 2. A full overview of the analytical 

performance data (accuracy and precision) of the method is depicted in table 3.

Stability

Results for the stability measurements of pazopanib in the various matrices are provided in table 4. 

All deviations where within ±15% and CVs were also all within 15%.
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Clinical application

After completing the bioanalytical validation, the described method was used to support 

pharmacokinetic analyses in a clinical trial. Plasma samples were stored at -20 °C and then processed 

and analyzed using the method described in this manuscript. 

As displayed in figure 3, 327 plasma trough samples were measured from patients who received 

pazopanib dosages ranging from 400 to 1800 mg daily. Of these 96.9% were within the validated 

range (0.9% <LLOQ and 2.1% >ULOQ), with a mean of 24.4 µg/mL and a CV of 49.5%. All samples 

above the ULOQ were successfully re-analyzed after applying the validated 20-fold dilution.

Figure 3: Distribution of clinical plasma samples measured using the described LC-MS/MS method. Of all samples 
(n=327), only 3 (0.9%) were below LLOQ (not displayed), 7 (2.1%) were above ULOQ. The mean concentration 
of  (non <LLOQ) samples was 24.4 µg/mL. Dotted lines indicate the LLOQ (1 µg/mL) and ULOQ (50 µg/mL), the 
dashed line indicated the therapeutic threshold of ≥20.5 mg/L proposed by Suttle et al.
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Table 3: Analytical performance data, for the LLOQ (1.00  μg/mL), QC Low (3.00 μg/mL), QC Mid (15.0 μg/mL) and 
QC High (37.5 μg/mL) concentration levels.

Run Nominal 
concentration 
(μg/mL)

Mean measured
 concentration
(μg/mL)

Accuracy
(% deviation)

Precision
(% CV)

Replicates
(n)

1 1.00 0.808 -19.2 3.2 5

2 1.00 0.973 -2.7 3.1 5

3 1.00 0.983 -1.7 3.8 5

Overall 1.00 0.922 -7.8 9.6 15

1 3.00 2.94 -1.9 6.4 5

2 3.00 2.94 -0.2 1.9 5

3 3.00 2.88 -4.0 3.1 5

Overall 3.00 2.94 -2.0 4.3 15

1 15.0 15.3 1.9 3.1 5

2 15.0 15.1 0.5 1.3 5

3 15.0 14.7 -2.1 2.3 5

Overall 15.0 15.0 0.1 2.8 15

1 37.5 37.3 -0.5 8.4 5

2 37.5 36.4 -2.8 1.7 5

3 37.5 35.8 -4.4 2.2 5

Overall 37.5 36.5 -2.6 5.1 15

CV: Coeffi  cient of variation; LLOQ: lower limit of quantitation 

Table 4: Stability data for pazopanib in various matrices. All analyses were performed in triplicate.

Sample
 type 

Condition & Interval
(days)

Concentration
(μg/mL)

Deviation
(% deviation)

 CV 
(%)

Final
Extract

70 days at 2 - 8 °C 3.00
37.5

-4.0
-4.2

1.3
10.4

Plasma 
Sample

5 days at ambient 
temperatures

3.03
37.8

-6.8
-6.0

0.7
2.8

Plasma 
Sample

111 days at -20 °C 3.00
37.5

-3.1
-2.0

5.2
3.4

Plasma 
Sample

3 freeze/thaw cycles 
(-20 °C/ambient)

3.00
37.5

-0.4
-0.2

1.5
3.1

Working
Solution
(MeOH)

38 days at -20 °C 300 1.0 8.0

Stock 
Solution
(DMSO) 

30 days at -20 °C 2.00•103 1.8 2.6

CV: Coeffi  cient of variation; DMSO: Dimethyl sulfoxide; MeOH: Methanol. 
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Discussion

The method described in this manuscript is robust and was fast and easy to implement in routine 

pazopanib plasma concentration monitoring to support clinical trials and therapeutic drug 

monitoring. The method was fully validated in accordance with EMA and FDA guidelines and met all 

pre-established validation criteria (table 2).  

The runtime was only 2.5 minutes and the sample preparation was straightforward consisting only 

of protein precipitation and dilution. Moreover, chromatographic separation was performed using 

isocratic elution. 

To further reduce analytical workload and facilitate sample handling, extensive stability testing 

was performed. Pazopanib samples appeared to be very stable (table 4). Samples were shown to 

be stable in the final extract for at least 70 days when stored at 2 – 8 °C. This could reduce the 

need to prepare calibration standards for each analytical run, making the method more suitable to 

application in routine therapeutic drug monitoring. Moreover, concentrations in plasma samples 

were within specifications for at least 5 days at room temperature, forgoing the need to send 

samples to the bioanalytical laboratory on ice or dry ice. 

Protein precipitation was used as sample pretreatment and despite the limited sample clean-up, 

the method resulted in reliable quantification, demonstrated by its robust analytical performance 

(table 2 & 3). At our institute the described method is now routinely applied to support clinical trials 

and to guide the treatment of patients treated with pazopanib. The described method has been 

used to quantify a large set of over 300 clinical samples, supporting its clinical applicability.

Pazopanib plasma concentrations have been shown to be a relevant parameter related to treatment 

efficacy and toxicity.[5,9] Moreover, a prospective trial in cancer patients has established the safety 

and feasibility of individualizing the dose of pazopanib based on plasma concentrations.[12] 

Ultimately, future randomized clinical studies are needed to show the added value of individualized 

dosing of pazopanib on a relevant clinical endpoint such as progression free survival or overall 

survival. 

Conclusion

We describe the bioanalytical validation and clinical application of a fast and straightforward method 

for the quantification of pazopanib in human plasma using LC-MS/MS. All validated parameters 

were within the FDA and EMA requirements for bioanalytical method validation. The method has 

been applied to over 300 clinical samples, demonstrating that it is suitable to support therapeutic 

drug monitoring and clinical trials of cancer patients treated with pazopanib.
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Abstract 

Background: Pazopanib is approved for the treatment of renal cell carcinoma and soft tissue 

sarcoma. Analyses show increased benefit in patients with plasma trough concentrations ≥20.5 μg/

mL compared to patients with lower concentrations. Methods & Results: We developed a dried 

blood spot assay as a patient friendly approach to guide treatment. The method was validated 

according to FDA and EMA guidelines and EBF recommendations. Influence of spot homogeneity, 

spot volume and hematocrit were shown to be within acceptable limits. Analysis of paired clinical 

samples showed a good correlation between the measured plasma and DBS concentrations (R2 of 

0.872). Conclusion: The method was successfully validated, applied to paired clinical samples and is 

suitable for application to therapeutic drug monitoring of pazopanib.
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Introduction

Pazopanib is an angiogenesis inhibitor targeting the vascular endothelial growth factor receptor 

(VEGFR)-1,2,3, platelet derived growth factor receptor (PDGFR) α/β, fi broblast growth factor 

receptor (FGFR) and the stem cell receptor/ c-Kit [1]. Pazopanib has shown effi  cacy in advanced 

renal cell carcinoma and soft tissue sarcoma in a fi xed dose of 800 mg once daily [2,3]. A recent 

retrospective analysis of a trial of 177 patients treated with pazopanib showed a markedly increased 

median progression free survival (PFS) in patients with (steady state) plasma trough concentrations 

(Cmin) ≥20.5 μg/mL compared to patients with lower Cmin (50.2 weeks vs. 19.6 weeks) [4]. In addition, 

pazopanib shows large inter-individual variability in plasma exposure, resulting in a subset of 

patients at risk of receiving less than optimal exposure [4–7]. 

Given the established exposure response relationship and large inter-individual variability 

in exposure, patients might benefi t from pharmacokinetically guided dosing, also known as 

therapeutic drug monitoring (TDM), based on a measured Cmin. A quantitative assay is needed to 

identify patients with a low Cmin that might benefi t from treatment at a higher dose. Several assays 

to quantify pazopanib in (mouse and human) plasma have been described, both using diode array 

detection (DAD) [8] and liquid chromatography tandem mass spectrometry (LC-MS/MS) [9–11].

Last year, a review article by Wilhelm et al discussed the application of dried blood spots (DBS) to 

support TDM [12]. A DBS method would allow patients to take a sample themselves using a simple 

fi nger prick. Compared to plasma methods, DBS sampling could be more patient friendly and lead 

to increased sample stability, limited sample volume, convenient storage and shipping.

Additionally DBS methods may be ideally suited to measure Cmin concentrations, because a blood 

sample can be obtained at the planned time point by the patients themselves and will not be 

dependent on the time of the visit to an out-patient clinic. This may be relevant for pazopanib as 

De Wit et al found a strong correlation (R2 of 0.940) between the trough sample (exactly C24h) and 

pazopanib area under the curve (AUC)[7]. 

Measurement of pazopanib concentrations in DBS may therefore be an ideal method for guiding 

the systemic exposure to this drug. 

However, quantifi cation in DBS samples may be more challenging for several reasons. Patients  or 

nurses will need additional training to provide good quality samples and additional validation tests  

need to be performed, such as the infl uences of blood hematocrit, spot volume, punch carry-over 

and blood spot homogeneity on analytical outcome [13]. Moreover, a clinical validation study to 

investigate the relationship between the plasma and DBS concentrations is needed [14,15] But 

once a comprehensively validated method is available and patients and nurses are familiar with the 

sampling technique, a DBS method will be optimally suited to pharmacokinetically guided dosing 

of pazopanib.

Here, we describe the development, analytical and clinical validation of an LC-MS/MS method for 

the quantifi cation of pazopanib in DBS.
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Materials, methods and patients

Chemicals and reagents 

Pazopanib hydrochloride and stable isotopically labeled internal standard (IS) 13C,2H3-pazopanib  

hydrochloride, with purities as free base of 92.3% and 92.6% respectively were supplied by 

GlaxoSmithKline (Zeist, The Netherlands). Formic acid and dimethyl sulfoxide were purchased 

from Merck (Darmstadt, Germany) and methanol (analytical grade) and water (LC-MS grade) from 

BioSolve Ltd (Valkenswaard, The Netherlands). Blank human whole K2EDTA blood was obtained 

from healthy volunteers and used for preparation of the quality control samples (QC), calibration 

standards and matrix blanks .

Stock solutions, calibration standards and quality control samples

Stock solutions of pazopanib (2 mg/mL) were prepared in dimethyl sulfoxide. Working solutions 

were prepared by dilution from stocks with methanol. The IS stock solution (1 mg/mL) was 

prepared in methanol. The IS working solution was prepared by further dilution with methanol to 

a concentration of 0.1 μg /mL. All stock and working solutions were stored at -20 °C, the IS working 

solution at 2 – 8 °C.

Calibration standards and QC samples were prepared by spiking 30 µL of the working solutions to 

570 µL of control whole blood. Concentrations of 1.00, 3.00, 15.0 and 37.5 μg/mL were used for the 

QC samples (lower limit of quantification (LLOQ), low, mid and high concentrations respectively). The 

concentrations for the calibration standards were: 1.00, 2.00, 5.00, 10.0, 20.0, 30.0, 40.0 and 50.0 μg/mL. 

From the blanks, calibration standards and QC samples a volume of 15 μL whole blood was spotted 

on the DBS cards. The blood spots were dried at ambient temperatures (20-25 °C) for at least 3 hours 

after which the samples were stored at ambient temperature with desiccant in a sealed foil bag. 

Hematocrit values of calibration standards and QC samples were not standardized in each run.

Equipment and conditions

Blood was spotted on Whatman™ 903 protein saver cards and punches from these cards were 

made using a Harris Uni-Core™ 3.0 mm puncher both purchased from GE Healthcare Europe GmbH 

(Diegem, Belgium). Samples were shaken using a L45 shaker by Labinco (Breda, The Netherlands).

All LC-MS/MS experiments were performed using an 1100 series binary pump, degasser, column 

oven and autosampler from Agilent Technologies (Santa Clara, CA, United USA) and an API3000 

triple quadrupole equipped with Turbo ionspray interface operating in positive ion-mode, on  

Analyst™ software for data analysis from  Sciex (Framigham, MA, USA). Mass transitions of precursor 

and product ions and other MS parameters were optimized. Final settings were: ,tubro, nebulizer, 

curtain and collision gases 7 lL/min 7 , 8 and 12 a.u., ion spray voltage 3000 V, ionization temperature 

500 °C, declustering potential 41 V, collision energy 43 V, collision cell exit and entrance potential 24 

V and 10 V. Quantification was performed using the m/z 438.2 à m/z 357.3 transition for pazopanib 

and m/z 442.2 à m/z 361.2 for 13C,2H3-pazopanib (see figure 1).
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Figure 1: Chemical structure and proposed mass transition of pazopanib and 13C,2H3-pazopanib.

Table 1: Summary of validation Results. All tested parameters met their predefi ned criteria (predefi ned 
acceptance criteria are mentioned in the text).

Parameter Result 

Calibration model Linear regression coeffi  cients all >0.99

Validated range 1.00 to 50.0 μg/mL

Overall (in)accuracy bias ±4.0%

Inter and intra run precision (CV) ≤8.6%

Lower limit of quantifi cation (S/N) >27

Dilution integrity bias ±1.0%, CV 10.7%

Selectivity (endogenous and cross analyte) ≤0.6%

Instrument carry-over 0.6% of the LLOQ

IS normalized matrix factor (mean, CV) 1.01, 1.6% (QC low) 0.980, 1.9%(QC high)

Recovery 97.6% (QC low) 103.7% (QC high), CV ≤2.7%

Spot-to-spot carry-over 6.4% of the LLOQ

Blood spot homogeneity bias ±3.5%, CV ≤4.6%

Eff ect of blood spot volume bias ±9.5%, CV ≤4.8%

Eff ect of blood hematocrit bias ±14.2%, CV ≤10.2%

Final extract stability (2 – 8 °C) 168 days

DBS stability (ambient temperatures) 398 days



Chapter 2.3

92

Separation was performed on a Sunfire C18 Column, 2.1 x 50 mm, 5 µm from Waters (Milford, MA, 

USA) with a Gemini SecurityGuard, 2.0 x 4.0 mm guard column by Phenomenex (Torrance, CA, USA). 

The column oven was set at 55 °C and the tray temperature of the autosampler at 5 °C. Elution was 

achieved by using a gradient of methanol and 0.1% formic acid in water. The gradient started at a 

flow of 0.4 mL/min at a percentage of 27% methanol, after 1.5 minutes the gradient was increased 

to 80% methanol. At 2 minutes, the flow increased to 0.6 mL/min and at 2.5 min the percentage of 

methanol was returned to 27% for 1.5 minutes. The total runtime was 4 minutes.

Sample preparation

On the day of analysis a 3 mm diameter punch was taken from the blood spots and transferred to an 

eppendorf tube. A total of 50 μL of concentrated formic acid (99%) was added to the spot and the 

sample was vortex mixed and consequently shaken for 10 minutes at 1250 rpm. Hereafter, 500 μL of 

methanol containing the IS (at a concentration of 0.1 μg/mL) was added and the samples were again 

vortexed and shaken for 10 minutes at 1,250 rpm. After centrifugation at 23100 g and 300 μL of the 

supernatant was transferred to a clean vial containing 300 μL of water. These vials were then vortex 

mixed and 5 μL was injected into the LC-MS/MS system.

For plasma samples, a 10 μL aliquot was used, to which 500 μL of IS containing methanol and 500 μL 

eluent was added. This solution was then centrifuged at 23100 rpm and 5 μL of the supernatant was 

analyzed by LC-MS/MS.

Table 2: Analytical performance data for pazopanib in dried blood spots

Run
Nominal 
concentration 
(μg/mL)

Mean measured
 concentration
(μg/mL)

(In)accuracy
(% deviation)

Precision
(% CV)

Replicates
(n)

1 1.01 1.09 8.1 5.6 5
2 1.01 1.02 1.2 5.9 5
3 1.01 1.00 -0.8 6.1 5
Overall 1.01 1.04 2.8 3.7 15
1 3.03 3.04 0.2 5.1 5
2 3.03 2.95 -2.7 5.3 5
3 3.03 3.20 5.7 7.1 5
Overall 3.03 3.06 1.1 3.4 15
1 15.1 15.9 5.0 3.0 5
2 15.1 14.8 -2.3 8.6 5
3 15.1 16.5 9.3 3.8 5

Overall 15.1 15.7 4.0 5.0 15
1 37.9 38.5 1.6 5.8 5
2 37.9 36.6 -3.5 4.9 5
3 37.9 40.3 6.4 3.2 5
Overall 37.9 38.5 1.5 4.4 15
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Figure 2: Measured DBS concentration versus the measured plasma concentration (n=221). The fi lled black line 
represents the weighted Deming fi t, the dotted black lines represent the 95% confi dence interval of the Deming 
fi t, the green dotted line is the line of unity.

Figure 3: Calculated plasma versus the measured plasma concentration (n=221). The fi lled black line represents 

the weighted Deming fi t, the dotted black lines represent the 95% confi dence interval of the Deming fi t, the 

green dotted line is the line of unity.
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Figure 4: Bland-Altman plot showing the difference between the calculated and measured pazopanib plasma 
concentration (n=221). The mean difference between the two methods was 0.08 μg/mL.

Figure 5: Bland-Altman plot showing the difference between the measured pazopanib spots in the subset of 

samples of which two spots provided by the same patient at the same time were measured (n=47). The mean 

difference between the two methods was -0.105 μg/mL.
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Validation

The method was validated in accordance with Food and Drug Administration (FDA) and European 

Medicines Agency (EMA) guidelines on bioanalytical method validation and Good Laboratory 

Practices [16,17]. DBS specifi c validation tests were performed, as recommended by the European 

Bioanalysis Forum (EBF)[18,19].

Analytical validation

Three separate validation runs were executed on separate days and the following validation 

parameters were assessed: LLOQ, calibration model, accuracy and precision, dilution integrity, 

selectivity, instrumentation carry-over, matrix eff ect and recovery. 

Linear regression was applied. Non-weighted, 1/x and 1/x2 weighted regression were evaluated 

(where x equals the peak area ratio). In every run at least 75% of the non-zero standards (including 

at least one LLOQ and upper limit of quantifi cation (ULOQ)) should be within ±15% of the nominal 

value (or ±20% for the LLOQ), additionally for the LLOQ and ULOQ level at least 50% should meet 

these criteria. Regression coeffi  cients were calculated in each run. 

Accuracy and precision of the method were assessed by injecting fi ve replicates of LLOQ, QC low, 

mid and high samples in three separate validation runs. Intra- and inter-run accuracy was expressed 

as the bias in % and intra- and inter-run precision as the coeffi  cient of variation (CV) in %. At each of 

the QC levels the bias should be within ±15% and the precision should not exceed 15%.

The LLOQ was evaluated in each run using the signal to noise ratio (S/N) expressed as the signal 

(peak height of the 1.00 μg/mL calibration standard) to the noise (peak height) of a blank sample. 

This ratio should be at least 5.  

Dilution integrity was calculated by analyzing fi ve replicates of samples with a concentration of 

100  µg/mL, diluted 10 times with a processed controlled matrix and comparing the measured 

concentration with the nominal concentration.  This bias should be within ±15% and the precision 

should not exceed 15%.

For selectivity, the eff ect of endogenous interferences and IS interference were determined. Six 

diff erent batches of human whole blood were processed both as blanks and spiked at the LLOQ 

concentration to investigate possible endogenous interferences. Cross analyte interference was 

assessed by extracting pazopanib without the addition of the IS and by spiking IS separately to a 

double blank sample (a matrix sample; 3 mm punch from a blood spot without spiking analyte or IS) 

at the concentration used in the assay. The interference should be less than 20% of the response of 

the LLOQ of the analyte and less than 5% of the response of the IS.

Instrumentation carry-over was tested by injecting two double blank samples after injecting an 

ULOQ sample in each validation run and expressed as the peak area in the blanks as a percentage of 

the LLOQ peak area. Carry-over was considered acceptable when the response in the fi rst blank at 

the retention time of the analyte is less than 20% of the response of the LLOQ.

The matrix factor (MF) was calculated by dividing the analyte and IS peak area in presence of matrix 

by the peak area of the analyte and IS in a neat solution, using six diff erent batches of whole blood 
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spiked at both the QC low and QC high concentration. The IS-normalized MF was calculated by 

dividing the MF of pazopanib by the MF of the IS of which the CV was calculated. This CV was 

considered acceptable if it was less than 15%.

The (sample pretreatment) recovery was determined by comparing peak area of pazopanib in 

processed validation samples to peak area of pazopanib area in presence of matrix, at QC low and 

high concentrations in triplicate. No specific requirement for recovery was predefined except that it 

should be reproducible.

Figure 6A and B: Bland-Altman plots showing the difference between the measured pazopanib spots in 

the subset of samples (n=51) which were measured after a 3mm punch (A) and a 6 mm punch (B) from the 

DBS card.  The mean difference was -0.09 μg/mL and 0.44 μg/mL for the 3 mm and 6 mm punched samples 

respectively.
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DBS specifi c validation

The infl uence of spot (in)homogeneity, spot volume, blood hematocrit and spot-to-spot carry-over 

was investigated. The spot-to-spot carry-over was tested by punching a double blank sample after 

an ULOQ sample. Carry-over was considered acceptable as the response in this blank sample at the 

retention time of the analyte was ≤20% of the mean (n=5) response at the LLOQ.

The eff ect of (in)homogeneity within the blood spot was examined in triplicate by taking punches 

from the edge of the blood spot and comparing the measured concentration with the nominal 

concentration, at low and high QC concentrations. 

The eff ect of spot volume and blood hematocrit was investigated in triplicate at QC low and QC high 

concentrations, by spotting a range of volumes on the DBS cards (10, 15, 30 µL). The eff ect of the 

hematocrit was determined by preparing batches of whole blood with diff erent hematocrit values 

in the range from nominally 35% to 50% (tested values: 34.1%, 42.4% and 49.7%). 

The eff ect of spot volume, inhomogeneity and hematocrit was considered acceptable if bias and 

precision were within ±15% and ≤15% respectively.

Stability

Stability of processed samples stored at nominally 2 – 8 °C and samples on the DBS cards at ambient 

temperature (in a foil bag with desiccant) was investigated in triplicate at both low and high 

QC concentrations. Samples were considered stable if the bias was within ±15% of the nominal 

concentration and the CV was ≤15%.

Clinical validation

Paired DBS and (venous) plasma samples were obtained from patients with advanced solid 

tumors treated with pazopanib (n=30) recruited from three centers (the Netherlands Cancer 

Institute, Amsterdam, Utrecht University Medical Center, Utrecht and Erasmus MC Cancer Institute, 

Rotterdam). Doses administered ranged from 400 mg to 1800 mg daily following protocol and within 

patient adjustments of the dose were possible [20]. The trial was approved by the independent 

ethics committee of each participating hospital (Dutch Trial Registry; trial identifi er NTR3967) and all 

patients provided written informed consent before enrolment. DBS samples were taken by a fi nger 

prick under the supervision of a study nurse and the obtained blood spots were dried at ambient 

temperatures for at least 3 hours, after which the samples were stored with desiccant in a sealed foil 

bag and sent to the analytical laboratory.

Weighted Deming fi t was used to investigate the relationship between the plasma and DBS 

concentration. Using the observed slope and intercept the plasma concentration were calculated. 

Bland-Altman plots were made to investigate the bias between the calculated and measured plasma 

concentrations. These analyses were all performed in R (version 3.0.0) [21].

An arbitrarily selected subset of DBS samples (n=47) was measured in duplicate (two separate blood 

spots on the same card, obtained from the same patient at the same date and time) to investigate 

the variability during the spotting procedure in clinical practice. Another subset of DBS samples was 
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measured in duplicate with one punch of 3 mm and another of 6 mm (n=51), to assess the effect of 

punch size in the clinical samples. In this separate analysis the calibration standards and QC samples 

were also analyzed using a 6 mm punch for the DBS.

Table 3: Effect of spot volume on the quantification of pazopanib (n=3)

Spot Volume
QC low
Bias (%) CV (%)

QC high
Bias (%) CV (%)

10 μL -9.0 4.7 -5.0 0.7

20 μL 5.2 4.8 -0.7 1.8

30 μL 9.5 3.1 5.5 1.9

Table 4: Effect of blood hematocrit on the quantification of pazopanib (n=3)

Blood Hematocrit
QC low
Bias (%) CV (%)

QC high
Bias (%) CV (%)

34.1% -14.2 7.1 -10.0 10.2

42.4% -4.2 4.4 -7.4 2.4

49.7% 7.4 3.9 1.0 1.3

Results & Discussion
Analytical validation results

An overview of the validated parameters is shown in table 1. Analytical performance data for 

pazopanib in DBS are shown in table 2. All tested parameters met their predefined acceptance 

criteria. As 1/x weighted regression resulted in the lowest total bias this was selected for the 

calibration model.

DBS specific validation results

The spot-to-spot carry-over was 6.4% of the mean (n=5) LLOQ level for pazopanib and 0.0% for 
13C,2H3-pazopanib. Spot (in)homogeneity resulted in a bias of 3.5% and 2.2% for low and high QC 

levels with CV percentages of 1.3 and 4.6, respectively.

Data for the effect of spot volume are presented in table 3. The biases for all tested volumes were 

≤9.5% of the nominal concentration and the CV was ≤4.8%, indicating that the influence of spot 

volume was within the requirements. 

Results for the influence of hematocrit are shown in table 4. The calibration standards used in the 

analysis had a hematocrit value of 43.8%. The effect of the hematocrit was within the predefined limits 

as the mean measured concentration was ≤14.2% of the nominal concentration, with a CV of ≤10.2%. 
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Stability 

QC samples at low and high concentrations (n=3), deviated ≤15% of the nominal concentration 

after being stored at ambient temperatures (in a foil bag with desiccant) at 398 days. Therefore 

pazopanib was considered to be stable for at least 398 days on the DBS cards. Processed samples 

stored at nominally 2 – 8 °C deviated ≤15% of the nominal concentration and were therefore 

considered stable at nominally 2 – 8 °C for at least 168 days.

Clinical validation

The method was applied to clinical samples taken approximately 24 hours after the last dose (at 

steady state) from cancer patients treated with pazopanib. In total, 329 paired DBS and plasma 

samples were obtained from the 30 enrolled patients. Irregular, very large (larger than the printed 

ring on the DBS card), very small (smaller than the punch diameter) spots were excluded. Samples 

resulting in concentrations below the LLOQ (15) were also excluded. In total, 221 spots were used for 

the analysis. As shown in Figure 2, a good correlation between the DBS and the plasma concentration 

was found (R2 of 0.872 with a slope of 0.709 and an intercept of -0.182).

The plasma concentration was back calculated based on the measured DBS concentration, using 

[pazopanib calculated plasma] = ([pazopanib dried blood spot] + 0.182) / 0.709. The plotted calculated versus 

measured plasma concentrations are shown in fi gure 3. The diff erence between the calculated and 

measured plasma concentrations versus the measured plasma concentration is shown in a Bland-

Altman plot in fi gure 4.  Back calculated plasma concentrations were within 20% of measured 

plasma concentrations for 79.2% of the DBS samples.

Correction for patient specifi c hematocrit when calculating the plasma concentration (using the 

formula proposed by Kromdijk et al [14], [pazopanib calculated plasma (hmtcrt corrected)] = [pazopanib dried blood 

spot]/(1-hematocrit)*fraction bound to plasma protein) did not improve the correlation between 

the calculated and measured plasma concentrations compared to the empirically found Deming 

regression. The hematocrit values of the patients used for this sub analysis were within the validated 

range, the mean was 40%, ranging from 36% to 48%.

When used to identify patients above or below the 20 μg/mL threshold the plasma and DBS methods 

were in agreement in 91.4% of the cases.

A Bland-Altman plot of the diff erence between two spots taken at the same time as a function of the 

mean of the two measurements is given in fi gure 5. The Bland-Altman plot showing the deviations 

of clinical samples punched with both a 3 and a 6 mm diameter punch is shown in fi gure 6.

Our method was successfully developed to quantify pazopanib in DBS and validated in accordance with 

FDA and EMA guidelines on bioanalytical method validation and Good Laboratory Practices [16,17]. 

With a run time of only 4 minutes, the developed method is suitable for routine analyses of patient 

samples. Moreover processed samples were shown to be stable for at least 168 days, therefore calibration 

standards can be re-used several times, reducing the time needed to perform an analytical run.
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Spot volume resulted in a small positive bias for large volumes and a small negative bias for small 

volumes (both within the predefined requirements). No clear mechanism for this effect has been 

reported. The same trend was found for the tyrosine kinase inhibitor vemurafenib [22] and other 

compounds such as everolimus, tacrolimus and sirolimus [23]. 

Spot-to-spot carry-over was shown to be only 6.4% of the LLOQ and will therefore have no relevant 

effect on the analytical outcome when applying this method. 

The influence of spot homogeneity was assessed in the laboratory and showed a bias within ±3.5% 

and a CV of ≤4.6%. In practice however it is likely that this effect will be larger, as samples provided 

by patients will be less uniform than those made using a pipette. 

During the DBS specific validation experiments, hematocrit values from 35-50% were tested and the 

bias and variability were within predefined limits. Low hematocrit values resulted in a negative bias, 

while high hematocrit resulted in a positive bias. This might be explained by the higher viscosity 

with higher hematocrit and, consequently, less spreading on paper. The effect of hematocrit seems 

to be dependent on the analyte tested. For example, a trend similar to that of pazopanib was found 

for vemurafenib, everolimus and sirolimus, no clear trend was observed for tamoxifen, endoxifen, 

tacrolimus and an opposite trend was found for cyclosporine A [22–24].

A good correlation was observed between the DBS concentration and the plasma concentration 

(R2 = 0.872), with a slope of 0.709 and intercept of -0.182 (figure 2).  The lower DBS concentration 

probably results from pazopanib’s high plasma protein binding causing a higher concentration in 

the plasma relative to blood cells. 

Based on this weighted Deming fit, the plasma concentration could be back calculated using the 

formula:  [pazopanib calculated plasma] = ([pazopanib dried blood spot] + 0.182) / 0.709 (figure 3). Correction 

for patient specific hematocrit when calculating the plasma concentration, did not improve the 

correlation between the calculated and measured plasma concentrations compared to the empirical 

Deming regression formula. This suggests that even though hematocrit influences the analytical 

results (as seen in the DBS specific validation tests) in the clinical setting it is not the most important 

factor driving the variability between the two methods.

Despite the good correlation between plasma and DBS samples, 20.8% of the calculated plasma 

concentrations deviated more than 20% from the measured plasma concentration (figure 4). Taking 

into account the excellent analytical performance of the assay during the validation with the 

laboratory spots (table 2) it is likely that the variability arises during the clinical spotting procedure. 

This is supported by the results of the DBS samples measured in duplicate. As even in these samples, 

which were taken from the same patient at the same time, differences of up to 17.2% were observed 

(figure 5). Spot quality, volume and (in)homogeneity are the likely factors that cause this variability. 

Since these samples were taken from the same patient at the same time, blood hematocrit could not 

explain this difference. Using a larger 6 mm punch resulted in a small reduction of the imprecision 

(figure 6). But using the 6 mm punch would require patients to produce larger spots, leading to use 

of larger blood volumes and most likely to a larger number of samples smaller than the punch size.
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Acknowledging the above, care should be taken to inspect the quality of the spot before 

measurement. Very large, very small or irregular spots should not be used, as parameters such 

as spot homogeneity and volume seemed more important than hematocrit during the clinical 

validation study. Careful instruction and training of patients in the sampling procedure should thus 

considered important when using this method, but a recent study in breast cancer patients treated 

with tamoxifen shows the feasibility of DBS self-sampling [25]. 

In guiding pazopanib therapy it will be particularly important to identify patients above or below 

the pharmacokinetic target of ≥20 μg/mL. When the calculated pazopanib plasma concentration 

was used to identify patients below the pharmacokinetic target level of ≥20 µg/mL, the DBS 

method was in agreement with the plasma method in 91.4% of the cases. This makes the DBS 

method acceptable for the proposed purpose of guiding pazopanib therapy, with relevant practical 

advantages over the plasma method. Furthermore in light of the intra-patient variability (CV) of 

pazopanib of 24.7% [7], the discrepancy between the two analytical methods will have little eff ect 

on the clinical application. As patients with a Cmin around the 20 μg/mL threshold (for example 15 

– 25 μg/mL) would require repeated measurements of the pazopanib concentration, regardless of 

the analytical method used.

An earlier method for the quantifi cation of pazopanib in DBS has been described  [26],  when this 

method was used to compare calculated versus measured plasma pazopanib concentrations in 

paired samples, 92.6% of the samples were within the predefi ned deviation of ±25% in the Bland-

Altman analysis. When applying these (wider) acceptance criteria to our current method a similar 

percentage of 88.2% was found.

However the earlier method used the patient’s hematocrit in calculating the plasma concentration. 

This is a major disadvantage if the method is to be applied to patient self-sampling, as calculation of 

the pazopanib plasma level would still require a visit to the clinic to measure a patient’s hematocrit. 

With the current method there was no need to use the patient’s hematocrit and no such correction 

was used during our clinical validation study, making it more suited to a patient self-sampling 

approach.

Given the well established exposure response relationship of pazopanib, a fast and minimally 

invasive DBS method might help implementation of an individualized dosing approach or TDM. 

Patients would be able to take DBS samples at home and send these at ambient temperatures 

(these were shown to be stable for at least 398 days) to the analytical laboratory. 

The pazopanib DBS concentration could then be measured before the next visit to the clinic and the 

plasma concentration could be calculated using [pazopanib calculated plasma] = ([pazopanib dried blood spot] + 

0.182) / 0.709. Subsequently an assessment of the Cmin could be made by the treating physician and 

a dose adjustment could be considered for patients with a low pazopanib exposure, to optimize 

their treatment. 
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Conclusion

An LC-MS/MS method for the quantitative determination of pazopanib in DBS was developed and 

successfully validated in accordance with FDA and EMA guidelines and EBF recommendations 

for DBS method validation. The DBS concentrations showed a good correlation with the plasma 

concentrations (R2 of 0.872) and could be used to determine a calculated plasma concentration. The 

DBS method can be used for pharmacokinetically guided dosing of pazopanib therapy.

Future perspectives

The described method is suitable for the application to therapeutic drug monitoring of pazopanib, 

with relevant advantages over plasma quantification (e.g. patient friendly sampling and sample 

stability) and no need to correct for patient hematocrit. The availability of this assay facilitates further 

implementation of therapeutic drug monitoring of pazopanib and enables more personalized 

treatment with this drug. But further prospective clinical trials are needed to demonstrate the added 

value of an individualized dosing strategy for pazopanib based a measured drug concentration.
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Abstract

Background

Pazopanib is an angiogenesis inhibitor approved for the treatment of renal cell carcinoma and soft 

tissue sarcoma. Post hoc analysis of a clinical trial demonstrated a relationship between pazopanib 

trough concentrations (Cmin) and treatment efficacy. The aim of this study was to explore the 

pharmacokinetics and exposure-survival relationships of pazopanib in a real-world patient cohort. 

Patients and methods

Renal cell cancer and soft tissue sarcoma patients who had at least one pazopanib plasma 

concentration available were included. Using calculated Cmin values and a threshold of >20 mg/L, 

univariate and multivariate exposure-survival analyses were performed. 

Results

Sixty-one patients were included, of which 16.4% were underexposed (mean Cmin <20 mg/L) using 

the 800 mg fixed-dosed schedule. 

In univariate analysis Cmin >20 mg/L was related to longer progression free survival in renal cell 

cancer patients (34.1 versus 12.5 weeks, n=35, p=0.027) and the overall population (25.0 versus 8.8 

weeks, n=61, p=0.012), but not in the sarcoma subgroup (18.7 versus 8.8  weeks, n=26, p=0.142). 

In multivariate analysis Cmin >20 mg/L was associated with hazard ratios of 0.25 (p=0.021) in renal 

cancer, 0.12 (p=0.011) in sarcoma and 0.38 (p=0.017) in a pooled analysis.

Conclusion 

This study confirms that pazopanib Cmin >20 mg/L relates to better progression free survival in renal 

cancer and points towards a similar trend in sarcoma patients. Cmin monitoring of pazopanib can 

help identify patients with low Cmin for whom individualized treatment at a higher dose may be 

appropriate.
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Introduction

Pazopanib is an angiogenesis inhibitor, targeting the vascular endothelial growth factor receptor 

(VEGFR)-1,2,3, platelet derived growth factor receptor (PDGFR) α/β, fi broblast growth factor receptor 

(FGFR) and the stem cell receptor/ c-Kit.[1, 2]

Pazopanib increased progression free survival in renal cell carcinoma and in soft tissue sarcoma 

compared to placebo, resulting in market approval for both tumor types by the Food and Drug 

Administration and European Medicine Agency.[3, 4] A retrospective analysis from clinical trial data 

showed an increased median progression free survival in patients with pazopanib plasma trough 

concentrations (Cmin)  ≥20.5 mg/L compared to patients with lower concentrations (52.0 versus 19.6 

weeks, n=177, p=0.004). [5] 

Pazopanib has a complex pharmacokinetic profi le, described by low, non-linear and time-dependent 

bioavailability and large inter-individual variability.[6–9] This results in a subset of patients receiving 

less than optimal exposure.[5] It has been estimated in clinical trials that on the approved 800 mg 

dose, approximately 20% of patients may not reach the >20 mg/L threshold.[5]

In routine clinical care pharmacokinetic variability may be even greater, as patients are likely to 

have more comorbidities and concomitant medication, may be older, have impaired renal or 

hepatic function and have suboptimal therapy adherence.[10] In particular the elderly are known to 

be underrepresented in clinical trials. [11] Moreover, it has been reported that only 39.0% of renal 

cancer patients treated with targeted therapies in routine clinical practice would be eligible for 

enrolment in the pivotal phase III trials of their respective therapy.[12]

The above underscores the need for exploration of the proportion of patients that risk suboptimal 

effi  cacy due to low exposure in real-word patient cohorts. Especially, since it has been shown that 

increasing the pazopanib dose based on a low Cmin is a feasible and safe option that could lead to 

improved treatment outcomes.[13]

We now report an observational unselected cohort study in renal cell carcinoma and soft tissue 

sarcoma patients to identify the number of patients at risk of suboptimal treatment due to low 

exposure. Additionally, we perform exposure-response and exposure-toxicity analyses and explore 

if patient characteristics could predict the occurrence of low pazopanib Cmin.

Materials and methods

Patient Inclusion and Data Collection

An observational study was performed in the outpatient clinic of the Netherlands Cancer Institute, 

Amsterdam, The Netherlands. Plasma sampling for concentration monitoring was performed as part 

of routine care in all patients treated with pazopanib at this hospital (however, no dose increments 

above 800 mg based on low Cmin were performed during the study period). In the current study, data 
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from routine clinical care including pazopanib plasma concentrations were used retrospectively, 

which has been authorized in the institute.

Renal cell carcinoma and soft tissue sarcoma patients who received pazopanib treatment as part of 

standard of care and who had at least one pazopanib plasma concentration measured were included.

Visits were planned according to standard of care in accordance with respective treatment guidelines. 

Clinical characteristics including demographic data, medical history, pazopanib dose, treatment 

duration, reason for discontinuation and progression free survival were collected retrospectively 

from medical records.

Pharmacokinetics

Blood samples were drawn at routinely scheduled visits to the outpatient clinic. Date and time of last 

intake of pazopanib dose and the time of blood sampling were recorded. Plasma pazopanib levels 

were determined using a validated liquid chromatography tandem mass spectrometry assay.[14] Cmin 

values were calculated based on the measured concentration and interval between last ingested dose 

and sample time using the algorithm developed previously for imatinib[15]. Samples drawn before 

Tmax (2 hours)[8] or more than 24 hours after the last dose were excluded from the analysis. 

Relationships between Cmin and available patient characteristics were explored, including tumor type, 

age, weight, gender, (lowest) pazopanib dose and World Health Origination (WHO) performance 

status. Binary variables were tested using two-sided t-tests, categorical variables using analysis of 

variance, numerical variables using linear regression. P-values <0.05 were considered significant. All 

statistical analyses were performed in R 3.3.1.[16] 

Exposure-Survival Analysis

For the purpose of exposure-survival analyses the mean of all available Cmin levels per patient 

was used as parameter for exposure during the entire treatment period, as described previously.

[13] Progression free survival of patients with a mean Cmin above or below the pharmacokinetic 

threshold of >20 mg/L was analyzed in univariate (Kaplan-Meier analysis plus log-rank test) and 

multivariate analyses using Cox regression. In multivariate analysis performances status, (lowest) 

pazopanib dose, number of prior lines of therapy, age and sex were included as covariates. For 

the exposure-survival analyses in sarcoma, the tumor subtype (leiomyosarcoma, synovial sarcoma 

or other) was included as an additional covariate. Results are reported as hazard ratios plus 95% 

confidence intervals (95% CI). A pooled analysis of all patients was also performed. Here, tumor type 

(renal cancer versus sarcoma) was also included in the multivariate Cox regression.  

Exposure-Toxicity Analysis

Pharmacokinetic exposure was compared between patients who discontinued pazopanib therapy 

due to toxicity and those who did not. Both the average Cmin per patient and the last Cmin closest to 

the discontinuation  event (due to toxicity or progressive disease) were analyzed. 
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Results

Evaluable Patients

From April 2013 to November 2016, 61 patients were included in the analysis, of whom 35 had 

renal cell carcinoma and 26 soft tissue sarcoma. A full overview of patient characteristics, including 

WHO performance status, pazopanib dose, previous lines of therapy, age, weight, sex and number 

of samples is given in table 1.

The subtypes of the sarcoma patients included leiomyosarcoma (n=12), synovial sarcoma (n=6), 

pleomorphic sarcoma (n=2) epithelioid sarcoma, malignant peripheral nerve sheath tumor, 

angiosarcoma, solitary fi brous tumor, myxofi brosarcoma and undiff erentiated spindle cell sarcoma 

(all n=1).

Pharmacokinetics

In total, 227 plasma samples were included. Overall, a mean (range) of 4 (1-17) samples were available 

per patient, 3 (1-9) for the sarcoma and 4 (1-17) for the renal cancer patients. In aggregate, mean 

(coeffi  cient of variation (CV%)) pazopanib Cmin was 28.1 (39.7) mg/L, ranging from 6.90 to 77.8 mg/L. 

Median [range] sampling time was 6 [1 – 44] months since start of therapy. With 5% of samples 

taken <4 weeks after start. Median interpatient variability (quantifi ed as CV% of the multiple Cmin 

values per patient on the same dose) was 24.8%. 

An overview of the distribution of average Cmin per patients per tumor type is provided in fi gure 1 

and table 1. In renal cancer patients mean (CV%) Cmin per patient was 26.9 (36.4) mg/L compared to 

31.9 (36.3) mg/L in the sarcoma patients. The overall average Cmin per patient was 29.0 (37.1) mg/L. 

Although Cmin was higher in sarcoma compared to renal cancer patients (table 1), this diff erence was 

not statistically signifi cant (p=0.081). In renal cell carcinoma 6 (17.1%) and in soft tissue sarcoma 4 

(15.4%) patients were underexposed (mean Cmin <20 mg/L) using the 800 mg fi xed-dose schedule.

Of all explored clinical parameters, none were found to be signifi cantly predictive of low pazopanib 

Cmin except gender in renal cell cancer patients and age in sarcoma patients. Female sex was 

associated with a higher Cmin  (mean (CV%) of 33.1 (32.5) mg/L versus 23.2 (30.1) p=0.005). Of the 6 

renal cancer patients with low Cmin only 1 was female. 

In sarcoma patients, linear regression indicated that patients with higher age had lower Cmin and was 

associated with a slope of  -0.454 and Pearson’s r of -0.414 (p=0.035).
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Table 1: Characteristics of included patients.

Renal Cell 
Carcinoma

Soft Tissue
 Sarcoma

Overall

Patients
(n) 35 26 61

Gender (n (%))
Male
Female

22 (62.9)
13 (37.1)

14 (53.8)
12 (46.2)

36 (59.0)
25 (41.0)

Age 
(mean (range))

62 
(45 – 77)

61 
(32 – 91)

61
(32 – 91)

Weight
(mean (CV%)) 84 (23.1) 77 (17.5) 81 (21.6)

Performance Status 
(n (%))
0
1
2

13 (37.1)
16 (45.7)
6 (17.1)

11(42.3)
14 (53.8)
1 (3.8)

24 (39.3)
30 (49.2)
7 (11.5)

Pazopanib Dose† 
(n (%))
200 mg
400 mg
600 mg
800 mg

3 (8.6)
5 (14.3)
6 (17.1)
21 (60.0)

1 (3.8)
2 (7.7)
2 (7.7)
21 (80.8)

4 (6.6)
7 (11.5)
8 (13.1)
42 (68.9)

Previous Lines of 
Systemic Therapy
(median (range))

1
(1 – 4)

1
(0 – 2)

1
(0 – 4)

Number of samples
(n) 151 76 227

Samples per patients 
(mean (range))

4
(1-17)

3
(1-9)

4
(1-17)

Mean (CV%) Cmin 
per patient  (mg/L) 26.9 (36.4) 31.9 (36.3) 29.0 (37.1)

Patients with mean
 Cmin < 20 mg/L 
(n (%)) 6 (17.1) 4 (15.4) 10 (16.4)

Cmin: Pazopanib trough level / minimum concentration 
CV%: Coefficient of variation 
†Lowest dose per patient

Exposure-Survival Analysis 

In renal cell carcinoma, Cmin >20 mg/L was significantly related to improved progression free survival 

in univariate analysis (p=0.027, see figure 2 and table 2). Median progression free survival was 34.1 

weeks for patients with high and 12.5 weeks for patients with low exposure. 

In multivariate analysis, Cmin above or below 20 mg/L resulted in a hazard ratio of 0.25 (95% CI 0.076-

0.81, p=0.021). Female gender was also significantly related to increased progression free survival 

(p=0.008). 
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In soft tissue sarcoma, median progression free survival was 18.7 weeks for patients with high 

and 8.8 weeks for patients with low Cmin (p=0.142, log-rank test, see fi gure 3 and table 2). In Cox 

regression, Cmin >20 mg/L was signifi cantly related to progression free survival and associated with 

an hazard ratio of  0.12 (95% CI 0.024-0.61, p=0.011). In the sarcoma subgroup, worse performance 

status (p=0.035) and lower age (p=0.017) were also associated with shorter progression free survival.

In the pooled analysis, Cmin >20 mg/L was related to improved survival in univariate analysis (25.0 

versus 8.8 weeks, p=0.012, see fi gure 4 and table 2). Here, multivariate analysis resulted in a hazard 

ratio of 0.38 (95% CI 0.17-0.92, p=0.017) for Cmin  >20 mg/L. Worse WHO performance status and 

sarcoma as tumor type were also both associated with worse treatment outcome in the Cox model, 

p=0.004 and p<0.001, respectively.

An overview of the main univariate and multivariate exposure-survival outcomes is provided in 

table 2. 

Table 2: Overview of exposure-survival analysis outcomes.

Renal Cell
Carcinoma

Soft Tissue
Sarcoma

Overall

Patients
(n) 35 26 61

Median PFS 
(weeks) 29.9 18.3 24.4

Median PFS
 Cmin >20 mg/L
(weeks)

34.1 18.7 25.0

Median PFS
 Cmin < 20 mg/L
(weeks)

12.5 8.8 8.8

Univariate p-value
(Log-rank test) 0.027 0.142 0.012

Hazard ratio† 
(95% CI)

0.25
(0.076-0.81)

0.12
(0.024-0.61)

0.38
(0.17-0.84)

Multivariate p-value
(Cox Regression) 0.021 0.011 0.017

Cmin: Pazopanib trough level / minimum plasma concentration
PFS: Progression free survival 
95% CI: 95% Confi dence interval
†Hazard ratios are based on the multivariate Cox regression analysis. 

Exposure-Toxicity Analysis

Of the 61 included patients, 44 discontinued treatment due to progressive disease and 5 due to 

toxicity. Reasons for discontinuation included, hepatotoxicity, hypertension, pancreatitis, dyspnea 

and multiple grade 2 toxicities (all n=1). Mean Cmin was 37.3 mg/L in those who discontinued due 

to toxicity, compared to 27.5 mg/L in those had experienced progressive disease. However, this 
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difference was not statistically significant (p=0.176). Mean (CV%) last Cmin (the last available sample) 

was 37.7 (36.4) mg/L compared to 26.4 (46.9) mg/L (p=0.177).

Figure 1: Distribution of the mean calculated pazopanib Cmin per patient for renal cell carcinoma n=35 (upper 
panel) and soft tissue sarcoma patients n=26 (lower panel). The dotted line indicates the threshold of 20 mg/L. 
In renal cell carcinoma 6 (17.1%) of patients and in soft tissue sarcoma 4 (15.4%) of patients seem underexposed 
using the 800 mg fixed-dosed schedule.
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Discussion

Pazopanib is administered at a fi xed 800 mg dose, which is only adjusted in case of severe toxicity. Yet, 

based on the available data this may lead to suboptimal treatment outcomes in a subset of patients.

[5] We now show in an unselected cohort that approximately 16.4% of patients is underexposed 

using the pazopanib fi xed-dosing schedule applying the predefi ned Cmin target of >20 mg/L. (fi gure 

1, table 1).

No clinical characteristics, except for gender and age were found to be signifi cantly related to 

pazopanib Cmin. In general, the ability of clinical characteristics to predict which patients experienced 

low Cmin was limited. This underscores the relevance of routine pazopanib Cmin monitoring, as 

the subgroup at risk of lower effi  cacy cannot be identifi ed employing clinical and demographic 

characteristics. Furthermore, the use of potential interacting medication is carefully monitored 

during routine care and, therefore, no eff ects of concomitantly used medication on PK exposure 

could be identifi ed.

We demonstrate that in renal cancer patients Cmin >20 mg/L was signifi cantly related to longer 

progression free survival (34.1 versus 12.5 weeks, table 2 and fi gure 2). Our data therefore confi rm 

the fi ndings of Suttle et al in an independent patient cohort.[5] 

Figure 2:  Kaplan-Meier plot of progression free survival (weeks) for renal cell carcinoma patients with an average 
Cmin above (n=29, solid line) or below (n=6, dashed line) the exposure target of >20 mg/L. Median progression 
free survival was 34.1 weeks for patients with high and 12.5 weeks for patients with low exposure, p=0.027 (log-
rank test).
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As no pharmacokinetic sampling was performed in the pivotal phase II trial in soft tissue sarcoma,[4] 

no pazopanib exposure threshold has been proposed yet in sarcoma. This is the first study to 

investigate a relationship between exposure and survival in sarcoma. However, possibly due to the 

limited size of the sarcoma subgroup in our cohort and the relatively lower effect size of pazopanib 

in sarcoma, our result did not reach statistical significance in univariate analysis (progression free 

survival of 18.7 versus 8.8 weeks, p=0.142, figure 3). Another possible explanation for the lack of 

significance in the univariate exposure-survival analysis could be the diversity of sarcoma subtypes. 

This heterogeneity may, therefore, explain differences in response rates and response duration 

between disease subtypes. However, in the multivariate analysis in sarcoma this difference in PFS 

for patients with Cmin >20 mg/L was statistically significant (p=0.011). 

Figure 3: Kaplan-Meier plot of progression free survival (weeks) for soft tissue sarcoma patients with an average 
Cmin above (n=22, solid line) or below (n=4, dashed line) the exposure target of >20 mg/L. Median progression 
free survival was 18.7 weeks for patients with high and 8.80 weeks for patients with low exposure, p=0.142 (log-
rank test).

In a pooled exposure-survival analysis (figure 4) higher pazopanib Cmin was significantly related to 

improved treatment outcomes. Furthermore, the existence of a similar exposure-response relationship 

is theoretically supported by the fact that efficacy of pazopanib is mediated by inhibition of the same 

target proteins (mainly VEGFR) in both tumor types. However, this exploratory pooled analysis should 

be interpreted with caution given the variability in sensitivity of the different tumor types.

Previous exposure-toxicity relationships have been reported for pazopanib related adverse events 

such as hepatotoxicity and hypertension and dose-limiting toxicity in pediatric patients.[5, 17, 18] 

Although not statistically significant, in this cohort we did find a numerically higher exposure in 

patients discontinuing due to toxicity (n=5), this result was not statistically significant (37.3 mg/L 

versus 27.5 mg/L, p=0.176).
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Figure 4: Kaplan-Meier plot of progression free survival (weeks) in a pooled analysis of both renal cell carcinoma 
and soft tissue sarcoma patients with an average Cmin above (n=51, solid line) or below (n=10, dashed line) the 
exposure target of >20 mg/L. Median progression free survival was 25.0 weeks for patients with high and 8.80 
weeks for patients with low exposure, p=0.012 (log-rank test).

Drawbacks of this study are its retrospective nature, relatively limited number of patients in each 

tumor type and the heterogeneity in the availability and timing of plasma samples. Furthermore not 

actual but calculated Cmin values (using an therapeutic drug monitoring algorithm as validated for 

imatinib) were used. However, this algorithm describes a general exponential decline in exposure 

with a specifi ed plasma half-life and would therefore also be suitable for pazopanib.

Yet despite these limitations, it is the fi rst pharmacokinetic study that reports exposure-survival and 

exposure-toxicity relationships for pazopanib in a real-world cohort of renal cell carcinoma and soft 

tissue sarcoma patients and identifi es a subgroup of approximately 16.4% of patients which may 

benefi t from individualized Cmin-guided pazopanib dosing.

Given the currently presented results and the previous work by Suttle et al[5], one could argue that a 

fi xed dosing strategy for pazopanib is becoming increasingly inappropriate in the era of personalized 

medicine.[19, 20] Recommendations for individualized dosing of pazopanib and other tyrosine kinase 

inhibitors have been made previously.[21, 22] Moreover, specifi cally for pazopanib the safety and 

feasibility of individualized dosing has been established in a prospective clinical trial.[13] 

Collectively, the current study and data available in the literature [5, 13] point towards the need to 

validate the strategy of individualized pazopanib dosing in a prospective randomized clinical trial.
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Conclusion

In conclusion, at the currently approved fixed dose regimen a relevant subgroup of 16.4% of patients 

treated with pazopanib is underexposed in routine care and may be at risk of suboptimal treatment 

efficacy. 

Our study further confirms that the previously established threshold of Cmin >20 mg/L is related 

to longer progression free survival in renal cell carcinoma patients (34.1 versus 12.5 weeks, 

n=35, p=0.027). Moreover, exploratory analyses point towards a similar association of increased 

progression free survival with higher exposure in soft tissue sarcoma patients (18.7 versus 8.8  

weeks, n=26, p=0.142).

Plasma Cmin monitoring of pazopanib can help identify patients with low Cmin for whom treatment at 

a higher dose may be appropriate.
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Abstract

Purpose: Pazopanib is a tyrosine kinase inhibitor approved for the treatment of renal cell carcinoma 

and soft tissue sarcoma. Retrospective analyses have shown that an increased median PFS and 

tumor shrinkage appears in patients with higher plasma trough levels (Cmin). Therefore, patients with 

low Cmin might benefit from pharmacokinetically-guided individualized dosing. 

Experimental design: We conducted a prospective multicenter trial in 30 patients with advanced 

solid tumors. Pazopanib Cmin was measured weekly by LC-MS/MS. At week 3, 5 and 7 the pazopanib 

dose was increased if the measured Cmin was <20 mg/L and toxicity was < grade 3. 

Results: In total, 17 patients had at least one Cmin <20 mg/L at week 3, 5 and 7. Of these, 10 were 

successfully treated with a pharmacokinetically-guided dose escalation, leading to daily dosages 

ranging from 1000 to 1800 mg daily. Cmin in these patients increased significantly from 13.2 (38.0%) 

mg/L (mean (CV%)) to 22.9 mg/L (44.9%). Thirteen patients had all Cmin levels ≥20.0 mg/L. Of these, 

nine patients with a high Cmin of 51.3 mg/L (45.1%) experienced ≥ grade 3 toxicity and subsequently 

required a dose reduction to 600 or 400 mg daily, yet in these patients Cmin remained above the 

threshold at 28.2 mg/L (25.3%).

Conclusions: A pharmacokinetically-guided individualized dosing algorithm was successfully 

applied and evaluated. The dosing algorithm led to patients being treated at dosages ranging from 

400 to 1800 mg daily. Further studies are needed to show a benefit of individualized dosing on 

clinical outcomes such as progression free survival.
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Introduction

Pazopanib is a tyrosine kinase inhibitor targeting VEGFR-1,2,3, PDGFR α/β, FGFR and c-Kit (1). 

Pazopanib increased progression free survival (PFS) from 4.2 to 9.2 months in renal cell carcinoma 

(RCC) and from 1.6 to 4.6 months in soft tissue sarcoma (STS) compared to placebo (2,3).

A retrospective analysis in 177 RCC patients by Suttle et al. showed an increased tumor shrinkage 

and longer PFS in patients with plasma trough levels (Cmin) ≥20.5 mg/L compared to patients with 

a Cmin below this threshold (4). Median PFS was found to be 50.2 weeks in patients with higher 

pazopanib Cmin versus 19.6 weeks in patients with lower Cmin. Median tumor shrinkage was 37.9% in 

the high versus 6.9% in the low exposure group. No further increase in PFS or tumor shrinkage was 

found above a pazopanib plasma concentration of 20.5 mg/L.

This threshold for effi  cacy seems to be in accordance with preclinical data showing optimal VEGFR2 

inhibition by pazopanib in vivo at a concentration ≥17.5 mg/L (40 μmol/L) in mouse models (5). 

Additionally, in the phase I trial hypertension, a pharmacodynamic biomarker for response to anti-

angiogenic agents, correlated with C24h values above 15 mg/L at day 22 (6). Plasma concentrations 

were also correlated with radiographic response in a phase II study of patients with progressive, 

radioiodine-refractory, metastatic diff erentiated thyroid cancers treated with pazopanib (7). 

The above indicates that effi  cacy of pazopanib is strongly associated with pharmacokinetic (PK) 

exposure in many tumor types.

Pazopanib PK shows signifi cant inter-individual variability in plasma exposure (6,8,9) and may be 

aff ected by various factors, such as concomitant medication (e.g. drugs increasing gastric pH or 

inhibiting/inducing CYP3A4), intake of food, patient compliance and (exact) time of tablet ingestion 

and blood sampling (9–12).

Despite the large variability in exposure, pazopanib is currently still administered at a fi xed dose of 

800 mg daily. This may however result in suboptimal treatment in a subset of patients who have a 

low Cmin. In a retrospective analysis performed by the manufacturer of pazopanib, 20% of patients 

had a Cmin below 20.5 mg/L and might have had benefi t from an increased dose (4). 

The feasibility of PK-guided dosing has already been shown in prospective clinical trials for tamoxifen 

(13) and another tyrosine kinase inhibitor with similar properties, sunitinib (14). Therefore, we now 

conducted a prospective feasibility trial to investigate whether the dose of pazopanib could be 

safely increased in patients who have a low Cmin on the fi xed 800 mg dose of pazopanib and whether 

this led to increased drug exposure, without intolerable toxicity.

Materials and methods

Patient population

Cancer patients for whom pazopanib was considered standard of care, or for whom no remaining 

standard treatment options were available, were eligible for enrollment. Patients also had to be at 
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least 18 years of age, had to have a WHO performance score of 0 or 1, needed to have evaluable 

disease according to RECIST 1.1 and also had to have an adequate organ function at baseline 

defined as: absolute neutrophil count ≥ 1.5x109/L, hemoglobin ≥ 5.6 mmol/L, platelets ≥ 100x109/L, 

prothrombin time or international normalized ratio ≤ 1.2x ULN, activated partial thromboplastin 

time ≤ 1.2x ULN, total bilirubin ≤ 1.5x ULN, alanine amino transferase and aspartate aminotransferase 

≤ 2.5x ULN, serum creatinine ≤ 133 μmol/L or, if >133 μmol/L a calculated creatinine clearance of 30 

to 50 mL/min, urinary protein (on dipstick) <2 + or <1 gram in 24-hour urine.

Exclusion criteria were: corrected QT interval (QTc) > 480 milliseconds, history of any relevant 

cardiovascular conditions, cerebrovascular accidents, transient ischemic attack, pulmonary 

embolisms or untreated deep venous thrombosis (DVT) within the past 6 months, poorly controlled 

hypertension (defined as systolic blood pressure (SBP) of ≥140 mmHg or diastolic blood pressure 

(DBP) of ≥ 90mmHg), clinically significant gastrointestinal abnormalities that might increase the risk 

for gastrointestinal bleeding, major surgery or trauma within 28 days prior to first pazopanib dose, 

evidence of active bleeding or bleeding diathesis, known endobronchial lesions and/or lesions 

infiltrating major pulmonary vessels, recent hemoptysis within 8 weeks before the first dose, any 

anti-cancer therapy within 14 days or five half-lives of the previous anti-cancer drug (whichever was 

longer) prior to first pazopanib dose, any ongoing toxicity from prior anti-cancer therapy that was 

grade >1 and/or that was progressing in severity, except for alopecia. 

Pharmacokinetically guided dosing

All patients started at the approved pazopanib dose of 800 mg once daily (QD). Plasma samples for 

Cmin measurements were collected weekly in the first 8 weeks of pazopanib treatment and every 4 

weeks thereafter. Pazopanib concentrations were measured using a validated LC-MS/MS assay. 

A 10 μL plasma aliquot was used, to which 500 μL of methanol containing 13C,2H3-pazopanib as 

internal standard and 500 μL of 10 mM ammonium hydroxide in water were added. This solution 

was then centrifuged at 15.000 rpm and 5 μL of the supernatant was injected into the LC-MS/

MS system (LC-system from Agilent Technologies (Santa Clara, CA) and API3000 MS by AB Sciex 

(Framingham, MA). Elution was performed using an isocratic gradient of 45% 10 mM ammonium 

hydroxide in water and 55% methanol on a Gemini C18 column, 2.0 x 50 mm, 5 µm by Phenomenex 

(Torrance, CA). This assay was validated and fulfilled all requirements of the FDA and EMA guidelines 

for bioanalytical method validation. Cmin results were reported to the treating physician within 1 

week.

At week 3, day 1 (Day 15); week 5, day 1 (Day 29) and week 7, day 1 (Day 43), the dose could be 

adapted, based on the measured Cmin collected a week earlier and observed toxicity was graded 

according to the National Cancer Institute’s Common Terminology Criteria for Adverse Events (NCI-

CTCAE v4.02).

The target exposure for efficacy used during this trial was a Cmin ≥20.0 mg/L. Patients with a Cmin 

<15.0 mg/L received a dose increase of 400 mg daily in the absence of ≥ grade 2 toxicity or 200 mg 
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daily when experiencing grade 2 toxicity, but not ≥ grade 3 adverse events (AEs). Patients with a Cmin 

of 15.0-19.9 mg/L received a 200 mg dose increase if toxicity was below grade 3. No patients would 

be treated above the prespecifi ed dose limit of 2,000 mg QD, as this was the highest dose previously 

tested in humans (6). In case of severe (≥ grade 3) treatment related toxicity the dose was lowered 

by 1 dose level, or to the previous dose level in case of an earlier dose increment. 

Safety assessments 

Recording of AEs, physical examination, hematology and blood chemistry assessments were 

performed weekly during the fi rst 8 weeks and monthly thereafter. The incidence, severity, start 

and end dates of all serious AEs (SAEs) and of non-serious AEs related to pazopanib were recorded. 

Effi  cacy assessments 

CT-scan and/or MRI-scans were performed every 8 weeks after initiation of therapy until documented 

disease progression according to the Response Evaluation Criteria in Solid Tumors (RECIST) version 

1.1. Data on best response and time to progression was collected. 

Statistical methods

All statistical analyses were performed in R version 3.2.2 (15). For exposure-response relationships 

the mean of all measured Cmin levels for each patient during the entire treatment period (from start of 

treatment to discontinuation) was used as the measure of pazopanib exposure. For the purpose of 

exposure-toxicity relationships, the Cmin measurement closest to the fi rst presentation of the toxicity 

was used. Unless otherwise specifi ed, hypotheses were tested using a two-sided independent 

sample t-test. P-values <0.05 were considered signifi cant. 

Study Conduct and registry

This trial was conducted in accordance with the World Medical Organization declaration of Helsinki, 

compliant with Good Clinical Practice and approved by the Medical Ethics Committee of the each 

participating medical centers. All patients provided written informed consent before enrollment. 

This trial was registered in the EudraCT database (2013-001567-24) and the Netherlands Trial 

Registry (NTR3967).

Results

Patient population

A total of 30 patients were included from September 2013 until March 2014 in 3 Dutch cancer 

centers. Characteristics of included patients are shown in table 1. Tumor types of included patients 

were soft tissue sarcoma (n=7), colorectal carcinoma (n=6), cancer of unknown primary (n=4), 

neuroendocrine carcinoma (n=2), thymus carcinoid, hepatocellular carcinoma, ovarian carcinoma, 
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mesothelioma, esophageal carcinoma, meningeoma, perivascular epithelial tumor, renal cell 

carcinoma, choroidal melanoma, endometrial carcinoma and cholangiocarcinoma (all n=1). 

All patients received at least one dose of pazopanib, underwent at least one Cmin measurement and 

were eligible for PK evaluation. Median study follow up was 34 weeks.

Table 1: Demographics of included patients.

Characteristic Patients (n=30)

Gender (n (%))

                Male 14 (47)

                Female 16 (53)

Age (median (range))

                                                                                  58 (33– 88)

Steady state Cmin (mg/L) at 800 mg dose 
(W2D1) (mean (CV %))

30.0 (71.9)

Performance status (n (%))

                     0 7 (23)

                     1 23 (77)

Previous lines of systemic therapy (median (range))

2 (1-5)

Type (n (%))

               Chemotherapy 24 (80)

               Targeted therapy 7 (23)

               Endocrine therapy 3 (10)
Primary tumor (n (%))

               Soft tissue sarcoma  7 (23)

               Colorectal carcinoma  6 (20)

               Cancer of unknown primary  4 (13)

               Neuroendocrine carcinoma 2 (6)

               Miscellaneous*  11 (33)

* Hepatocellular carcinoma, ovarian carcinoma, mesothelioma, esophageal carcinoma, meningeoma, perivascular 
epithelial tumor, renal cell carcinoma, choroidal melanoma, endometrial carcinoma, cholangiocarcinoma and 
thymus carcinoid (all n=1).
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Figure 1: Left Panel: Trial outcome fl owchart. Toxicity for the purposes of this chart is defi ned as any adverse 
event requiring a dose interruption or reduction in the fi rst 8 weeks of treatment. Cmin below or above the 
target of ≥20.0 mg/L is based on samples from week 2, 4 or 6 as per protocol dose escalations were based on 
these samples. Right Panel: Percent change in dose from baseline (steady state at W2D1) to the end of the dose 
algorithm period (Last dose change (W7D1) and corresponding steady state Cmin W8D1). Grey bars represent 
% change in pazopanib dose (mg QD) white bars represent % change in pazopanib Cmin (mg/L). Each patient is 
represented by adjacent bars, plotted per treatment outcome group, only patients evaluable at both week 2 and 
week 8 are shown.

Pharmacokinetic guided dosing

Based on treatment outcome patients were divided into four groups, see fi gure 1. Patients who 

had at least one Cmin below 20.0 mg/L at day 15, 29 or 43 were appointed group 1, patients who 

had all these Cmin measurement above the target were appointed group 2. Patients who did not 

experience any toxicity requiring a dose reduction or interruption during the dose escalation period 

(the fi rst 8 weeks of treatment) were classifi ed as group a (no severe toxicity), those who did were 

classed as group b (severe toxicity). Based on this classifi cation the distribution of patients was 10 

in group 1a (eligible for a dose escalation), 7 in 1b (no dose escalation possible due to toxicity), 4 in 

group 2a (adequate Cmin, no toxicity) and 9 in group 2b (adequate Cmin, severe toxicity) (fi gure 1). A 
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full overview of treatment outcomes (Cmin measurements, dose received and percentage of patients 

above the Cmin target) is provided in table 2. Plots of the Cmin over time per treatment outcome group 

are shown in figure 2.

Table 2: Pazopanib Cmin, percentage of patients above target and dose per treatment outcome group‡.

Outcome Group 1a Group 1b Group 2a Group 2b Total

TOX - TOX + TOX - TOX +

n = 30

Cmin 
<20.0 mg/L

Cmin 
<20.0 mg/L

Cmin
≥20.0 mg/L

Cmin
≥20.0 mg/L

n = 10 n = 7 n = 4 n = 9

Mean pazopanib Cmin (mg/L (CV %))

W2D1 13.2 (38.0) 19.7 (56.6) 37.4 (19.4) 51.3 (45.1) 30.0 (71.9)

W4D1 15.5 (52.8) 16.2 (39.6) 31.8 (8.1) 39.4 (29.5) 24.8 (54.8)

W6D1 19.7 (27.4) 13.3 (39.6) 26.8 (29.2) 33.2 (30.5) 22.8 (43.2)

W8D1 22.9 (44.9) 18.9 (40.5) 25.9 (18.8) 28.2 (25.3) 24.1 (33.9)

% of pts above the target Cmin of ≥20.0 mg/L†

W2D1 10.0 42.8 100.0 100 56.7

W4D1 20.0 14.3 100.0 88.6 50.0

W6D1 40.0 14.3 100.0 66.6 50.0

W8D1 40.0* 28.6 100.0 55.6 50.0

Mean daily pazopanib Dose (mg)

W3D1 1040 933 800 725 893

W5D1 1280 1000 800 667 1000

W7D1 1378 950 800 633 1009

*40% of patients in group 1a achieved the target in week 8. During study follow up, 7 patients in group 1a (70%) 
achieved target exposure of > 20.0 mg/L within 3 months since start of treatment. 
†Patients for whom no Cmin was available or who discontinued treatment are scored as below the target.
‡Toxicity for the purposes of grouping is defined as any adverse event requiring a dose interruption or reduction in 
the first 8 weeks of treatment. Cmin below or above the target of ≥20.0 mg/L is based on samples from week 2, 4 or 6.
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Figure 2: Pazopanib exposure over time per outcome group (mean Cmin ± standard deviation). The dotted line 
indicates the threshold of 20 mg/L. Cmin did not change in group 1b (p=0.89). In group 2a and 2b Cmin declined 
signifi cantly (p=0.04 and 0.04 respectively). Group 1a showed a signifi cant increase in Cmin  from 13.2 mg/L to 
22.9 mg/L (p=0.02).

Group1a: Group 1a (patients with low drug exposure, and no severe toxicity) consisted of 10 patients 

who were sustainably treated at an increased dose. The Cmin in this group increased from 13.2 (CV 

38.0%) mg/L in week 2 to 22.9 (CV 44.9%) mg/L in week 8 (p=0.02). Only two patients did not show 

an increase in Cmin after the dose escalation. Four patients reached the target at the end of the dose 

escalation period (week 8) and 7 patients reached the target exposure of ≥20 mg/L within 3 months 

of treatment. After the last dose escalation (day 43), patients in group 1a were treated at a mean 

dose of 1,378 mg, ranging from 1,000 to 1,800 mg. One patient was treated with 1,800 mg QD for 

over 33 weeks, with acceptable (<grade 3) toxicity.

Group 1b: Patients in group 1b (patients with low drug exposure, but with toxicity requiring a dose 

interruption or reduction, n=7) had a stable Cmin during the dose escalation phase. In this group, one 

patient could not have a dose escalation because of toxicity (ASAT/ALAT increase) at the prespecifi ed 
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dose escalation moments. Another patient required a dose interruption but could later continue 

treatment on 800 mg QD. Five patients experienced toxicity after an initial escalation and required 

a subsequent dose reduction. Four of these five could hereafter be treated successfully until disease 

progression at a dose of 800 mg (n=3) or 1,000 mg (n=1) daily. One patient discontinued treatment 

due to toxicity after dose escalation (fatigue, grade 3).Their Cmin was 19.7 (CV 56.6%) mg/L at week 2 

and 18.9 (CV 40.5%) mg/L at week 8 (p=0.89). 

Group 2a: Four patients (group 2a, patients with high drug exposure, and no severe toxicity) could 

be treated on the fixed 800 mg dose with adequate Cmin without the need for a dose reduction or 

interruption in the first 8 weeks. Surprisingly, the Cmin decreased in these patients from 37.4 mg/L 

(CV 19.4%) at week 2 to 25.9 mg/L (CV 18.8%) at week 8 (p=0.04).

Group 2b: Patients in group 2b (patients with a high drug exposure, but also severe toxicity, n=9) 

had a decrease in Cmin from week 2 to week 8 from 51.3 mg/L (CV 45.1%) to 28.2 mg/L (CV 25.3%) 

(p=0.04). The mean dose was reduced from 800 mg to 600 mg in the same interval. 

Use of gastric acid reducing agents was discouraged but not prohibited during this trial. Of patients 

in the low exposure groups 9 (7 in group 1a and 2 in 1b) and in the high exposure groups 4 (all in 

2b) used a PPI at any point during treatment. Patients were instructed to take the PPI concomitantly 

with pazopanib as recommended in the summary of product characteristics.

Adverse Events

An overview of the observed AEs related to pazopanib with a frequency of ≥10% is shown in table 3. 

The most common severe (≥ grade 3) AEs were hypertension, fatigue, ASAT/ALAT increase.  

Less patients experienced ≥ grade 3 AEs in the low exposure groups (1a and 1b), with 41.2% of 

patients experiencing at least one ≥ grade 3 AE, compared to 76.9% in the high exposure groups (2a 

and b). The percentage of patients discontinuing due to toxicity was similar between the high and 

low exposure groups, 11.8% in 1a plus 1b and 15.4% in 2a plus 2b. 

Of patients with a high exposure requiring a dose reduction (group 2b, n=9), all but 2 (both cases 

fatigue grade 3) could be successfully treated at a lower dose until disease progression.

Overall, events causing the discontinuation were fatigue (n=3) and ASAT/ALAT increase (n=1). 

Remarkably, the Cmin at week 2 appeared higher in patients in group 1 experiencing toxicity (19.7 

mg/L versus 13.2 mg/L (p=0.19), respectively) and the same trend was observed in group 2 (37.4 

mg/L for patients without toxicity versus 51.3 mg/L for patients with toxicity (p=0.27), respectively). 

Patients who experienced fatigue (n=3) or ASAT/ALAT increase (n=2) had a Cmin (at first presentation 

of grade 3 toxicity) 51.4 mg/L (range 21.4 - 98.1) and 8.9 mg/L (range 7.3 – 10.5) respectively. Patients 

with grade 3 hypertension (n=11) had a Cmin at presentation of 37.3 mg/L (range 7.0 - 76.5) while that 

patients who experienced grade 2 hypertension (n=10) was 27.8 mg/L (range 16.7 – 43.8). 
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Table 3: Toxicity data per outcome group‡, only toxicities related to pazopanib with a frequency of ≥10% are 
shown. Data are presented as number patients (n).

Adverse event Group 1a Group 1b Group 2a Group 2b Total

TOX - TOX + TOX - TOX +

n=30

Cmin ↓ Cmin ↓ Cmin ↑ Cmin ↑

n = 10 n = 7 n = 4 n = 9
Any 
grade

Grade 
≥ 3

Any 
grade

Grade 
≥ 3

Any 
grade

Grade 
≥ 3

Any 
grade

Grade 
≥ 3

Any 
grade

Grade 
≥ 3

Hypertension 4 2* 3 2 1 1* 7 6 15 11

Fatigue 3 0 3 1 1 0 6 2 13 3

Diarrhea 4 1* 4 0 2 0 2 0 12 1

Nausea 2 0 0 0 1 0 6 0 9 0

Rash 2 0 3 1 0 0 3 0 8 1
Hair 
depigmentation 3 0 2 0 3 0 0 0 8 0
ASAT 
increase 1 0 2 2 2 0 1 0 6 2
ALAT
 increase 1 0 2 2 0 0 2 0 5 2

Anorexia 2 0 1 0 0 0 1 0 4 0

Weight loss 1 0 1 0 0 0 2 0 4 0

Dysgeusia 0 0 0 0 2 0 2 0 4 0

Vomiting 1 0 0 0 1 0 2 0 4 0

Edema 0 0 1 0 1 0 1 0 3 0

Proteinuria 1 0 0 0 0 0 2 0 3 0

Dyspnea 1 0 0 0 1 0 1 0 3 0
*These grade 3 toxicities did not result in a dose reduction or discontinuation or occurred after the 8 week dose 
escalation period. 
‡Toxicity for the purposes of grouping is defi ned as any adverse event requiring a dose interruption or reduction in 
the fi rst 8 weeks of treatment. Cmin below or above the target of ≥20.0 mg/L is based on samples from week 2, 4 or 6. 

Effi  cacy

From 27 patients at least one response evaluation was available. Of these, 3 patients had a partial 

response (perivascular epithelial tumor, renal cell carcinoma and soft tissue sarcoma, all n=1), 18 

had stable disease, and 6 had progressive disease as best response. 
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The mean of all measured Cmin levels per patient (from start of treatment to discontinuation) was 

calculated as a measure of exposure during pazopanib therapy for the purpose of exposure-response 

relationships. Overall, the average of the mean Cmin of each patient was 24.4 mg/L (CV 39.1%). In 

total, 19 patients had a mean Cmin above and 11 below the target of 20 mg/L. A waterfall plot of the 

maximum decrease in tumor size from baseline is shown in figure 3. All three patients who had a 

partial response had a mean Cmin above the 20 mg/L threshold (with an average of 27.6 mg/L (CV 

14.4%). In non-prespecified, exploratory analyses of all evaluable patients (n=27), tumor response 

was associated with mean Cmin of pazopanib. An average change from baseline for patients above 

and below the PK threshold of -6.49% and +14.6% respectively, (p=0.01). In soft tissue sarcoma 

patients (n=7), mean change from baseline was -6.01% (n=5) for patients above the threshold and 

+13.5% for patients below (n=2)(p=0.28). In sarcoma patients PFS was 47.9 weeks (range 8 - 60, n=5) 

and 11.5 weeks (range 7 - 16, n=2) for patients below the PK threshold (p=0.06, log-rank test).

Figure 3: Left panel: Waterfall plot showing the maximum change in tumor size from baseline in all 

evaluable patients (n = 27). Grey bars represent patients with a mean Cmin ≥20.0 mg/L (n=17), white 

bars represent patients with a Cmin <20.0 mg/L (n=10). Mean change from baseline for all evaluable 

patients (n=27) above and below the PK threshold was -6.49% and +14.6%, (p=0.01). Right Panel: 

Mean change from baseline in soft tissue sarcoma patients (n=7) above and below the PK threshold 

was -6.01% (n=5) and +13.5% (n=2), (p=0.28).

Discussion

We performed a prospective multicenter clinical trial to assess the safety and feasibility of PK-guided 

individualized dosing of pazopanib in 30 patients with advanced solid tumors.
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With the PK-guided dosing algorithm, 33.3% of all patients could be treated at a higher dose (1000 

– 1800 mg daily) with acceptable toxicity (fi gure 1). Most of these patients achieved the target Cmin 

of 20.0 mg/L within study follow up. Furthermore, overall variability in pazopanib Cmin was reduced 

from 71.9% before the dose escalation period to 33.9% thereafter (table 2). 

An equal number of patients discontinued treatment in the low Cmin versus the high Cmin group and 

only one patient discontinued treatment after a dose escalation. This suggests PK-guided increasing 

of the dose does not lead to more severe toxicity or higher rates of treatment discontinuation. 

Meanwhile, a reduction of the dose in case of very high systemic concentrations, may lead to less 

toxicity and still maintain therapeutic Cmin levels (group 2b, fi gure 2). 

High pazopanib exposure seemed predictive of dose reductions for toxicity in patients not eligible 

for a dose escalation (group 2a en 2b). The Cmin at week 2 was higher (though not signifi cantly) in 

the patients that would require a dose reduction (2b) than those who would not (2a), (mean of 

51.3 versus 37.4 mg/L, table 2, fi gure 2). This implies that patients are unlikely to tolerate a very 

high trough level for a longer period of time and could support strategies to prevent toxicity by 

implementing dose reduction in patients with Cmin >50 mg/L, although this is based on limited data.

No clear relations between Cmin and specifi c grade ≥ 3 toxicities were found. The most common 

severe AE was hypertension. This is thought to be related to higher pazopanib exposure (6), our 

study found a mean Cmin at occurrence of hypertension 37.3 and 27.8 mg/L in patients experiencing 

grade 3 (n=11) and 2 (n=10) hypertension respectively. But this was not signifi cantly higher than 

the overall mean Cmin. It might be the case however, that another pharmacokinetic parameter (e.g. 

Cmax) may be more appropriate to study exposure-toxicity relationships than Cmin, the one used in 

the current trial.

Two patients experienced severe hepatotoxicity, in one case leading to ASAT and ALAT values of 

over 13 times the upper limit of normal and discontinuation of treatment. This seemed unrelated 

to high exposure, as the mean Cmin of these patients (in the sample closest in time to occurrence) 

was only 8.9 mg/L. This fi nding is corroborated by a recent study suggesting the mechanism of 

pazopanib hepatotoxicity may be immunological and therefore unrelated to pazopanib PK or dose 

(16).

A signifi cant reduction in pazopanib Cmin was seen in patients treated continuously at the 800 mg 

fi xed dose (group 2a, fi gure 2).Though in our trial this group consisted of only a small number of 

patients, the same eff ect was observed in a population pharmacokinetic analysis of previously 

published clinical trials (17). A time dependent decrease in exposure was also observed for another 

tyrosine kinase inhibitor, imatinib (18). For imatinib, upregulation of drug transporters or CYP3A4 

have been suggested as possible explanations, which could also be the case for pazopanib as it is a 

known substrate of both.
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In addition to PK-guided dosing of pazopanib other dose individualization strategies could be 

explored. Pharmacodynamic biomarkers could be used for example, such as interleukin 12 (IL12) or 

soluble VEGFR2 (sVEGFR2) (19). However given that for pazopanib the relation between Cmin and PFS 

was very significant at p=0.0038 and resulted in a remarkable median PFS difference of 32.4 weeks 

in RCC patients (4), Cmin might be a more appropriate biomarker for pazopanib than sVEGFR2 or IL12. 

Toxicity based dosing could also be proposed as a dose individualization approach and has been 

explored previously for erlotinib (using rash), sorafenib and axitinib (both using hypertension) (20–

22). A drawback of this strategy is that it, per definition, would lead to more toxicity. The PK-guided 

approach applied in this trial with pazopanib did not seem to lead to less tolerability.

Another trial was performed to assess PK-guided dosing of pazopanib by De Wit et al (9). In that 

trial, pazopanib area under the curve (AUC0-24h) was used as the pharmacokinetic parameter to 

individualize dosing and a target window of 715-920 mg∙h∙L-1 (corresponding to Cmin values of 

20.5 – 46.0 mg/L) was specified. The primary endpoint of that study in 13 patients was a reduction 

in variability and, per protocol, only one dose change was allowed. AUC-guided dosing did not 

significantly reduce inter-patient variability, probably due to intra-patient variability or sampling 

time issues. Based on this trial the authors concluded it may be more beneficial to target the Cmin 

threshold rather than an AUC window (4,9).

In addition, dosing base on Cmin will also be more practical to implement in routine care, as it requires 

just one instead of multiple samples. Moreover, as target inhibition is thought to be concentration 

dependent, dosing should strive to keep the drug concentration above a certain minimally 

efficacious concentration during the whole dose interval, which is most accurately reflected by Cmin.

Most importantly, studies relating pazopanib exposure to response have used Cmin, rather than AUC, 

further strengthening the case for Cmin threshold monitoring (4,6). 

Finally, self-sampling approaches facilitated by dried blood spot sampling may further enable the 

use of PK-guided dosing in routine care and several assays have already been developed for this 

purpose (23,24).

The number of patients who had a Cmin below the target at a moment of possible dose modification 

was 56.7%, which is markedly higher than the 20% found by Suttle et al (4). This may partly be 

explained by the combination of repeated measurements and relatively large intra-individual 

variability in Cmin. The large number of patients with low drug exposure may also partially be caused 

by use of proton pump inhibitors (PPI), which are known to decrease the pH-dependent absorption 

of pazopanib (25). 9 patients in the low exposure groups (1a and 1b) used a PPI. The use of gastric-

pH increasing agents was discouraged but not prohibited during this trial. On the other hand, it also 

shows that PK-guided dosing may overcome the problem of pH-limited absorption of pazopanib in 

patients for whom treatment with PPIs is medically necessary. 
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A drawback of the current study is that dose modifi cation was limited to three pre-specifi ed time 

points. If later dose increments would have been allowed, more patients in the low exposure group 

might have achieved the target threshold. 

Another limitation is that our study was performed in patients with a wide range of advanced solid 

tumors. Therefore, a satisfying analysis of the eff ect of individualized dosing on tumor response 

or PFS is impossible. Nonetheless, all patients who had a partial response had a Cmin above the 

20.0 mg/L threshold and in a non-prespecifi ed analysis, we found signifi cant association between 

tumor response (measured as maximum change in tumor size from baseline) and pazopanib Cmin, 

which would provide further support for targeting a Cmin of ≥20.0 mg/L. Interestingly, in a subgroup 

analysis of STS patients (n=7), a trend toward increased response and longer PFS with higher Cmin 

was found. Yet, perhaps due to the small size of this subgroup, these results were not signifi cant.

The results of this trial merit further investigation of individualized pazopanib dosing in cancer 

patients. A similar design to the one that was previously used for axitinib dose titration in RCC 

patients could be explored (21,26). As the ideal form of for future studies would be a prospective 

randomized placebo controlled trial in either STS or RCC patients. 

Conclusion

In summary, this prospective multicenter trial in patients with advanced solid tumors showed 

that pazopanib dose could safely be escalated in selected patients with a Cmin <20.0 mg/L and that 

pazopanib exposure increased signifi cantly in patients whose dose was escalated based on a low 

Cmin. Moreover, a signifi cant association between Cmin and tumor response was found. 

The outcomes of this trial support further investigation of individualized pazopanib dosing, using 

the here described dosing algorithm, ideally in a large prospective randomized clinical trial using 

PFS or overall survival as an endpoint. 
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Abstract

Everolimus is a mammalian target of rapamycin inhibitor approved for the treatment of various tumor 

types. Less invasive measurement of everolimus concentrations could facilitate pharmacokinetic 

studies and personalized dosing based on whole blood concentrations, known as therapeutic drug 

monitoring. 

Volumetric Absorptive Microsampling (VAMS) has been introduced as a patient friendly, less 

invasive sampling technique to obtain a dried blood sample of an accurate blood volume regardless 

of hematocrit value. We describe the bioanalytical validation and clinical application of an liquid 

chromatography tandem mass spectrometry (LC-MS/MS) method to quantify everolimus using 

VAMS. 
13C2D4-Everolimus was used as internal standard (IS). Everolimus and the IS were extracted with 

methanol, which was evaporated after ultrasonification and shaking. The residue was reconstituted 

in 20mM ammonium formate buffer and methanol of which 5 µL was injected into the MS/

MS system. Quantification was performed for the ammonium adduct of everolimus in positive 

electrospray ion mode

The VAMS method met all pre-defined validation criteria. Overall accuracy and precision were  

within 11.1% and ≤14.6%, respectively. Samples were shown to be stable on the VAMS device for 

362 days at ambient temperatures. Considerable biases from -20 to 31% were observed over a 30-

50% hematocrit range. Although the method fulfilled all validation criteria, the perceived advantage 

of VAMS over DBS sampling could not be demonstrated. Despite the effect of hematocrit, using an 

empirically derived formula the whole blood everolimus concentration could be back calculated 

with acceptable accuracy in the clinical application study.
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Introduction

Everolimus is a mammalian target of rapamycin (mTOR)-inhibitor approved for the treatment 

of renal cell carcinoma [1], neuroendocrine tumors [2] and hormone receptor positive, human 

epidermal growth factor receptor 2 (HER2) negative, breast cancer [3]. In all these tumor 

types, everolimus is currently administered using a 10 mg once daily dosing regimen. Yet in 

transplantation medicine (where everolimus is used to as an immunosuppressant following renal, 

heart of liver transplantations) personalized dosing based on measured blood concentrations, 

known as therapeutic drug monitoring is applied routinely.[4] Increasingly, personalized dosing of 

everolimus is also being advocated for in oncology.[5–7] A possible hurdle to the implementation 

of therapeutic drug monitoring could be the need for additional invasive blood sampling to enable 

drug concentration measurements. Dried blood spots (DBS) have been proposed as a patient 

friendly, less invasive alternative to standard blood sampling[8,9] and has been applied to the 

quantifi cation of everolimus.[10–12] However, analyses on DBS need to validated using additional 

test to specifi cally investigate the infl uence of hematocrit, spot volume and other factors such as 

sample homogeneity on the analytical results.[13]

Volumetric Absorptive Microsampling (VAMS) has been introduced as an alternative dried blood 

sampling technique specifi cally designed to overcome these perceived disadvantages.[14] 

Specifi cally, it has been shown that using the VAMS method exactly 10 µL samples could be collected 

and the infl uence of hematocrit was reduced, if not completely eliminated for selected analytes.

[14,15] Everolimus is an ideal candidate drug for VAMS sampling as everolimus is normally measured 

in whole blood and methods using DBS have demonstrated a clear infl uence of hematocrit.[12]

Given these theoretical advantages of this sample collection method, we developed and validated 

a liquid chromatography tandem mass spectrometry (LC-MS/MS) method for the quantifi cation of 

everolimus using VAMS. After the bioanalytical validation we investigated the analytical performance 

of the VAMS system over a range of hematocrit values. Finally, we also applied the VAMS method to 

a collection of clinical samples for pharmacokinetic measurements in cancer patients treated with 

everolimus. 

Materials & Methods 

Chemicals 

Everolimus and stable isotopically labeled internal standard (IS) 13C2D4-Everolimus were supplied 

by Alsachim (Illkrich Graff enstaden, France). Dimethyl sulfoxide (DMSO) was purchased from Merck 

(Darmstadt, Germany), ammonia (Empure® 25%) and methanol (UPLC grade) from BioSolve Ltd 

(Valkenswaard, The Netherlands). Control human EDTA whole blood was obtained from healthy 

volunteers and used for preparation of quality control samples (QC), calibration standards and 
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matrix blanks. Mitra®, VAMS microsampling devices were obtained from Neoteryx, LLC (Torrance, 

CA, USA).

Stock solutions, calibration standards and quality control samples

Stock solutions of everolimus were prepared in DMSO at a concentration of 1 mg/mL. Working 

solutions were prepared by diluting stock solutions with methanol. The IS stock solution was 

prepared in methanol at a concentration of 1 mg/mL. The IS working solution was prepared by 

further dilution with methanol to a concentration of 10 ng /mL. All stock and working solutions 

were stored at -20 °C.

Calibration standards and QC samples were prepared by addition of an 10 µL aliquot of working 

solution to 190 µL of control whole blood, of which 10 µL was subsequently absorbed using the 

VAMS device. Nominal concentrations of 2.50, 7.50, 25.0 and 80.0 ng/mL were used for the QC 

samples (lower limit of quantification (LLOQ), Low, Mid and High concentrations, respectively) and 

2.50, 5.00, 10.0, 25.0, 50.0, 75.0, 90.0 and 100 ng/mL for the 8 calibrations standards.  

Liquid chromatography tandem mass spectrometry

All LC-MS/MS experiments were performed using the I-class Acquity UPLC system, consisting 

of a autosampler, pump and column oven by Waters (Milford, MA, USA) and a QTRAP® 5500 MS 

system equipped with a turboinonspray, and  Analyst™ software was used for data analysis by Sciex 

(Framigham, USA). Final optimized MS settings for these were 5000 V for the ion spray voltage, 

350 ºC for the ionization temperature, 25 and 7 arbitrary units for the curtain gas and collision, 

gas respectively. Declustering potential was set at 56 V, collision energy at 31 V, collision cell exit 

potential at 40 V and entrance potential at 10 V. Quantification was performed on the ammonium 

adduct of everolimus[11,12,16] in positive ion mode using the m/z 975.6 à m/z 908.8 transition for 

everolimus and m/z 981.6 à m/z 914.5 for 13C2D4-everolimus. The chemical structures of everolimus 

and 13C2D4-Everolimus are provided in figure 1.

Figure 1: The chemical structures of everolimus and 13C2D4-Everolimus.
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Chromatographic separation is performed on a Acquity BEH C18 analytical column, 100 x 2.1 mm 

ID, 1.7 µm particle size (Waters) using an 0.2 μm in-line fi lter. The column oven was set at 40 °C and 

the autosampler tray at 8 °C. Elution was achieved using a mixture of 20 mM ammonium formate 

in water (eluent A) and methanol (eluent B) at fl ow of 0.4 mL/min. The gradient would start at 50% 

methanol and would rise linearly to 95% methanol from 0.20 to 0.45 minutes. After 1.5 minutes the 

gradient would return to 50% methanol, until the end of the run at 2.0 minutes.

Sample preparation

The tip of the sampling device was transferred to an eppendorf tube of 2.0 mL. A volume of 10 μL 

of IS working solution and 500 μL of methanol were added and the sample was vortex mixed. The 

samples were ultrasonicated for 5 minutes and shaken at 500 rpm for 5 minutes. The methanol 

was then evaporated under a gentle stream of nitrogen. The residue was reconstituted in 50 μL of 

reconstitution solvent (20 mM ammonium formate : methanol, 1:1, v/v), vortexed and centrifuged 

for 3 minutes at 15000 rpm. Finally, the solution was transferred to an autosampler vial and 5 μL was 

injected into the LC-MS/MS system.

Bioanalytical validation

The bioanalytical method validation was conducted in accordance with guidelines for bioanalytical 

method validation by the Food and Drug Administration (FDA) and European Medicines Agency 

(EMA)[17,18]. The following validation parameters were assessed: calibration model, accuracy and 

precision, LLOQ, dilution integrity, selectivity, instrument carry-over, matrix factor, recovery and 

stability in fi nal extract and on the dried blood sample using the VAMS device. 

Calibration

Weighted linear regression (1/concentration2) was applied to fi t the calibration plots (area ratio vs 

square of the concentration). At least 75% of the non-zero standards (including at least one LLOQ 

and upper limit of quantifi cation (ULOQ)) in each run had to be within ±15% of the nominal value 

(±20% for the LLOQ). For the LLOQ and ULOQ levels at least 50% had to meet these criteria. The 

regression coeffi  cient was calculated for each analytical run. 

Accuracy and precision

Accuracy and precision were determined in three separate validation runs by injecting fi ve replicates 

of QC samples at the LLOQ, Low, Mid and High concentrations. Intra-run and overall accuracy was 

expressed as the relative bias. The intra-run and overall precision were calculated as the coeffi  cient 

of variation (CV). At each concentration level, the bias had to be within ±15% and the precision 

≤15%. For the LLOQ concentrations bias had to be within ±20% and the precision≤20%.
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LLOQ

The LLOQ of the method was evaluated in each analytical run. It was quantified as the ratio of the 

peak height of the 2.50 ng/mL calibration standard (the signal) to the peak height of a double blank 

sample (the noise). A predefined limit of  ≥5 was set for this ratio.

Dilution integrity

The dilution integrity was studied by analyzing five replicate samples at concentration of 150 ng/

mL. These samples were diluted 2 times with final extract from a blanc sample (to which IS has 

been added before processing). Predefined limits for bias and precision were set at ±15% and ≤15% 

respectively.

Selectivity

The selectivity of the assay was determined for cross analyte/IS interference. The internal standard 

interference was assessed by analyzing an everolimus ULOQ sample without adding the IS and by 

spiking IS separately to a double blank sample at the concentration used in the assay. 

The possibility of endogenous interferences was assessed by analyzing double blank samples from 

six different individuals and comparing the peak area in the blank with the peak area of the LLOQ in 

the same analytical run. 

The endogenous and IS interferences were considered acceptable if it was ≤20% of the response of 

the LLOQ of the analyte and ≤5% of the response of the IS.

Instrument carry-over

The instrumentation carry-over was tested by injecting two double blank samples after an ULOQ 

sample in each validation run. The carry-over was calculated as the ratio of the peak area in the 

blanks and the peak area of the LLOQ. The carry-over was considered acceptable if the response at 

the retention time of the analyte (for both everolimus and the IS) was ≤20% of the response of the 

LLOQ in the first blank.

Matrix factor

The matrix factor (MF) was determined in six different batches of plasma spiked at both the QC 

Low and QC High concentration. The MF was calculated by dividing the everolimus peak area in 

presence of matrix by the peak area ratio at the same concentration in a neat solution. The MF was 

calculated for six different batches of control human plasma and was considered acceptable if the 

coefficient of variation of the MF across the six batches was ≤15%.

Sample pretreatment recovery

Recovery was determined by dividing the peak area of everolimus in processed validation samples 

at QC low and high concentrations (n=5) by the peak area of everolimus in presence of matrix (a 

double blank sample to which everolimus was spiked after processing).
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Stability

The stability of VAMS samples was assessed at ambient temperatures. The stability of everolimus in 

processed samples (fi nal extract) was determined after being stored at nominally 2 – 8 °C. 

All these stability analyses were carried out in triplicate at the QC Low and High concentrations. 

Samples were considered to be stable if the measured concentration was within ±15% of the 

nominal concentration. 

Infl uence of hematocrit 

To determine the relative infl uence of hematocrit on quantifi cation, VAMS samples were analyzed 

in duplicate on the QC Low, Mid and High concentrations in whole blood at nominal hematocrit 

concentrations of 30, 40 and 50% (±1%). 

Relative deviations were calculated, normalized to the respective (Low, Mid or High) QC at a 

hematocrit of 40%. The hematocrit value of the calibration standards used to quantify the VAMS 

samples was 44%. Hematocrit measurements were performed using the Mission Plus (Acon 

Laboratories Inc, San Diego, USA).

Clinical application

Paired VAMS and whole blood clinical samples were obtained in a pharmacokinetic study in cancer 

patients. This trial was registered in the EudraCT database (2014-004833-25) and the Netherlands 

Trial Registry (NTR4908).[19] This trial was conducted in accordance with the World Medical 

Organization declaration of Helsinki, compliant with Good Clinical Practice and approved by the 

Medical Ethics Committee of each of the participating medical centers. All patients provided written 

informed consent before enrollment. 

Whole blood samples were drawn by venipuncture performed by a trained nurse or physician. 

VAMS samples were taken by the patient under supervision of a researcher, in accordance with the 

manufacturers instruction. VAMS samples were prepared and analyzed by the methods described in 

this manuscript and whole blood concentrations were quantifi ed using a previously developed and 

validated LC-MS/MS method.[19] Weighted Deming regression was applied to compare the VAMS 

with the whole blood everolimus concentrations. Based on the empirical correlation found, the back 

calculated whole blood concentrations would be determined and compared to the actual whole 

blood concentration, as described previously.[20,21]

Results

Validation

The method was successfully validated in accordance with the FDA and EMA guidelines and met all 

pre-specifi ed acceptance criteria. An overview of the validation parameters is provided in table 1. 

Infl uence of hematocrit 
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The influence of hematocrit on the quantification of everolimus using VAMS was investigated. The 

results are displayed in figure 2. The VAMS assay showed a marked influence of hematocrit: at the 

lower hematocrit value (31%) relative biases were 24%, 31% and 13% for the Low, Mid and High 

concentration respectively (shown as normalized response ratios of 1.24, 1.31 and 1.13 in figure 2). 

The high hematocrit values (49%) resulted in relative biases of -16%, -20% and -20%, respectively, 

(depicted as ratios of 0.84, 0.80 and 0.80).

Figure 2: Relative analytical response ratios for everolimus quantified at QC Low, Mid and High concentrations 
for three different hematocrit values. Analyte/internal standard response ratios were normalized to the QC at the 
40% hematocrit. Dotted lines indicate ±20% deviation.

Clinical application 

Overall, 25 clinical samples were available from 10 patients. Of these, all but one were taken in 

duplicate. The VAMS everolimus concentrations are plotted versus the corresponding whole blood 

concentrations in figure 3. Weighted Deming regression was used to compare the VAMS and the 

whole blood LC-MS/MS methods. The relation was described quantitatively by the formula of 

y=0.691x+0.158. According to this formula the whole blood concentration could be back calculated 

based on the VAMS results. These calculated whole blood concentrations are plotted versus the 

actual measured whole blood concentrations in figure 4.

The average absolute deviation between the VAMS samples taken in duplicate was 6.4%. The bias 

between the calculated and actual whole blood concentrations of everolimus was 0.6% and the 

mean absolute difference was 14.1%. Mean (CV%) hematocrit of the patients enrolled in this trial 

was 36% (11).
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Figure 3: Everolimus concentration determined by volumetric absorptive microsampling (VAMS) and whole 

blood analysis, with weighted linear Deming regression (black line) and 95% confi dence interval (dotted 

black line). The red dotted line indicates unity. The relation between VAMS and whole blood was described by 

y=0.691x+0.158.
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Figure 4: Everolimus concentration determined in whole blood compared to the back calculated whole blood 
concentration based on the VAMS analysis, with weighted linear Deming regression (black line) and 95% 
confidence interval (dotted black line). The red dotted line indicates unity. The relation between The calculated 
whole blood concentration was determined using y=0.691x+0.158 (see figure 3).

Discussion

We describe the bioanalytical validation and clinical application of an LC-MS/MS method to quantify 

everolimus using VAMS. The method met all pre-specified acceptance criteria although the matrix 

factor and recovery of the method were low at only 0.64 and 20.2-23.1%, respectively. The perceived 

major advantage of VAMS over DBS sampling is the volumetric collection of a fixed volume, which 

should be independent of hematocrit. However, we clearly showed a large impact of hematocrit on 

analytical performance.

Previous studies have found that VAMS eliminated an effect of hematocrit on the analysis of caffeine 

and paraxanthine,[15] In the current study for everolimus, biases of -20 to 31% were found over the 

tested hematocrit range. Comparable deviations were also found in previously published methods 

e.g. the quantification of miltefosine.[22] Moreover, the inversely correlated direction of the 
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observed eff ect was the same, i.e. positive bias for low and negative bias for high hematocrit values. 

It is hypothesized that this phenomenon is due to the presence of a larger amount of erythrocytes 

which entrap the analyte in the pores of the VAMS device tip, hindering analyte extraction.[15] 

DBS analysis of everolimus has also been shown to be strongly infl uenced by blood hematocrit 

in a concentration dependent manner.[12] Interestingly, for the VAMS analysis of everolimus the 

hematocrit driven relative bias seemed independent of the everolimus concentration (fi gure 2), 

whilst a considerable eff ect of concentration was found for DBS quantifi cation of everolimus at 

varying hematocrit values.[12] Yet, based on our data it must be concluded that no superiority 

of VAMS over DBS in reducing the eff ect of hematocrit on everolimus quantifi cation could be 

demonstrated.

Everolimus concentrations in clinical VAMS samples were consistently higher than the whole blood 

concentrations (fi gure 3). These results are consistent with previous reports regarding caff eine, 

paraxanthine and paracetamol, where VAMS systematically overestimated the whole blood 

concentration [15,23] The underlying explanation of this eff ect is not clearly understood, but in our 

study it could be due to the  higher hematocrit level (44%) of the calibration standard compared 

to that of the enrolled patients (36%). Even though considerable eff ects of hematocrit were found 

for VAMS, using an empirically determined back calculation the method did result in acceptable 

estimation of the whole blood concentration (fi gure 4). The current study is the fi rst clinical validation 

study to use this backward calculation method based on the empirical relation for estimating whole 

blood concentration of everolimus using VAMS and whole blood samples. However, this calculation 

has been reported to be successful in DBS analysis for other small molecules both in oncology and 

infectious diseases such as pazopanib, vemurafenib and miltefosine.[20,21,24] 

A possible drawback of the VAMS could be the between-operator variability,[14] but the small 

variation between the samples drawn in duplicate of 6.4% seem to diminish this concern. Possible 

advantages of VAMS over DBS sampling would be the accurate whole blood volume sampling 

regardless of hematocrit value and reducing homogeneity issues.[14] Based on these theoretical 

advantages, we developed the currently described method. However, specifi cally for the case of 

everolimus, we demonstrate that this theoretical advantage of VAMS could not be demonstrated 

in practice. Although whole blood concentrations can be back calculated, VAMS sampling does not 

off er advantages over regular DBS sampling.

Conclusion

We describe the bioanalytical validation of an LC-MS/MS method to quantify everolimus using 

VAMS. The method met all pre-defi ned bioanalytical validation criteria and samples were shown to 

be stable for nearly a year (362 days) at ambient temperatures.  The analytical performance of the 
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VAMS method was studied over a 30-50% hematocrit range, where large relative biases were found. 

Therefore, no superiority of the VAMS over DBS sampling was demonstrated. Despite the effect of 

hematocrit, using an empirically derived formula the whole blood everolimus concentration could 

be back calculated with acceptable accuracy in the clinical application study.

Table 1: Overview of the bioanalytical validation outcome data. All tested parameters met their predefined 
criteria.†

Validation parameter Outcome

Calibration model 1/x2 weighted linear regression,
all regression coefficients > 0.99

Calibration range 2.50 – 100 ng/mL

Intra-run accuracy 
(%)

LLOQ: -16.8%
Other: 11.1%

Overall accuracy 
(%)

LLOQ: -0.2%
Other: 11.1%

Intra-run precision 
(CV)

LLOQ: 8.6%
Other: 9.7%

Overall precision 
(CV)

LLOQ: 14.6%
Other: 9.0%

Lower limit of quantitation 
(signal/noise ratio)

5

Dilution integrity 
(bias, CV)

-7.6%, 15.0%

Cross analyte/IS interference 0.0%

Endogenous interferences 0.0%

Instrument carry-over 0.0% 

Matrix factor (CV) QC Low: 0.640, 3.7%
QC High: 0.636, 4.3%

Recovery (mean, CV) QC Low: 23.1%, 7.3%
QC High: 20.2%, 9.8%

Stability in final extract at 2 – 8 ºC after
48 hours (bias, CV)

QC Low: 9.8%, 3.3%
QC High: -1.9%, 6.2%

Stability of dried VAMS samples at ambient temperatures after 362 
days (bias, CV)

Low: 12.1%, 0.9%
High: -1.6%, 6.2%

CV: coefficient of variation; LLOQ: Lower limit of quantification.
† Predefined acceptance criteria are reported in the text.
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Abstract

Background: The mTOR-inhibitor everolimus is used in the treatment of breast cancer, neuro-

endocrine tumors and renal cancer. The approved 10 mg once daily (QD) dose is associated 

with considerable adverse effects. It has been suggested that these are associated with the Cmax 

of everolimus. Bi-daily (BID) dosing might be an alternative strategy with improved tolerability. 

However, a direct pharmacokinetic comparison of 10 mg QD with 5 mg BID dosing is lacking.

Methods:We performed a prospective randomized pharmacokinetic crossover trial comparing 

everolimus 10 mg QD with 5 mg BID. Patients received the first dose schedule for two weeks and 

then switched to the alternative regimen for two weeks. Pharmacokinetic sampling was performed 

on days 14 and 28. 

Results:Eleven patients were included. Of these, 10 patients were evaluable for pharmacokinetic 

analysis. On the 10 mg QD schedule Cmax, Cmin and AUC0-24h were (mean (CV%)) 61.5 (29.6) ng/mL, 

9.6 (35.0) ng/mL, 435 (28.1) ng*h/mL. Switching to the 5 mg BID schedule resulted in a reduction of 

Cmax to 40.3 (46.6) ng/mL (p=0.013), whilst maintaining AUC0-24h at 436 (34.8) ng*h/mL (p=0.952). Cmin 

increased to 13.7 (53.9) ng/mL (p=0.018).  Overall the reduction in Cmax was 21.2 ng/mL or 32.7%. The 

Cmax/Cmin ratio was reduced from 6.44 (36.2) to 3.18 (35.5), p<0.001. 

Conclusions: We demonstrate that switching from a QD to a BID everolimus dose schedule reduces 

Cmax without negatively impacting Cmin or AUC0-24h. These results merit further investigation of the BID 

schedule in an effort to reduce everolimus toxicity whilst maintaining treatment efficacy.
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Background

Everolimus is an mammalian target of rapamycin (mTOR)-inhibitor approved for the treatment 

of renal cell carcinoma [1], neuroendocrine tumors [2] and hormone receptor positive, human 

epidermal growth factor receptor 2 (HER2) negative, breast cancer [3]. 

Inhibition of mTOR has been shown to enhance the eff ectiveness of hormonal based therapies 

for breast cancer patients who have become resistant to endocrine therapy [4].

The BOLERO-2 trial showed that addition of everolimus to exemestane increased progression 

free survival in patients with hormone positive, HER2-negative advanced breast cancer compared 

to placebo.[3] This improvement from 4.1 to 11.1 months resulted in a hazard ratio of 0.38 (95% 

confi dence interval 0.31-0.48), p <0.0001 in the fi nal analysis [5]. 

Nonetheless, the 10 mg once daily (QD) dose in combination with 25 mg QD exemestane resulted in 

signifi cant adverse events (AEs) (any grade): 56% of patients developed stomatitis, 36% developed 

rash, 33% fatigue and 30% diarrhea. These events were severe (grade 3) in 8, 1, 3 and 2% respectively 

and a considerable 19% of patients discontinued treatment due to toxicity.  

Moreover, a meta-analysis of over 900 patients included in various everolimus phase II trials by 

Ravaud et al estimated the overall incidence of stomatitis at 57% (any grade) and the incidence of 

severe (grade 3-4) stomatitis at 6% [6]. 

Adverse eff ects and in particular stomatitis have been shown to be related with pharmacokinetic 

exposure to everolimus [6,7]. Specifi cally, these adverse events may be associated with high 

maximum plasma concentrations (Cmax) [8]. Thus reducing Cmax, while maintaining effi  cacious trough 

concentrations (Cmin), could be an eff ective method to optimize the treatment of everolimus by 

reducing toxicity yet retaining effi  cacy. 

Generally, the various pharmacokinetic parameters Cmin, Cmax and area under the whole blood 

concentration-time curve (AUC) will be strongly interrelated (i.e. a higher dose will increase all 3 and 

conversely a dose reduction will reduce all 3). However, in contrast to lowering the QD dose (the 

current strategy to reduce toxicity in clinical practice) switching to a BID schedule could specifi cally 

reduce Cmax without negatively impacting Cmin  or AUC and thereby theoretically reduce toxicity 

whilst not reducing effi  cacy.

A strategy to reduce the Cmax/Cmin ratio could be the use of an extended or sustained release 

formulation [8] or splitting the intake moments from QD to twice daily (BID). 

We hypothesized, that given the pharmacological properties of everolimus, the latter approach 

could reduce the Cmax, whilst maintaining the Cmin and total exposure, measured as AUC at similar 

levels. This could lead to reducing the Cmax/Cmin ratio without the need to develop a new sustained 

release formulation and thereby preventing a costly patent extension. 

To test this hypothesis, we performed a randomized pharmacokinetic crossover trial of 10 mg QD of 

everolimus versus 5 mg BID in cancer patients.
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Methods

Study design

We performed a prospective, multicenter, randomized, crossover trial. An overview of the trial design 

is given in fi gure 1. Patients were randomized to start either with a 10 mg QD or 5 mg BID dose. Each 

patient was be treated for at least 2 weeks with each dose schedule. Patients were instructed to take 

everolimus daily at the same time with a low-fat meal. Patients requiring a dose reduction due to  

toxicity were considered non-evaluable for the pharmacokinetic endpoint and were replaced.

Figure 1: Trial design. Patients were randomized according to start either with a 2 week period of a 5 mg BID 
everolimus dose or a 10 mg QD everolimus dose. Pharmacokinetic sampling was performed after each 2 week 
period (day 14 and 28). 

Patient population

Patients with histopathologically confi rmed advanced cancer for whom everolimus was considered 

standard of care were eligible for inclusion. Further inclusion criteria were: age > 18 years, minimal 

acceptable safety laboratory values, defi ned as: absolute neutrophil count ≥1.5•109/L, platelet 

count of >100•109/L, billirubin <1.5 times upper limit of normal (ULN), aspartate aminotransferase 

(AST) and alanine aminotransferase (ALT) <2.5 times ULN, creatinine <1.5 times ULN, or creatinine 

clearance >50 ml/min.

Exclusion criteria were the use of any concomitant medication (including over the counter and 

herbal medication) which would induce or inhibit the function of CYP3A4.
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Pharmacokinetics

At the end of each two week period (day 14 and day 28) blood samples were collected for 

pharmacokinetic analysis. In the 10 mg QD schedule, samples (3 mL) were collected at 0, 0.5, 1, 2, 3, 

4, 5, 6, 12 and 24 hours after drug administration. In the 5 mg BID schedule, sampling times were 0, 

0.5, 1, 2, 3, 4, 5, 6, 12, 12.5, 13, 14, 15, 16 and 24 hours after ingestion of the last dose. On the days of 

pharmacokinetic sampling everolimus was taken concomitantly with a low-fat meal. Whole blood 

everolimus concentrations were measured using a validated liquid chromatography tandem mass 

spectrometry (LC-MS/MS) method. 

Bioanalysis

A 200 µL aliquot of whole blood was transferred to an Eppendorf tube. A volume of 40 µL of 75 ng/

mL internal standard (13C,2H3-Everolimus) in methanol and 1.0 mL of tert-buthyl methyl ether was 

added. Samples were vortexed and shaken for 5 minutes at 1500 rpm, before being centrifuged at 

23,100 G for 5 minutes. Liquid-liquid extraction was then followed by snap freezing the samples and 

transferring the organic phase to a new Eppendorf tube. The organic phase was then evaporated 

under a gentle stream of nitrogen. The residue was reconstituted in water with 20 nM ammonium 

formate and methanol (1:1, v/v) of which 5 µL was injected in the LC-MS/MS system (HPLC 1100 series 

(Agilent) and API3000 mass spectrometer (Sciex)). Chromatographic separation was performed 

on a Sunfi re C18 column (Waters) using a 20 nM ammonium formate in water and a gradient of 

50 to 100% methanol. The bioanalytical assay was validated in accordance with Food and Drug 

Administration guidelines for bioanalytical method validation. The analytical range was 1 to 100 ng/

mL. Inter-run and intra-run precision were ≤8.5% and overall and intra-run bias within ±11%. Carry-

over was ≤5.3% of the lower limit of quantitation (1 ng/mL) and matrix eff ect (quantifi ed as the CV 

of the internal standard normalized matrix factor) was ≤1.7%.

Study endpoint

The primary end-point of this trial was to describe and compare the pharmacokinetics of everolimus 

in whole blood after a 10 mg QD and a 5 mg BID dose. Parameters of particular interest were Cmax, 

Cmin, AUC0-24h. The safety of both dose schedules was included as an exploratory endpoint. 

Safety assessments

Recording of AEs, physical examination, hematology and blood chemistry assessments were 

performed every two weeks. The incidence, severity, start and end dates of all serious AEs (SAEs) 

and of non-serious AEs were recorded. AEs were graded according to the Common Terminology 

Criteria for Adverse Events (CTCAE v4.02).

Statistics

All statistical analyses were performed in R version 3.3.2[9]. Pharmacokinetic parameters were 

calculated using non-compartmental analysis. Cmax was defi ned as the higher of the two observed 
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peaks for the BID schedule. Cmin was defined as the average of t= 0 and 24 hours and t= 0, 12 and 24 

hours, for the QD and BID schedule respectively. Two-sided, paired t-tests were used to assess the 

difference between calculated pharmacokinetic parameters of the two dose schedules.

Given the descriptive nature of the pharmacokinetic end point in this pilot study it was unfeasible to 

perform a meaningful formal power analysis. Hence no calculation for the exact number of patients 

is given. The proposed number of patients is therefore based on comparable pharmacokinetic pilot 

studies and a conservative estimate of number of eligible patients. However, in an exploratory 

analysis it was calculated that with a sample size of 5 evaluable subjects in each sequence group (a 

total sample size of 10 subjects), a 2 x 2 crossover design will have 80% power to detect a difference 

in mean Cmax of 17.5 ng/mL (the difference between a mean, µ1, of 61 ng/mL for one treatment and a 

mean, µ2, of 43.5 ng/mL for the other treatment) assuming that the √mean standard error is 12.021 

(the Standard deviation of differences, σd, is 17[10] using a two group t-test with a 0.050 two-sided 

significance level. The sample size calculation was performed using the nQuery Advisor software 

package version 7.0. 

Figure 2: Whole blood concentration-time curves (mean + SD) of the 10 mg QD (left) and 5 mg BID (right) dose 
schedules (n=10).

Study conduct and registry

This trial was conducted in accordance with the World Medical Organization declaration of Helsinki, 

compliant with Good Clinical Practice and approved by the Medical Ethics Committee of the each 

participating medical center (The Netherlands Cancer Institute and Erasmus MC Cancer Institute). 

All patients provided written informed consent before enrollment. This trial was registered in the 

EudraCT database (2014-004833-25) and the Netherlands Trial Registry (NTR4908).
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Results

Patient population

In total 11 patients signed written informed consent. Of these patients 4 had breast cancer, 4 renal 

cell cancer and 3 had neuro-endocrine tumors. One (breast cancer) patient withdrew consent 

after pharmacokinetic sampling on day 14. The remaining 10 patients were evaluable in both 

dose schedules. None of the patients required a dose reduction. An overview of the characteristics 

of the evaluable patients is provided in table 1. The 4 breast cancer patients used everolimus in 

combination with 25 mg exemestane in accordance with the summary of product characteristics. Of 

all the enrolled patients, 30%  had already received everolimus prior to inclusion in the trial.

Table 1: Baseline characteristics of evaluable patients (n=10).

Characteristic n (%) or 
mean (range)

Sex 
Male
Female

5 (50%)
5 (50%)

Age (years) 56 (43 – 78)

Height (cm) 171 (161 – 192)

Weight (kg) 76 (52 – 92)

WHO performance status 
0
1

4 (40%)
6 (60%)

Tumor type
Breast cancer
Renal cell carcinoma
Neuroendocrine tumor

3 (30%)
4 (40%)
3 (30%)

Previous systemic therapy
Chemotherapy
Targeted therapy
Endocrine therapy

6 (60%)
5 (50%)
4 (40%)

Pharmacokinetics

Absolute and relative change in Cmax for each individual patient are displayed in table 2. The mean 

reduction in Cmax achieved by switching from a QD to a BID dose was 21.2 ng/mL or 32.7%, p=0.013. 

All but one patient showed a reduction in Cmax. For the single patient that did not show a reduction 

in Cmax, only one of the two peak values on the BID schedule (79.4 and 40.2 ng/mL) was above the 

Cmax the QD schedule (56.9 ng/mL). However, the highest of both peaks was used for calculation of 

the change in Cmax.



Chapter 3.2

166

Table 2: Absolute and relative change in Cmax after switching from the 10 mg QD to the 5 mg BID for each 
individual patient in concentration (ng/mL) and percent.

ID Cmax reduction (ng/mL)† Cmax reduction (%)

1 5.5 12.1

2 14.9 48.1

3 35.1 47.5

4 21.1 47.4

5 3.4 5.5

6 -22.5 -39.5

7 30.1 44.1

8 48.4 67.6

9 31.4 47.4

10 44.5 46.6

Mean 21.2 ng/mL 32.7 %
† Cmax is defined as the highest of the two observed peaks for the BID schedule.

An overview of the pharmacokinetic parameters for each of the dose schedules is provided in table 3. 

Changes in AUC0-24h and Tmax were not statistically significant p=0.70 and 0.95, respectively. Box plots 

comparing selected pharmacokinetic parameters of the QD and BID schedule are shown in figure 3. 

Table 3: Selected pharmacokinetic properties of everolimus in the 10 mg QD and 5 mg BID schedules, data are 
represented as mean (CV%).

Pharmacokinetic parameter 10 mg QD 5 mg BID P

Cmax (ng/mL) † 61.5 (29.6) 40.3 (46.6) 0.013

Tmax  (h) 1.4 2.2 0.703

Cmin (ng/mL) ‡ 9.6 (35.0) 13.7 (53.9) 0.018

AUC0-24h (ng*h/mL) 435 (28.1) 436 (34.8) 0.952

Cmax/Cmin ratio 6.44 (36.2) 3.18 (35.5) <0.001

† Cmax is defined as the higher of the two observed peaks for the BID schedule.
‡ Cmin is defined as the average of t= 0 and 24 hours and t= 0, 12 and 24 hours, for the QD and BID schedule respectively
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Figure 3: Box plots of Cmax, Cmin and AUC0-24h for both dose schedules. Cmin is defi ned as the average of t= 0 and 24 
hours and t= 0, 12 and 24 hours, for the QD (orange boxes) and BID schedule (green boxes) respectively. Cmax was 
defi ned as the higher of the two observed peaks for the BID schedule.

Inter-patient variability (CV%) for AUC0-24h, Cmax and Cmin were 28.1%, 29.6% and 36.2, respectively, for 

the 10 mg QD and 35.5%, 46.6% and 53.9%, respectively, for the 5 mg BID dose level.

Intra-patient variability (quantifi ed as an intra-patient CV% on t=0 and t=24 for each schedule) was 

relatively small with a mean intra-patient CV of 11.1% on the BID schedule and 6.8% on the QD 

schedule.

Patients’ hematocrit values (which could impact whole blood pharmacokinetics of everolimus) did 

not show marked changes between the two pharmacokinetic visits. Median fold change was 1.05 

ranging from 0.97 to 1.17. Overall mean hematocrit during the trial was 36.6%. 

Five patients were randomized to each treatment arm. Randomization sequence did not seem it 

impact the outcome of the primary endpoint, as the absolute and relative mean Cmax reductions 

in the QD-BID arm were 19.4 ng/mL and 26.8% compared to 23.0 ng/mL and 38.5% in the BID-QD 

sequence arm.

Adverse events

An overview of all treatment related adverse events is provided in table 4. Only one patient did 

not experience any treatment related adverse events. The most common event was oral stomatitis 

(in all cases limited to grade 1). Only one grade 3 event (ALT elevation) and two grade 2 events 

(neuropathy and increased AST) occurred during the trial period. Due to the low number of events 

in the trial period, no distinct diff erences in toxicity between the two dosing arms or exposure-

safety relationships could be distinguished. 
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Table 4: Toxicity data per dose schedule, graded according to CTCAE v 4.02, only treatment related toxicities 
are shown.

Adverse event
5 mg BID 
Any grade (n) Grade ≥3 (n)

10 mg QD
Any grade (n) Grade ≥3 (n)

Stomatitis 2 0 2 0

AST increase 1 0 0 0

ALT increase 0 1 0 0

Neuropathy 1 0 0 0

Fatigue 1 0 0 0

Nausea 1 0 0 0

Constipation 0 0 1 0

Dry skin 2 0 0 0

Dry mouth 1 0 0 0

Pruritus 0 0 1 0

Discussion
The hypothesis of this study was that switching patients from a 10 mg QD to a 5 mg BID would lead 

to a reduction in Cmax, which is probably responsible for most of the dose-limiting toxicities, whilst 

still maintaining AUC and Cmin, to guarantee similar efficacy. 

We have shown that splitting everolimus intake results in a large reduction in Cmax and a modest, yet 

statistically significant increase in Cmin (table 2, figure 2 and 3). This resulted in an approximately 50% 

reduction in the Cmax/Cmin ratio of 6.44 on the QD schedule to 3.18 on the BID schedule (p<0.001). 

No significant difference in total exposure measured as AUC was detected by splitting the dose into 

a 5 mg BID regimen. This was the intended outcome and in concordance with the pharmacokinetics 

data in the phase 1 study, which showed no dose-dependent change in bioavailability over a dose 

range of 5-70 mg [10]. Subsequently, these results support the view that a switch from 10 mg QD 

to 5 mg BID is feasible, and could improve specific pharmacokinetic parameters, without affecting 

overall exposure. 

Previous studies have shown a large inter-patient variability in everolimus pharmacokinetics [7,10–

12]. Our trial confirms the high inter-patient variability with CVs ranging from 28.1% to 53.9%. (table 

2). CVs were numerically higher in the BID arm than on the QD arm. Most likely this difference is 

driven by the single outlier patient (see table 4) which had an increased Cmax on the BID schedule. 

As food is known to affect everolimus pharmacokinetics[13], patients were instructed to take 

everolimus with a low-fat meal during the study period. To further reduce a possible effect of this 

and other environmental factors on everolimus pharmacokinetic variability we used a crossover 

design for the current study. Using this design only intra-patient pharmacokinetic variability could 

possibly influence the outcome.
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As shown in fi gure 2, the Cmax achieved on the BID schedule in the evening seemed lower compared 

to the Cmax in the morning. This is most likely due to the larger meal size in the evening, as food is 

known to reduce everolimus absorption.[13]

Everolimus was well tolerated in the current study in both dose regimens. However, some patients 

had already received everolimus before enrollment. This limits the comparison of toxicity between 

the two dose regimens, as most everolimus associated AEs occur soon after initiation of therapy 

[14]. Moreover, in the current trial patients were only treated on each dose schedule for a short 

duration of merely two weeks.  

Everolimus Cmin has been linked to treatment effi  cacy in several studies. An analysis of 44 renal cell 

carcinoma patients proposed a threshold for effi  cacy of 14.1 ng/mL [15]. Although not statistically 

signifi cant, a diff erence in progression free survival of 13.3 versus 3.9 months was seen. In pediatric 

oncology, everolimus is dosed based on whole blood concentrations and a Cmin window of 5 – 15 

ng/mL is used as the pharmacokinetic target [16]. In pancreatic neuro-endocrine tumors median 

progression free survival was 22.7 months in patients with a Cmin of 10 - 30 ng/mL compared to only 

13.8 months in patients with a Cmin < 10 ng/mL [6]. In a meta-analysis of published phase II trials in 

various tumor types, a two-fold increase in Cmin increased the probability of tumor size reduction by 

40% and reduced the risk of progression free survival events by 10% [6]. 

These fi ndings underscore the need to maintain Cmin levels. Fortunately, the current strategy of 5 mg 

BID dosing even increased Cmin compared to the once daily dosing, potentially leading to a better 

progression free survival. However, a prospective clinical trial is needed to conclusively demonstrate 

a reduction in toxicity and improved effi  cacy for the BID everolimus administration schedule.

A drawback of switching to a BID dose schedule might be that it could reduce treatment compliance. 

However, the eff ect of QD dosing on adherence has been shown to be modest in other therapeutic areas 

(e.g. only a 2.9% increase in adherence was seen in a meta-analysis of antiretroviral drugs)[17]. Moreover, 

it also could be argued that a reduction in toxicity could help maintain treatment adherence and even 

prevent dose reductions or treatment discontinuation, which are common in everolimus treatment [3,7]. 

Limitations of the current study include its limited size and duration and the fact that patients could 

already have received everolimus before enrollment. Although the endpoint of reduced Cmax/Cmin 

ratio has been achieved, the relationship between this ratio and toxicity cannot be assessed based 

on these data.

An alternative strategy to manage toxicity could be to individualize the everolimus dose based 

on measured Cmin levels, also known as therapeutic drug monitoring. Given the high inter-

patient variability in exposure [10] and the established exposure-effi  cacy and exposure-toxicity 

relationships, this would be a rational approach. Moreover, this has already been implemented in 



Chapter 3.2

170

everolimus therapy in transplantation medicine [18] and pediatric oncology [16]. BID dosing could 

be combined with therapeutic drug monitoring to further manage the pharmacokinetic exposure in 

everolimus treatment and interestingly, in transplantation medicine everolimus is already routinely 

administered in a BID schedule, albeit at a lower total dose [18].

Conclusion

In summary, this randomized pharmacokinetic crossover study in cancer patients indicates that 

switching from 10 mg QD to a 5 mg BID dose schedule significantly reduces everolimus Cmax without 

negatively impacting Cmin or AUC0-24h. These results merit further investigation of the BID everolimus 

schedule in oncology in an effort to reduce everolimus toxicity whilst maintaining treatment efficacy.
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Abstract

We studied EGFR mutations in circulating tumor DNA (ctDNA) and explored their role in predicting 

progression free survival (PFS) of non-small cell lung cancer (NSCLC). NSCLC patients treated with 

erlotinib or gefitinib were included. The L858R, T790M mutations and exon 19 deletions were 

quantified in plasma using digital droplet polymerase chain reaction (ddPCR). The dynamics of 

ctDNA mutations over time and relationships with PFS were explored. In total 249 plasma samples 

(1-13 per patient) were available from 68 NSCLC patients. The T790M and L858R or exon 19 deletion 

were found in the ctDNA of 49% and 56% patients, respectively.  The median [range] concentration 

in these samples were 7.3 [5.1 - 3688.7],  11.7 [5.1 – 12393.3] and 27.9 [5.9 – 2896.7] copies/mL, 

respectively. Using local polynomial regression, the number of copies of EGFR mutations per mL 

increased several months prior to progression on standard response evaluation. This change 

was more pronounced for the driver mutations than for the resistance mutations. In conclusion, 

quantification of EGFR mutations in plasma ctDNA was predictive of treatment outcomes in NSCLC 

patients. In particular, an increase in driver mutation copy number may predict disease progression.
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Introduction

Non-small cell lung cancer (NSCLC) is the single most common histological subtype of lung cancer. 

Approximately 5-20% of patients present with an activating mutation in the epidermal growth factor 

receptor (EGFR) gene.1,2 The most abundant activating (or driver) mutations are the L858R point 

mutation on exon 21 and deletions on exon 19 of the EGFR gene.3–5 Once such an EGFR mutation is 

found in the tumor, fi rst-line therapy consists of a tyrosine kinase inhibitor (TKI) specifi cally targeting 

these EGFR mutations.6 Erlotinib and gefi tinib are TKIs that are commonly used for this purpose in 

the treatment of NSCLC. Despite the fact that patients often show impressive initial responses to 

treatments with these TKIs, resulting in signifi cant improvements in progression free and overall 

survival, the tumor will inevitably develop resistance and relapse.7–9 

The occurrence of the T790M mutation has been identifi ed as a crucial resistance mutation, which 

has been shown to account for a large proportion of the acquired resistance to EGFR inhibitors.10–12

Although standard tumor genotyping is still being performed by taking a needle or surgical 

biopsy from a tumor lesion, the possibilities for ‘liquid’ biopsies, i.e. tumor genotyping through 

analyzing tumor cells or DNA fragments in the systemic circulation, are expanding rapidly.13,14 

These technologies could be used as a more patient friendly alternative to determine the EGFR 

genotype of tumors, forgoing the need for traditional invasive biopsies. Furthermore, the less 

invasive nature of these types of techniques allows for repeated measurements over time to study 

quantitative changes before, during and after treatment with anti-cancer drugs. An example of 

this liquid biopsy technology is using digital droplet polymerase chain reaction (ddPCR) to detect 

mutations in circulating tumor DNA (ctDNA) in blood or plasma of patients with cancer.15,16 Using 

ddPCR, quantitative monitoring of selected genes such as the EGFR gene during treatment, could 

for instance predict which patients are likely to respond to treatment with targeted EGFR inhibitors. 

Additionally, patients that may benefi t from switching to another therapy can be selected, as 

specifi c inhibitors of the most common T790M EGFR resistance mutation have become available.17 

Even though it is apparent that techniques like these will impact and improve the manner in which 

patients with EGFR inhibitors are treated, the precise ways in which ctDNA monitoring could guide 

treatment remains unclear. 

The aim of this study was to measure the most important EGFR driver and resistance mutations in 

ctDNA in a cohort of NSCLC patients treated with the EGFR inhibitors erlotinib and gefi tinib. The 

ultimate goal was to analyze the quantitative dynamics of these mutations over time and explore 

the roles of EGFR driver and resistance mutations in predicting disease progression.
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Subjects and Methods

Patient population

An observational study was performed in the outpatient clinic of the Netherlands Cancer Institute, 

Amsterdam, The Netherlands. All patients with NSCLC who received erlotinib or gefitinib as first-

line anti-EGFR therapy for whom at least one plasma sample was available were included. Clinical 

visits and response evaluations were scheduled in accordance with standard treatment guidelines. 

Clinical characteristics including demographic data, medical history, tumor characteristics (stage, 

EGFR mutational status), erlotinib and/or gefitinib dose and administration schedule, plasma 

sampling date, treatment duration, reason for discontinuation and progression free survival (PFS) 

were collected retrospectively from medical records. For this retrospective observational study no 

informed consent was required in accordance with code of conduct for responsible use of human 

tissue and medical research.18 

Sample collection

Surplus plasma was collected from samples obtained during treatment with an EGFR-inhibitor as 

part of routine care. These plasma samples had been collected into EDTA tubes and stored at (at 

least) -20 °C until DNA isolation. 

Circulating DNA analysis

For mutation analysis, cell-free DNA was extracted from plasma samples (circa 1 mL) in elution 

buffer using QIAsymphony circulating DNA Nucleic Acid Kits (Qiagen). Quantification of the a priori 

selected EGFR mutants (T790M, L858R and exon 19 deletions) in purified DNA was performed 

using ddPCR assays. To detect EGFR target alleles, TaqMan hydrolysis mutant (T790M or L858R) and 

wildtype probes labelled with FAM/HEX were used (Bio-Rad). Variants of in-frame exon 19 deletions 

were detected using a FAM/HEX drop-off assay (PrimeTime, Integrated DNA Technologies). This 

assay enabled detection and quantification of  (amongst others) the following frame deletions and 

indels: c.2235_2249del15, c.2236_2250del15, c.2239_2256del18, c.2239-2251del13 ins C, c.2240-

2254del15 and c.2240-2257del18.19

Samples were partitioned into circa 20.000 water in oil droplets using a Droplet Generator (Bio-Rad). 

The target gene was amplified in each droplet with PCR thermocycling using a C1000 Touch Thermal 

Cycler. The cycles temperatures used were, 95 ºC for polymerase activation and denaturation, 55 ºC 

for annealing, 98 ºC for incubation and 12 ºC for the final hold. FAM/HEX fluorescence intensity 

was measured for every droplet with a QX100 Droplet Reader (Bio-Rad). In a two-dimensional 

fluorescence intensity histogram, thresholds were set manually (lasso tool) according to amplitude 

guidelines within our lab. ddPCR results were evaluated based on the quantity of positive droplets 

for mutation and wildtype, double positive droplets and total accepted droplets in the assay. The 

read-out was converted to allele concentration using the initial plasma sample volume from which 
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the ctDNA was extracted. Absolute quantifi cation of the mutation was presented as copies of 

mutant allele per mL plasma.

Table 1: Characteristics of included patients, n=68.

Patients, n (%), [range]

Age (median in years) 62 [37-83]

Gender 

female 50 (74%)

male 18 (26%)

Stage at start treatment

IIIA 5   (7%)

IIIB 8   (12%)

IV 55 (81%)

EGFR driver mutation‡

exon 19 del 37 (54%)

L858R 22 (32%)

other/uncommon * 4   (6%)

unknown 5   (7%)

Treatment

erlotinib 38 (56%)

gefi tinib 24 (35%)

erlotinib & gefi tinib† 6   (9%)

Previous lines of therapy

            none 48 (71%) 

            chemotherapy 15 (22%) 

            other/unknown  5  (7%) 

‡ These were the EGFR activating mutations based on solid biopsies taken as part of routine patient care. 
*G719A (c.2156G>C); L747P (2239_2240 TT>CC); A840T (c.2518G>A); L861Q (c.2582T>A)
† These patients switched from erlotinib to gefi tinib or vice versa due to toxicity.

Data Analysis & Statistics

The distribution of the concentrations (mutant copies/mL plasma) in ctDNA were studied for each 

of the studied EGFR mutations. The dynamics of these ctDNA mutations over time were examined 

by plotting the ctDNA concentrations versus the normalized time to progression of disease 

(as measured by routine CT scans). Trends over time would be identifi ed using locally weighted 

polynomial regression or LOESS regression fi ts in resulting scatter plots. 

Exploratory survival analyses were conducted to investigate the relationship between EGFR copy 

numbers in ctDNA and PFS. Specifi cally, the relationship between the occurrence of the T790M 

mutation at any time during treatment were studied. Also, comparisons were made between 
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patients whose EGFR driver mutations reached concentrations below the limit of detection versus 

patients whose mutations were above this limit in all available samples. All statistical analyses were 

performed in R 3.2.2.20

Results

Patient Population

From September 2012 to March 2016, 68 patients with NSCLC were enrolled. Descriptive 

characteristics of the included patients are shown in table 1. Based on solid biopsies at diagnosis, 37 

patients (54%) carried a deletion in exon 19, 22 patients (32%) harbored an EGFR L858R mutation 

and for 9 patients (13%) the original driver EGFR mutation was uncommon or unknown. In our 

cohort, median PFS on anti-EGFR therapy was 14.1 [range 1.2 – 93.7] months and at time of analysis 

10 patients had ongoing response on erlotinib or gefitinib.

Figure 1: Non-zero EGFR mutant concentrations (in copies/mL plasma) plotted on a log scale for a cohort of 
non-small cell lung cancer patients treated with EGFR inhibitors. The T790M and  L858R or exon 19 deletion were 
found in the ctDNA of 49% and 56% patients, respectively. The median [range] concentrations were 7.3 [5.1 - 
3688.7], 11.7 [5.1 – 12393.3] and 27.9 [5.9 – 2896.7] for the T790M, exon 19 del and L858R mutation respectively.
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EGFR mutations in ctDNA

Of the 68 evaluable patients, a total of 249 plasma samples were collected during treatment and 

samples were distributed among the patients with a mean of 3.7 [range 1 -13] samples per patient. 

For 33 patients (49%) the EGFR T790M mutant was detected in at least one plasma sample collected 

during fi rst TKI treatment (Table 2). The median concentration of EGFR T790M mutant positive 

samples was 7.3 [range 5.1 - 3688.7] copies per mL plasma (fi gure 1). 

In total, 59 patients had the L858R or exon 19 del activating mutations detected in solid biopsies 

(table 1). For 54 of these, additional plasma was available for quantitative mutation analysis of 

the original EGFR driver mutation. In 30 patients of these 54 patients (56%) the L858R or exon 19 

deletion mutant was detectable in at least one plasma sample.

The median concentration of the mutant allele was 11.7 [range 5.1 – 12393.3] and 27.9 [range 5.9 

– 2896.7] copies per mL plasma, for the exon 19 deletion and L858R mutant, respectively (fi gure 1). 

In 42 of the 54 patients (78%) the concentration of the EGFR activating mutation was or eventually 

dropped under the limit of detection in ctDNA during treatment.

Figure 2: Semi-log scatter plot of the concentration (in copies/mL plasma) of the EGFR T790M mutation, over 

time before disease progression (in days). Each dot represents a single sample from a patient. The line indicates 

the locally weighted polynomial regression or LOESS regression plus 95% confi dence interval (shaded area). 

Approximately 125 days before clinical progression, an increase in the mutant concentration is observable, 

suggesting the possibility of early prediction of treatment failure using T790M concentrations.  
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Dynamics of EGFR mutations in ctDNA over time

To explore the association between occurrence of EGFR mutations in plasma and treatment 

response, data of all patients was combined and normalized at the date of progression on CT scan 

(t = 0). Separate plots were made for the EGFR resistance (figure 2) and activating mutations (figure 

3).  After application of local regression to the data, a modest yet distinct increase in T790M mutant 

concentrations was noticed approximately 80-120 days before progression of disease observed on 

CT scan (figure 2). Remarkably, two patients with very high T790M mutation concentrations showed 

rapid relapse of the tumor. As shown in figure 2. 

The same plot is shown for the L858R or exon19 deletion in figure 3. Here a clear rise in EGFR copy 

numbers is seen approximately 5 months before progression using standard response evaluation. 

Survival Analyses

Survival analyses using the EGFR driver mutations did not result in a significant relationship with PFS. 

In total 42 patients reached concentrations below the limit of detection during treatment, whilst 12 

did not. Median PFS was 14.0 months in the former versus 11.8 months in the latter group (p=0.134). 

Detection of the T790M mutation at any time during treatment was also unable to predict PFS in 

Kaplan-Meier analysis (median 14.0 months, n=35 versus 14.2 months n=33, p=0.648). 

Discussion

We show the feasibility of ddPCR quantification of EGFR driver and resistance mutations in ctDNA of 

NSCLC patients treated with erlotinib and/or gefitinib. In contrast to what may have been expected, 

the occurrence of detectable (at any concentration above the limit of detection) T790M levels in 

plasma did not seem to predict imminent treatment failure (figure 2). In Kaplan-Meier analysis, 

measurement of T790M (without specifying the sampling time point) also did not predict shorter 

PFS. The presence of a T790M resistant sub clone in the tumor apparently does not translate 

into immediate progression of tumor growth as measured by standard imaging techniques. This 

observations is supported by previous preclinical studies into the growth dynamics of T790M 

mutated tumor cells which, though resistant to therapy, exhibited remarkably slow growth rates.21 

However, very high concentrations (>100 copies/mL) of T790M in plasma did seem to result in rapid 

relapse of the tumor, as illustrated by two cases in our cohort (figure 2). 
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Figure 3: Semi-log scatter plot of the concentration (in copies/mL plasma) of the EGFR driver mutations, L858R 
and exon 19 del over time before disease progression (in days). Each dot represents a single sample from a patient. 
The line indicates the locally weighted polynomial regression or LOESS regression plus 95% confi dence interval 
(shaded area). Approximately 150 days before clinical progression, an increase in the mutant concentration is 
observable, suggesting the possibility of early prediction of treatment failure.  

Changes in concentrations of the EGFR mutations in ctDNA over time seemed to be able to predict 

clinical progression several months before progression of disease was determined using standard 

CT scans (fi gure 2 & 3). This eff ect seemed particularly pronounced for the L858R mutation and exon 

19 deletions (fi gure 3). This observation indicates that quantitative monitoring of EGFR activating 

mutations could serve as an early predictor of disease progression and could possibly serve a role 

similar to that prostate specifi c antigen in prostate cancer. However, future prospective studies are 

needed to confi rm this hypothesis. 

These early signals of progressive disease could enable an early switch to second line treatment, in 

particular to an EGFR inhibitor that also targets the T790M mutations such as osimertinib.17 If such 

an early change in treatment translates into increased patient survival is still unknown. This eff ect 

is studied in the currently ongoing APPLE trial. In this trial, patients are randomized to start directly 

on osimertinib, an EGFR inhibitor specifi cally targeting the T790M mutation (arm A), or to gefi tinib 

until the T790M mutation is detected in ctDNA (arm B) or to gefi tinib until progressive disease on CT 

is observed (arm C).22 Trials like these will increasingly be needed to study the eff ects of treatment 

changes based on ctDNA measurements on patient outcomes.
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Although our study focused on quantification of the most important EGFR activating and resistance 

mutations, future studies could also take non-classical EGFR activating mutations or mutations in 

non-EGFR genes such as KRAS into account. As these mutations have previously been linked to 

outcomes in NSCLC patients treated with EGFR inhibitors.4,23

Future efforts could also focus on using more advanced mathematical methods to explore the 

quantitative nature of ctDNA dynamics and treatment outcomes. Non-linear mixed effect modelling, 

which is at the moment mainly employed for pharmacokinetic and pharmacodynamic data, could 

be an attractive strategy to this end.24 

Conclusion

We show that ddPCR quantification of EGFR activating and resistance mutations in plasma ctDNA 

could be a relevant predictor of treatment outcomes in NSCLC patients. In particular, an increase in 

the copies/mL of the EGFR driver mutation over time may predict clinical progression, suggesting 

ctDNA monitoring could be used as an early read out of treatment failure. ctDNA monitoring of EGFR 

activating mutations could therefore possibly serve a role similar to that prostate specific antigen in 

prostate cancer. However, future prospective studies are needed to confirm this hypothesis. 
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Abstract

Background: Low imatinib trough levels (Cmin) have been associated with decreased clinical 

outcome in Gastrointestinal stromal tumor (GIST) patients. This study describes pharmacokinetics 

of imatinib in a large cohort of GIST patients in routine care. 

Methods: An observational study was performed in imatinib treated GIST patients. Patient and 

tumor characteristics were derived from the Dutch GIST registry and medical records. Imatinib 

levels were measured by LC-MS/MS. Analyses included occurrence of low imatinib Cmin (<1000 ug/L), 

change in Cmin over time and correlation between exposure and response.

Results: In total, 421 plasma samples were available from 108 GIST patients. Most patients (79.6%) 

received imatinib dose of 400 mg. Inter- and intrapatient variability of Cmin were 54% and 23%, 

respectively. 44.4% of patients presented with Cmin <1000 µg/L in the first steady state sample, 32.4% 

of patients was <1000 µg/L in over 75% of the samples. Only 33.3% of patients had Cmin levels ≥1000 

µg/L in all measured samples. No decrease of Cmin over time was found (p>0.05). 57 of 62 (91.9%) 

palliative treated patients had a tumor response (median Cmin 1271 µg/L). 5 (8.1%) palliative patients 

did not respond (median Cmin 920 µg/L).  Given the limited number of non-responders in this cohort, 

no statistically significant association with clinical benefit could be demonstrated.

Conclusions: In routine clinical care one third of GIST patients is systematically underexposed with 

the fixed dose of imatinib. Prospective clinical studies are needed to investigate the value of Cmin 

guided imatinib dosing in GIST patients.
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Introduction

Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal malignancies arising 

from the gastrointestinal tract. Activating mutations in KIT or platelet derived growth factor 

receptor (PDGFR), resulting in activation of the tyrosine kinase signaling pathway, are considered to 

be the main molecular drivers in GIST. Imatinib is a tyrosine kinase inhibitor (TKI) that targets protein 

kinases such as Bcr-Abl, KIT and PDGFR- A and B[1]. Since the introduction of imatinib survival has 

spectacularly improved in advanced GIST patients and improved recurrence free survival in the 

adjuvant setting. The recommended dose of imatinib is 400 mg based on previous phase III studies 

[2,3]. However, large variability is observed in imatinib plasma concentrations during treatment 

[4,5]. This variability may be caused by a range of factors. Imatinib is metabolized by CYP3A4 and 

CYP3A5 and is also a substrate for drug transporters such as PgP and BCRP (ABCB1 and ABCG2), 

exposure might therefore be infl uenced by genetic polymorphisms and co-administered drugs 

[6,7]. In addition, patients undergoing a major gastrectomy have been shown to have signifi cantly 

lower Cmin than other patients [8] and one study reported a signifi cant decrease of imatinib exposure 

over time [9].

Several trials have found a correlation between higher imatinib plasma concentrations and better 

response to treatment in GIST [4,10–12] and CML[13–15]. Given the increasing evidence that 

exposure is relevant to clinical outcome and the large variability in pharmacokinetics, which may be 

even larger in routine care than in clinical trials, measuring imatinib plasma concentrations may be 

useful to guide treatment of this drug. Over the last 3 years plasma samples were drawn from GIST 

patients at routine outpatient visits at our institute. This study describes the pharmacokinetics and 

occurrence of underexposure of imatinib in a large observational cohort of GIST patients with over 

400 levels measured in more than 100 patients during routine outpatient care. 

Methods

Patients

All GIST patients treated with imatinib in the outpatient clinic of the Netherlands Cancer Institute 

(NKI) were retrospectively identifi ed and included. Identifi cation was done through search in the 

database of the Dutch GIST Registry, containing all patients diagnosed with GIST from 2009 to 

2014 treated in fi ve GIST centers in the Netherlands. Only patients treated in the NKI were included. 

Patients who were diagnosed before 2009 and had one or more imatinib plasma concentration 

measured, were separately identifi ed and their data were manually added.

Variables

Patient characteristics (gender and ethnicity) and tumor characteristics (location, size, mitotic index 

and mutation status) were extracted from the Dutch GIST registry.  The mutation analysis protocol 



Chapter 4.2

192

included analysis of KIT (exons 9, 11, 13 and 17) and PDGFRA (exons 12, 14 and 18) by Sanger 

Sequencing. Sequencing was performed on a capillary sequencer (ABI 3730 DNA Analyzer, Life 

Technologies, USA), mutation analysis was performed using specific software (MutationSurveyer, 

Softgenetics, USA). 

Also treatment objective (palliative or (neo-)adjuvant), imatinib dose, dose schedule and adverse 

events were included in the analysis. Past surgeries for GIST and surgery results were entered and 

so were concomitant medication and medical history. For patients diagnosed before 2009, patients’ 

files were used for extracting abovementioned variables. Response evaluations were derived from 

regularly performed computed tomography scans (CT-scans) and were performed according 

to RECIST 1.1. Best overall response was defined as the best response recorded from the start of 

imatinib treatment until disease progression/recurrence. Patients were classified as responders 

if best response was found to be complete response (CR) or partial response (PR). Patients were 

classified as non-responders if stable disease (SD) or progressive disease (PD) was best response. 

Pharmacokinetics

Blood samples were drawn at regularly scheduled visits to the outpatient clinic. Time of last 

intake of imatinib dose and the time of blood sampling were recorded. Plasma imatinib plasma 

concentrations were determined using a validated LC-MS/MS assay[16]. An estimate of the imatinib 

Cmin was calculated based on the measured concentration and interval between last ingested dose 

and sample time using the algorithm developed by Wang et al [17]. Adequate imatinib plasma 

concentrations were defined as imatinib ≥1000 µg/L as described in previous studies [13,15,18]. For 

the analysis the first steady state imatinib Cmin level was used. A representative Cmin level was defined 

as the first representative sample at least 2 weeks after start of imatinib treatment. 

Statistical Analysis 

Statistical analyses were executed using IBM SPSS Statistics 20 and R 3.2.2 [19]. Univariate and 

multivariate Cox regression, using relevant characteristics such as KIT mutational status, imatinib 

dose,  were used for assessing the correlation between imatinib exposure and time on imatinib 

and time to progression. Also, exploratory analyses using non-linear mixed effects modeling were 

conducted to evaluate changes in imatinib Cmin over time. Interpatient and intra-patient variability 

was calculated using the coefficient of variation. An association between imatinib Cmin trough 

levels and clinical and demographic variables, such as age, gender, tumor site, surgery and tumor 

characteristics, was assessed using the independent Mann-Whitney U tests. All tests were two-sided 

and a p-value of <0.05 was considered significant. 
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Results

Between January 2009 and May 2014, 111 patients who received imatinib therapy were identifi ed 

from the Dutch GIST registry database. Not all patients had known trough imatinib plasma 

concentrations. From August 2012 to December 2014, 582 imatinib plasma concentrations of 123 

GIST patients were measured. An additional 33 patients who started imatinib treatment before 2009 

and have had imatinib drug level measured were identifi ed in the outpatient clinic.  All samples 

below the lower limit of quantifi cation were excluded in case this was due to a planned end of 

treatment or interruption due to adverse events. Also, samples with missing time of last dose or 

sampling and samples drawn within two weeks after start of imatinib treatment were excluded. 

This resulted in representative 421 imatinib plasma concentrations of 108 patients included in the 

analysis. Median sample frequency per patient was 3 (range: 1-11).

Patient and tumor characteristics are described in table 1. More than half of the cohort consisted of 

men (n=60, 56.5%) and median age was 60 (range: 28-87) (table 1). 

Table 1: Patient characteristics

Characteristic Patients
(n=108)

Gender (m) 60 (55.6%)

Age (median, range) 60 (28-87)

Tumor status 
Localized
Metastasized

59 (54.6%)
49 (45.4%)

Treatment objective
Neo-adjuvant
Adjuvant
Palliative

16 (14.8%)
30 (27.8%)
62 (57.4%)

Location primary tumor 
Stomach
Small bowel
Duodenum
Rectum
Esophagus
Colon
Unknown

46 (42.6%)
44 (40.7%)
2 (1.9%)
7 (6.5%)
2 (1.9%)
1 (0.9%)
6 (5.5%)

Primary tumor size in mm’s (median, range) 100 (19-300)

Mutation status
KIT exon 11
KIT exon 9
KIT exon 13
KIT exon 17
PDGFR exon 14
PDGFR exon 18
Wildtype
Unknown

76 (70.4%)
9 (8.3%)
1 (0.9%)
3 (2.8%)
1 (0.9%)
5 (4.6%)
3 (2.8%)
10 (9.3%)
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An overview of the distribution of the calculated imatinib Cmin of the patients studied in this cohort is 

given in table 2. Median steady state Cmin was 1082 µg/L. A total of 60 patients (55.6%) had adequate 

Cmin levels at steady state. (Figure 1) Overall, 32.4% of patients showed low imatinib Cmin levels in over 

75% of the samples, and 33.3% of patients showed adequate imatinib Cmin levels in all measured 

samples. Imatinib exposure showed high inter- and intrapatient variability with a relative standard 

deviation of 54% and 23%, respectively. No significant change over time was found. Slope was 

estimated at a neglible 0.00004 day-1, with an RSE of 25%, p>0.05 

Median time on imatinib was 27 months (range: 1-161). Within recorded follow up, 12 patients 

treated with palliative intent had stopped imatinib due to progressive disease. No statistically 

significant difference in time to progression (TTP) was found between patients with low steady state 

Cmin levels (n=27) and adequate Cmin levels (n=35) in univariate Cox regression (hazard ratio 1.64, 

95%CI 0.611- 5.61, p=0.43). (Figure 2) In multivariate analysis correcting for imatinib dose, gender 

and KIT mutational status, the association between Cmin and TTP remained not significant (hazard 

ratio 0.60, 95%CI 0.53 – 6.35, p=0.34). 

Of the 62 evaluable patients treated with palliative intent, 5 (8.1%) patients were non-responders. 

Median Cmin in patients showing radiological response was 1270 µg/L and in non-responders this 

was 920 µg/L, p=0.23 (Figure 3). In the neo-adjuvant setting no difference in imatinib Cmin levels was 

found between responders and non-responders, as all but 2 patients had a response. 

No clinical characteristic (age, type of surgery, gender, extend of resection) was predictive for low 

imatinib Cmin. Also, no association for tumor characteristics such as location (p=0.54), tumor status 

a registry entry (p=0.23) and mutation status (p=0.48) was found. Four patients (3.7%) had ended 

imatinib treatment due to adverse events. No association with imatinib Cmin was found (p=0.40).

Discussion

Several studies have linked higher imatinib Cmin to better treatment outcomes[4,10–13,15]. In CML, 

a threshold of ≥1000 µg/L is recommended based on several studies [20–22]. In GIST patients a 

threshold of ≥1100 µg/L has been suggested [20–22]. This is based on a study by Demetri et al in 

which patients with in the lowest Cmin quartile (<1100 µg/L) had shorter time to progression and 

decreased clinical benefit [4]. 

In our cohort we found that a large proportion of patients was underexposed to imatinib even 

when using the relatively low threshold of ≥1000 µg/L (table 2, figure 1). Although 92.6% of patients 

received imatinib dose of 400 mg or higher, over 40% of our patients had imatinib Cmin levels <1000 

µg/L at first steady state sample and only one third of our patients had adequate Cmin levels in every 

sample (table 2). This suggests that GIST patients in routine care have a higher risk for underexposure, 

which may even result in less clinical benefit [4]. 
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Figure 1:  Distribution of fi rst representative imatinib Cmin (µg/L) levels per patient (n=108).The dotted red line 
indicates a Cmin of 1000 µg/L.

Table 2: Characteristics of the 421 available imatinib plasma samples

Characteristic Patients (108)

Mean Cmin† in µg/L (range) 1193 (227-4606)

Categorical  Cmin (n) (%)
<1000 µg/L
≥1000 µg/L

 
48 (44.4%)
60 (55.6%)

Cmin <1000 µg/L
in >75% of the samples (n) (%)

35 (32.4%)

Cmin ≥1000 µg/L in all samples (n) (%) 36 (33.3%)

Categorical received dose in mg (n) (%)

<400 mg
400 mg
>400-800 mg

 

8 (7.4%)
86 (79.6%)
14 (13.0%)

†Calculated trough level (Cmin). Unless otherwise specifi ed fi rst representative Cmin was used.

In the case of Demetri et al. the higher average Cmin may be due to a higher imatinib dose, as patients 

were randomized to either 400 or 600 mg QD. But other studies in both CML and GIST patients have 

also described higher levels than those in our cohort [11,15]. This could be explained by the fact that 

these previous studies were performed in a selected and regulated trial setting. In our cohort, no 

patient selection was made other than the diagnosis of GIST and treatment with imatinib. Although, 

concomitant medication was strictly monitored to prevent possible interactions, no strict exclusion 
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criteria for this study were set considering concomitant medication causing interaction for which no 

replacement was possible. Also, no exclusion criteria were made for comorbidities and laboratory 

results. Moreover in clinical care lack of patient compliance could be a factor.

Besides the large percentage of underexposure at fi rst steady state sample (RSD of 54%), we also 

found large intrapatient variability of 23%. Only one third of patients had adequate Cmin levels in 

every sample. This is in accordance with a study by Yoo et al[8], who also found a high inter- and 

intrapatient variability of 44.7% and 26.5% respectively. 

Figure 2: Time to progression (months) of GIST patients on imatinib treated with palliative intent as a function 
of imatinib Cmin at steady state. The blue dashed line indicates patients with an imatinib Cmin ≥1000 µg/L (n=35), 
the red line patients with an imatinib Cmin  <1000 µg/L (n=27).

An earlier prospective pharmacokinetic study found a signifi cant decrease of systemic imatinib 

exposure of almost 30% within 90 days [9]. The authors hypothesized that this was a consequence 

of lower oral bioavailability with time, possibly due to upregulation of drug transporters or CYP3A4. 
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Another explanation could be that decrease of imatinib exposure is a result of decrease of alfa1-

acid glycoproteint (AGP) as a consequence of impressive activity of imatinib treatment.[23]  In our 

cohort, the large variability could not be explained by a change of Cmin levels over time. A later study 

also did not fi nd a time dependent decrease in exposure in a cohort of 65 patients, supporting our 

fi nding [24]. 

No clinical characteristic was found to be predictive for low imatinib Cmin. Although prior studies 

have shown lower imatinib Cmin levels after major gastrectomy, no correlation was found between 

Cmin levels and extend of surgery in our study [8].

As prior studies have found a correlation between higher imatinib Cmin levels and better clinical 

outcome [4,10–12], our results show that in daily clinic underexposure seems to be a substantial 

issue. Although no statistically signifi cant relationships were found between imatinib exposure and 

treatment response, we found a trend toward responders having a higher Cmin compared to non-

responders in palliative setting (fi gure 3) and the same trend was found in neo-adjuvant patients. 

However, no correlation between TTP and Cmin could be found in the palliative subgroup of patients 

(fi gure 2). This lack of statistically signifi cant diff erences could be caused by low number of non-

responders and limited amount of progression events. 

Figure 3: Box plot of imatinib Cmin levels measured in palliative treated patients at steady state in responders 
(n=57) and non-responders (n=5). Median Cmin levels were 920 µg/L for non-responders and 1271 µg/L for 
responders.

Our study gives new and representative insight into the underexposure of imatinib in GIST patients in 

routine clinical care. We showed that underexposure is a substantial problem in daily clinic and that 
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inter- and intrapatient variability is high. Given the fact that several studies described a correlation 

between Cmin levels and response, pharmacokinetically guided dose individualization also known 

as therapeutic drug monitoring (TDM) should therefore be considered. One study attempted to 

demonstrate the benefits of TDM of imatinib, but failed due to small patient numbers and limited 

physician adherence to TDM recommendations [25].

A prospective clinical trial to assess the benefit of Cmin guided imatinib dose adjustments in GIST 

patients is needed. Ideally using a relevant clinical endpoint such as PFS because previous studies 

have found clear correlations between imatinib exposure and efficacy and we now show that 

underexposure is a frequent problem in routine clinical care of imatinib treated GIST patients. 
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Abstract

Elacridar is an inhibitor of the Permeability Glycoprotein (P-gp) and the Breast Cancer Resistance 

Protein (BCRP) and is a promising absorption enhancer of drugs that are substrates of these drug-

efflux transporters. However, elacridar is practically insoluble in water, resulting in low bioavailability 

which currently limits its clinical application. We evaluated the in vitro dissolution and clinical 

pharmacokinetics of a novel amorphous solid dispersion (ASD) tablet containing elacridar. The 

dissolution from ASD tablets was compared to that from a crystalline powder mixture in a USP type 

II dissolution apparatus. The pharmacokinetics of the ASD tablet were evaluated in an exploratory 

clinical study at oral doses of 25 mg, 250 mg or 1000 mg in 12 healthy volunteers. A target Cmax 

was set at ≥ 200 ng/mL based on previous clinical data. The in vitro dissolution from the ASD tablet 

was 16.9 ± 3.7 times higher compared to that from a crystalline powder mixture. Cmax and AUC0-∞ 

increased linearly with dose over the explored range. The target Cmax of ≥ 200 ng/mL was achieved 

at the 1000 mg dose level. At this dose the Cmax and AUC0-∞ were 326 ± 67 ng/mL and 13.4 ± 8.6 

· 103 ng·h/mL respectively. In summary, the ASD tablet was well tolerated, resulted in relevant 

pharmacokinetic exposure and can be used for proof-of-concept clinical studies.
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Introduction

Permeability Glycoprotein (P-gp; ABCB1) and the Breast Cancer Resistance Protein (BCRP; ABCG2) 

are two membrane-associated drug-effl  ux transporters that are expressed on epithelial cells 

lining the gastro-intestinal tract, in the endothelial cells that form the blood brain barrier, in stem 

cells and in cancer cells [1]. Consequently, they limit the oral bioavailability, reduce uptake in 

the central nervous system (CNS) of various drugs and may cause multidrug resistance of tumor 

cells [2]. Elacridar is a third generation inhibitor of P-gp developed in the 1990s for treatment of 

multidrug resistant cancers [3]. Later, it was also found to be an inhibitor of BCRP [4]. Clinical trials 

with transporter inhibitors to reverse multidrug resistance of tumors have been unsuccessful, but it 

was demonstrated that elacridar was an eff ective absorption enhancer of paclitaxel and topotecan 

at Cmax values of ≥ 200 ng/mL [5–7]. Based on preclinical work it is also expected that elacridar may 

enhance drug delivery of substrate drugs to the CNS, which might increase the effi  cacy of treating 

brain tumors [2]. Further commercial development of elacridar was abandoned, possibly due to 

its challenging pharmaceutical properties. Elacridar is practically insoluble in water (12.3•10-5 mg/

mL) [8] and appears to have a poor membrane permeability [9], suggesting it is a class IV drug 

according to the Biopharmaceutics Classifi cation System (BCS) [10]. Moreover, the conventional 

tablet (containing elacridar hydrochloride) demonstrated poor and unpredictable oral absorption 

[6,11,12]. Currently no formulation is available for clinical trials. Although two new formulations 

are in preclinical development, according to our knowledge these have not yet been evaluated in 

humans [8,9].

Several formulation strategies can improve solubility-limited absorption, one of them being an 

amorphous solid dispersion (ASD) [13,14]. Here, the drug is dispersed in a biologically inactive 

hydrophilic amorphous polymer. When administered, this creates a temporarily supersaturated state 

with a high degree of solubilization, generating a time window for increased absorption [15,16]. 

ASDs have been developed for many poorly soluble drugs [17] and over 20 are already commercially 

available [18], underlining the feasibility and success of this approach. Because of this, we developed 

an ASD tablet formulation containing 25 mg elacridar hydrochloride (23.5 mg elacridar).

In this study we fi rst evaluated the in vitro dissolution characteristics from the ASD tablet and based 

on the promising results we conducted a pharmacokinetic study in healthy volunteers.

Materials and methods

Chemicals and materials

Elacridar hydrochloride was synthesized according to previously reported procedures [19]. 

Povidone K30 (PVPK30) was purchased from BASF Chemtrade (Ludwigshafen, Germany); sodium 

dodecyl sulfate (SDS) from Merck (Darmstadt, Germany); dimethyl sulfoxide (DMSO) from VWR 

(Amsterdam, The Netherlands); lactose monohydrate SuperTab® 30GR from DFE Pharma (Goch, 



Chapter 5.1

208

Germany); anhydrous colloidal silicon dioxide and magnesium stearate from Fagron (Capelle a/d 

Ijssel, The Netherlands); croscarmellose sodium from FMC (Philadelphia, USA); demineralized water 

from B. Braun (Melsungen, Germany). Simulated Intestinal Fluid without pancreatic enzymes (SIFsp, 

pH 6.8) was prepared as described in USP-NF [20]. Stainless steel boxes were from Gastronorm (The 

Netherlands). 

Preparation of elacridar ASD tablets

Elacridar hydrochloride, PVPK30 and SDS were dissolved in DMSO (1:6:1, w/w/w) to yield an elacridar 

hydrochloride concentration of 10 mg/ml. The solution was dried by lyophilization in a Lyovac GT4 

(GEA Lyophil, Hürth, Germany) by a method described previously [21]. This yielded the ASD powder 

which was immediately grinded and stored in dark airtight glass containers in a desiccator at 2 – 8 °C. 

The ASD powder, lactose monohydrate, croscarmellose sodium, anhydrous colloidal silicon dioxide 

and magnesium stearate (30:63:5:1:1, w/w/w/w/w) were weighted in a hermetically sealed 2 L 

stainless steel vessel and mixed in a Turbula T10B mixer (Willy A. Bachofen AG Maschinenfabrik, 

Muttenz, Switzerland). Tablets were pressed on an eccentric tablet press (Korsch, EK10, Berlin, 

Germany). Each ASD tablet contained 25 mg elacridar hydrochloride (23.5 mg elacridar). Tablets 

were stored in aluminum blisters with polyvinylchloride sealing at – 20 °C. The production process 

and storage were performed according to Good Manufacturing Practices (GMP) and batch size was 

200 – 300 tablets. 

In vitro dissolution 

Dissolution was studied by using a type II paddle dissolution apparatus as described in the European 

Pharmacopoeia [22] at rotation speed of 100 rpm. One tablet was placed in 500 mL SIFsp at 37 °C. 

Samples of 1 mL were taken through a 0.45 µm PVDF filter, diluted with 2 mL DMSO and measured 

on a previously described validated HPLC-UV system [23].

Clinical study 

The pharmacokinetics of ASD formulation were assessed in healthy volunteers in a dose-escalation 

design, with 3 subjects per dose level. The aim was to achieve a target Cmax of ≥ 200 ng/mL. The first 

dose level was 25 mg and each next level was based on the mean Cmax of the previous dose level. A 

maximum dose was set at 1000 mg as previous clinical data indicated this is safe and well tolerated 

[5–7]. The dose level that reached the target Cmax was expanded to a total of 6 volunteers. All subjects 

were instructed to fast 2 hours before and 2 hours after ingestion of the tablets. This study was 

approved by the Medical Ethics Committee of MC Slotervaart (Amsterdam, The Netherlands) and 

all volunteers provided written informed consent before enrolment. This trial was registered in the 

European Clinical Trial Database (EudraCT, registration number 2013-001131-47).  
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Pharmacokinetics 

Blood samples (3 mL) were taken at t = 0, 0.5, 1, 1.5, 2, 4, 6, 8, 12, 24 and 48 hours after administration 

of the formulation. These were centrifuged at 1500 rpm for 10 minutes and the plasma was 

stored at - 20°C. Elacridar concentrations were measured using a validated LC-MS/MS method as 

previously described [24]. Non-compartmental analysis of data was performed in R version 3.0.0, 

calculated parameters were Cmax, Tmax, AUC0-48h and AUC0-∞. These parameters were compared to 

values of previous clinical studies with the same once daily oral dose. To assess dose linearity and 

proportionality, individual observations of Cmax and AUC0-∞ were plotted versus dose and a one-way 

ANOVA was executed on the dose normalized values of Cmax and AUC0-∞ at each dose level.

Results

In vitro dissolution 

Figure 1 shows the dissolution from a crystalline physical mixture compared to the ASD tablets (98.8 

± 0.8 % content and 99.7 ± 0.5 % purity). The physical mixture resulted in 1.4 ± 0.1 % dissolution, 

whereas the dissolution from ASD tablets reached 23.7 ± 3.7 %, with a maximum at 30 to 60 minutes. 

The dissolution from ASD tablets was 16.9 ± 3.7 times higher than from a physical mixture. 

Figure 1. In vitro dissolution as mean ±standard deviation of the amount dissolved from the ASD tablets (3 batches, 
6 tablets per batch, ●●●) and from a physical mixture of crystalline elacridar hydrochloride:PVPK30:crystalline 
SDS (1:6:1, w/w/w) (n = 3, ○○○) measured in a European Pharmacopoeia dissolution apparatus type II paddle 
100 rpm 37 °C.
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Figure 2. Elacridar plasma concentrations + standard deviation plotted on a semi-log scale for the 25 mg (n = 3, 
■■■), 250 mg (n=3, □□□) and 1000 mg (n=6, ●●●) mg dose levels in the healthy volunteers.

Clinical study

Thirteen healthy volunteers provided written informed consent. One volunteer withdrew from the 

trial due to problems with venous access, before taking the study medication. Of the remaining 

twelve volunteers 10 were female and 2 were male with a mean (± SD) age of 42 (± 9) years. 

The ASD tablets were well tolerated. Adverse events were observed only at the 1000 mg dose level 

(nausea, dyspepsia and flatulence), they were limited to the day of ingestion and none of them 

exceeded grade 1 (CTC-AE v4.03).

Pharmacokinetics 

Calculated pharmacokinetic parameters for each dose level are shown in Table 1. The dose levels 

were 25 mg, 250 mg and 1000 mg (corresponding to 23.5 mg, 235 mg and 940 mg elacridar). Plasma 

concentration time curves of each dose are presented in Figure 2. The 25 mg dose was taken by 3 

volunteers and resulted in a Cmax of 12.6 ± 6.52 ng/mL which was considerably below the target Cmax. 

We therefore increased the dose 10-fold to 250 mg in the next 3 volunteers. Here, the Cmax was 97.0 

± 32.1 ng/mL. The third dose level of 1000 mg (taken by 3 volunteers) resulted in a Cmax of 350 ± 65.2 

ng/mL. This level was expanded with 3 extra volunteers and the overall Cmax was 326.0 ± 67.4 ng/mL. 

Figures 3 a and b show individual observations of Cmax and AUC0-∞ as a function of dose. Cmax and 

AUC0-∞ both increased linearly. Dose normalized values of Cmax and AUC0-∞ (Table 1) did not deviate 

significantly from dose proportionality over the tested dose range (p = 0.277 and 0.399 respectively, 
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ANOVA), though the Cmax/dose ratio seemed to decline at higher doses. Table 2 compares the 

pharmacokinetic results of this study with earlier clinical trials with once daily orally administered 

elacridar. 

Discussion

Inhibition of P-gp and BCRP by elacridar could be a valuable tool to improve drug delivery to the 

CNS and increase oral bioavailability of drugs which are substrates of these transporters. However, 

elacridar’s low aqueous solubility currently limits its clinical application. The aim of this study was 

to assess whether the ASD tablet increases the dissolution and whether this formulation results in 

relevant pharmacokinetic exposure in healthy volunteers. 

In vitro, the ASD formulation resulted in considerably higher dissolution (16.9 ± 3.7 fold) compared 

to that from a crystalline physical mixture (Figure 1). This indicated that the ASD could be a suitable 

approach to enhance the absorption of elacridar and supported investigation of its pharmacokinetics 

in a clinical trial.  

In healthy volunteers, the targeted Cmax of ≥ 200 ng/mL was achieved at a dose of 1000 mg, without 

grade > 1 toxicity. In fact, Cmax and AUC at this dose were higher than values reported in most 

earlier clinical studies with elacridar (Table 2) [6,7] and similar to one study where elacridar was 

administered orally together with a paclitaxel formulation that contained polyethoxylated castor 

oil (Cremophor®) [5]. In contrast to previous trials, the ASD tablets showed a linear dose-dependent 

increase in Cmax and AUC0-∞ (Figure 3). The previously used clinical formulation displayed no clear 

relationship between dose, Cmax and AUC [6]. That study only found an approximate threefold 

increase in Cmax and AUC over a dose range of 100-1000 mg. Furthermore, variability of in Cmax and 

exposure seemed lower in the current than in previous trials (Table 2). These observations indicate 

that the ASD formulation strategy resulted in more reliable absorption pharmacokinetics of elacridar. 

In this study the high number of tablets at the 1000 mg dose was considered manageable as only 

a single administration was required and no alternative GMP-compliant formulation of elacridar 

was available. Nonetheless this is a limitation of the current formulation and will restrict its use to 

small proof-of-concept studies. For clinical applications involving daily oral administration further 

research into a new formulation will be needed.
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Table 1. Pharmacokinetic parameters calculated from each dose level of elacridar

Dose
Cmax ± SD
ng/ml
(CV %)

AUC0-∞  ± SD
ng·h/ml ·103

(CV %)

Tmax ± SD
h
(CV %)

AUC0-∞ /Dose
ratio
± SD

Cmax /Dose
ratio
± SD

25 mg
(n = 3)

12.6 ± 6.52 (52 
%) 0.205 ± 0.172 (84 %) 2.7 ± 0.58 (22 %) 8.21

± 6.87
0.504
± 0.261

250 mg
(n = 3)

97.0 ± 32.1 (33 
%) 1.70 ± 0.401  (24 %) 3.3 ± 2.3 (70 %) 6.82

± 1.60
0.388
± 0.128

1000 mg
(n = 6)

326.0 ± 67.4 (21 
%) 13.4 ± 8.64    (65 %) 9.0 ± 3.5 (39 %) 13.4

± 8.64
0.326
±0.0674

AUC0-∞: Area under the curve (extrapolated to infinity)
Cmax: Maximum concentration
CV: Coefficient of variation
SD: Standard deviation
Tmax: Time to maximum plasma concentration

Table 2. Pharmacokinetic parameters of the current study compared with previous clinical trials 

Dose 
(mg) N

Cmax ± SD,
(range) or (CV %)
ng/mL

AUC0-t ± SD,
(range) or (CV %)
·103 ng·h/mL

Tmax ± SD,
(range) or (CV %) Formulation Reference

1000 6 326 ± 67.4
(21%)

0-24 h: 5.58 ± 1.71
(31%)
0-48 h: 8.80 ± 3.03
(34%)

9.0 ± 3.5
(39%) ASD tablet This study

1000 4 140 (114 – 171)
NA

2.11 (1.77 – 2.51a

(11%) 6.0 (6.0 – 8.2) GSK tablet [6]

1000 4 185 (138 – 248)
NA

2.63 (1.66 – 4.17) a

(32%) 6.0 (3.0 – 9.1) GSK tablet [6]

1000 8 157 ± 93
(59%)

2.41 ± 1.11a

(46%)
3.6 ± 3.4
(94%) GSK tablet [7]

1000 8 242 ± 122
(50%)

4.25 ± 2.04a

(48%)
4.6 ± 2.2
(48%) GSK tablet [7]

1000 6 434 ± 267
(62%)

9.43 ± 5.43b

(58%)
7.7 ± 2.5
(32%) GSK tablet [5]

SD = standard deviation, CV = variation coefficient, NA = not available 
a AUC0-24h

b AUC0-48h

The ASD formulation reached the prespecified target Cmax of ≥ 200 ng/mL in healthy volunteers, 

however the increase in absorption did not approach the 17-fold increase as seen in the in vitro 

dissolution experiment. This could have several reasons: 

Supersaturated solutions of BCS II/IV substances can be unstable in vivo and can recrystallize earlier 

than in vitro, thereby limiting absorption [25]. It has been proposed that with increasing degree of 

supersaturation the risk of in vivo fast nucleation and recrystallization also increases [26,27]. As the 

ASD tablet showed a rapid and a very high degree of supersaturation (Figure 1), the resulting system 
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might have been particularly unstable in vivo, leading to recrystallization before the solubilized 

drug could be absorbed, causing suboptimal absorption. 

The lower than expected absorption could also be due to limited membrane permeability. Though 

this seems unlikely based on the high log P (5.55) of elacridar [28], in an in vitro assay the membrane 

permeability was similar to that of the leakage marker inulin [9]. This could indicate that strategies 

aiming to improve the dissolution (such as ASDs and other supersaturating formulations) of 

elacridar may be insuffi  cient to increase absorption and that future formulation eff orts should also 

focus on increasing permeability.  

Figure 3. The relation of elacridar dose on the Cmax (a) and AUC0-∞ (b) of ASD tablets administered to healthy 

volunteers at three diff erent doses (25 mg n = 3, 250 mg n = 3 and 1000 mg, n = 6).
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Conclusion

The ASD tablet considerably improved dissolution in vitro. In healthy volunteers, the target Cmax 

of 200 ng/mL was reached and Cmax and AUC0-∞ increased linearly with dose. In summary, the ASD 

tablet was well tolerated, resulted in relevant pharmacokinetic exposure and can be used for proof-

of-concept clinical studies. 

Compliance with ethical standards

The experiments comply with the current laws of the country in which they were performed. 

All procedures were conducted in accordance with the ethical standards of the responsible 

committee on human experimentation (institutional and national) and with the Helsinki Declaration 

of 1975, as revised in 2000 (5). Informed consent was obtained from all human volunteers for being 

included in the study.
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Abstract

Transporters such as ABCB1 and ABCG2 limit the exposure of several anti-cancer drugs to the brain, 

leading to suboptimal treatment in the central nervous system. The purpose of this study was to 

investigate the effects of the ABCB1/ABCG2 inhibitor elacridar on erlotinib uptake in the brain using 
11C-erlotinib PET.

Methods: Elacridar and cold erlotinib were administered orally to wild type (WT) and Abcb1a/

b;Abcg2 knockout (KO) mice. In addition, brain uptake was measured using 11C-erlotinib imaging 

and ex vivo scintillation counting in KO and WT mice.

Six patients with advanced solid tumors underwent 11C-erlotinib PET scans before and after a 1000 

mg dose of elacridar. 11C-erlotinib brain uptake was quantified by pharmacokinetic modeling using 

volume of distribution (VT) as outcome parameter. In addition, 15O-H2O scans were acquired prior to 

each 11C-erlotinib scan, to measure cerebral blood flow . 

Results: Brain uptake of 11C-erlotinib was 2.6-fold higher in Abcb1a/b;Abcg2 KO mice than in WT 

mice, measured as % of injected dose/gram tissue (p=0.01). In WT mice, addition of elacridar (at 

systemic plasma concentrations of ≥200 ng/mL) resulted in increased brain concentration of 

erlotinib, without affecting erlotinib plasma concentration.

In patients, VT of 11C-erlotinib did not increase after intake of elacridar (0.216±0.12 versus 0.205±0.07, 

mean±SD, p=0.91). 15O-H2O PET showed no significant changes in cerebral blood flow. Elacridar 

exposure in patients was 401±154 ng/mL (mean ±SD). No increase in VT with increased elacridar 

plasma exposure was found over the 271–619 ng/mL range.

Conclusion: In line with previous preclinical reports, when Abcb1 and Abcg2 were disrupted in 

mice, brain uptake increased both at a tracer and pharmacological erlotinib dose. In patients, brain 

uptake of 11C-erlotinib was not higher after administration of elacridar. The more pronounced role 

that ABCG2 appears to play at the human blood-brain barrier and the lower potency of elacridar to 

inhibit ABCG2 may be an explanation of these inter-species differences.
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Introduction

Leptomeningeal and central nervous system (CNS) metastases occur frequently in cancer patients, 

even in subjects whose extra cranial lesions are responsive to treatment and are known to result in 

a dismal prognosis . This  can partly be explained by the pharmacokinetic properties of anti-cancer 

drugs, in particular their limited distribution into the brain. 

The blood-brain barrier (BBB) is a major impediment to achieving pharmacologically active 

concentrations in cerebrospinal fl uid and brain tissue(1,2). The BBB consists of endothelial cells that 

form a physical barrier for molecules due to the tight intercellular junctions, lack of fenestrations 

and very low pinocytic activity (3). An additional hurdle for brain uptake of drugs is the expression 

of effl  ux transporters at the BBB endothelium, such as the adenosine triphosphate-binding 

cassette (ABC) transporters, ABCB1 known as P-Glycoprotein and ABCG2 known as Breast Cancer 

Resistance Protein (1–3). These effl  ux transporters restrict access to the brain even of small lipophilic 

compounds, which would otherwise be able to penetrate cellular membranes by passive diff usion. 

Brain tumors and metastases can disrupt the integrity of the BBB. However, this disruption is 

heterogeneous and occurs predominantly in the tumor core where (abundant) microvascular 

proliferation results in vessel leakiness (1,4). Brain tissue adjacent to the tumor may therefore 

contain tumor cells that benefi t from protection by a (more) intact BBB. Hence, the CNS is regarded 

as a sanctuary site for anti-cancer drugs (5).

Elacridar is an inhibitor of ABCB1(6) and ABCG2 (7). Numerous preclinical studies have shown 

that elacridar is able to enhance the brain penetration of substrate drugs including erlotinib (8,9). 

Erlotinib is an epidermal growth factor receptor inhibitor used in the treatment of advanced non-

small cell lung cancer. Although non-small cell lung cancer frequently metastasizes to the brain, 

erlotinib exposure in the CNS is limited (10,11), as it is a substrate of both ABCB1 and ABCG2 (12–

14).  
11C-erlotinib has been developed as a radiotracer to non-invasively study the biodistribution 

and target binding of erlotinib in vivo (15,16) and has been used to non-invasively study epidermal 

growth factor receptor mutations in tumor lesions of cancer patients (17,18).

The purpose of our study was to assess whether 11C-erlotinib PET could quantify erlotinib uptake in 

the brain, particularly as readout of ABCB1/ABCG2 inhibition at the BBB. First preclinical experiments 

in mice were performed to establish the elacridar concentration needed to achieve Abcb1a/b and 

Abcg2 inhibition. Next, in vivo imaging in wild type (WT) and Abcb1a/b and Abcg2 knock out (KO) 

mice was performed to establish the feasibility of monitoring drug transporter inhibition at the BBB 

using 11C-erlotinib PET. Finally, a clinical trial in cancer patients using 11C-erlotinib PET was performed 

to non-invasively study the eff ects of ABCB1/ABCG2-inhibition on the human brain penetration of 

erlotinib.
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Materials and methods

Preclinical Pharmacology 

Preclinical experiments were performed using female Friend Virus B mice, between 10 and 14 weeks 

of age, which were either WT or Abcb1a/1b;Abcg2 -/- double KO mice. 

Elacridar suspensions were prepared in vehicle solution (1% m/v hydroxypropyl methyl cellulose, 

2%v/v polysorbate 80 in water) at concentrations of 1, 2.5 and 5 mg/mL. An erlotinib suspension 

was prepared at 2 mg/mL in the same vehicle solution. 

Non-fasted animals received 10 µl per gram (body weight) of elacridar (0, 10, 25 or 50 mg/kg) orally 

by gavage, followed 30 min later by 10 µl per gram (body weight) of oral erlotinib (20 mg/kg). At 4 

hours after erlotinib dosing blood was sampled by cardiac puncture. Animals were sacrificed and 

brain tissue was collected. Brain tissue was homogenized in 3 mL of 1% v/v BSA in water using a 

Fastprep 24 homogenizer (MPBio, Santa Ana, CA, USA). Erlotinib and elacridar were quantified ex 

vivo in both plasma and brain homogenates by LC-MS/MS. Each elacridar treated group (0, 10, 25, 50 

mg/kg) consisted of 4 mice. A group of Abcb1a/1b;Abcg2 KO mice (n=5) was used as positive control.

Preclinical Imaging

Abcb1a/b;Abcg2 WT and KO mice (n=2 for each group) were positioned in pairs in a double lutetium 

oxyorthosilicate/Lu1.8Y0.2SiO5(Ce) or LSO-LYSO layer high resolution research tomograph (Siemens/

CTI, Knoxville, TN, USA) PET scanner (19). First, a transmission scan was acquired using a 740 MBq 

2-dimensional fan-collimated 137Cs (662 keV) moving point source (20). Next, a dynamic emission 

scan was acquired immediately following administration of 8-10 MBq 11C-erlotinib (specific activity 

>18.5 GBq/µmol) to each animal. Emission data were acquired for 60 min in 3-dimensional (3D) list 

mode and rebinned into the following frame sequence: 4×30, 3×60, 2×150 and 4×300 s. Following 

corrections for decay, dead time, attenuation, randoms and scatter, scans were reconstructed using 

a 3D ordinary Poisson ordered subsets expectation maximization algorithm for mice (20). This 

resulted in images with an average spatial resolution of 3 mm full width at half maximum (19).

After the PET scans, mice were sacrificed and the brain was removed. Brains were weighed and 

radioactivity was measured in a 1282 Compugamma CS (LKB Wallac, Turku, Finland) using 5 × 10 μL 

aliquots of the injected formulation as internal standard. Results were expressed as % injected dose/

gram brain (%ID/g brain) corrected for decay to time of injection.

Clinical Elacridar Formulation

Elacridar hydrochloride was formulated as an (unpatented) tablet formulation of which the  

pharmaceutical development has been described earlier.(21) These tablets were shown to be well 

tolerated and resulted in relevant pharmacokinetic exposure in healthy volunteers, with a mean Cmax 

(±SD) of 326±67 ng/mL and AUC0-48h of 8800±3020 ng/mL*h (22). 
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Clinical Study Design

An overview of the clinical study design is presented in fi gure 1. After a screening visit (day -7), 

patients were scheduled for 11C-erlotinib PET scans at two consecutive days (day 1 and 2). The 
11C-erlotinib was given at a specifi c activity of >18.5 GBq/µmol without adding additional unlabeled 

erlotinib. 

Figure 1: Schematic of the clinical study design. 

As elacridar plasma concentrations have been shown to peak at 8-12 hours after intake of the 

present formulation (22), patients took a single oral 1000 mg elacridar dose 8 to 12 hours before 

the second PET scan. An MRI of the brain was acquired on day 1. The purpose of this was to exclude 

any brain metastases as these might have compromised the function of the BBB. Each 11C-erlotinib 

scan was preceded by a 15O-H2O scan to assess possible eff ects of elacridar on cerebral blood fl ow. 

At the start and end of the second 11C-erlotinib scan a venous blood sample was drawn to measure 

elacridar plasma concentrations, using LC-MS/MS (23). 

On day 8 (a week after fi rst PET scan) a follow up visit was scheduled. Each visit, patients were 

evaluated for safety, including assessment of adverse events, physical examination, performance 

status, blood pressure and heart rate measurements, and clinical laboratory tests. The incidence, 

severity, start and end dates of all adverse events (AEs) were recorded. AEs were graded according 

to the Common Terminology Criteria for Adverse Events (CTCAE v4.02).

Patient Population

Patients with advanced or metastatic solid tumors were eligible for enrollment if no standard 

therapy was available or if a tyrosine kinase inhibitor (if a ABCB1/ABCG2 substrate) was the standard 

therapeutic option. Furthermore patients had to be 18 years of age with the following lab values:  

absolute neutrophil count of ≥1.5x109 /L, platelet count of ≥75x109 /L, serum bilirubin ≤2.0xupper 

limit of normal (ULN), ASAT and ALAT ≤2.5xULN, serum creatinine ≤2.0xULN or creatinine clearance 

≥40 mL/min. Exclusion criteria were known brain metastases and/or previous treatment with 
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central nervous system irradiation, as this could have compromised the function of the BBB. Patients 

discontinued any medication which induced, inhibited or was a substrate for ABCB1 and/or ABCG2 

at least three plasma elimination half-lives before the first PET scan.

Tracer Preparation & Scanning Procedure in Cancer Patients
11C-erlotinib was synthesized and prepared as described previously (17). Scans were performed on 

a Gemini TF-64 PET/CT scanner (Philips Medical Systems, Best, the Netherlands), which is a high 

performance, time-of-flight, fully 3-dimensional PET scanner together with a 16-slice Brilliance CT 

scanner. PET data were reconstructed using all appropriate corrections applied for normalization, 

dead time, decay, randoms, scatter and attenuation. PET data were reconstructed using the 3D 

RAMLA algorithm with CT based attenuation correction, at a final voxel size of 4x4x4 mm3 and a 

spatial resolution of 5-7 mm full width at half maximum. First a low dose CT scan (50 mAs, without 

contrast) was performed for attenuation correction of the subsequent PET data. Following the 

CT scan, 370 MBq of 15O-H2O was injected intravenously, starting a 10 min emission scan in 3D 

mode. Next, after a 10 min period to allow for physical decay of 15O, 370 MBq of 11C-erlotinib was 

injected intravenously, simultaneously starting a 60 min emission scan in 3D mode. The 15O-H2O and 
11C-erlotinib emission scans were acquired in list-mode and sorted retrospectively into 26 (1x10, 

8x5, 4x10, 2x15, 3x20, 2x30 and 6x60 s) and 36 (1x10, 8x5, 4x10, 2x15, 3x20, 2x30, 6x60, 4x150, 4x300 

and 2x600 s) frames, respectively. No corrections for patient motion and/or respiratory motion were 

applied.

All patients received an indwelling radial artery cannula, for arterial blood sampling (17). In addition, 

a venous cannula was inserted, which was used for tracer injection and sampling of venous blood.  

The arterial input function was measured using online continuous blood sampling (at 300 mL/

hour for the first 5 minutes, then at 150 ml/hour for 15 minutes)(24). At discrete time points (5, 

10, 20, 40, and 60 minutes after injection), manual samples were obtained for online calibration 

of the measured whole blood input function, determination of plasma/whole blood ratios, and 

measurement of metabolite fractions. Plasma analysis of 11C-erlotinib and polar radioactive 

metabolites were counted using a Wizard 1480 gammacounter (Perkin Elmer,  Waltham, USA).

PET Data Analysis

To investigate whole brain uptake, three-dimensional regions of interest  were defined manually 

around the whole brain, as seen on CT and MRI scans, and projected onto the dynamic PET scan, 

thereby generating 11C-erlotinib time-activity curves.

Pharmacokinetic modeling was performed using in-house software, developed within the Matlab 

(The MathWorks Inc., Natick, MA, USA) environment. Data were fitted with single tissue, two tissue 

reversible and two tissue irreversible metabolite corrected plasma input models. The optimal plasma 

input model was determined on basis visual analysis of the time-activity curves, akaike criteria and 

sensitivity of the kinetic parameters. In case of the reversible models the volume of distribution, VT 
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(dimensionless quantity), was used as the outcome parameter describing erlotinib uptake in tissue, 

as described previously (17,25). Results obtained with and without elacridar pretreatment were 

compared.

Study Conduct and Registration

All animal experiments were approved by the animal ethics committee of the Netherlands Cancer 

Institute, performed according to institutional guidelines and in compliance with Dutch legislation.

The clinical trial was conducted in accordance with the declaration of Helsinki and approved by 

the medical ethics review committee of each of the participating medical centers. The trial was 

registered in the EUdraCT clinical trial database (2014-000281-21) and Netherlands trial registry 

(NTR4780). All patients provided written informed consent before enrollment.

Results

Preclinical Pharmacology 

Increasing the dose of elacridar resulted in an increased plasma concentration of elacridar (fi gure 2, 

left panel). At 4 hours after dosing, the plasma elacridar concentrations were 216±46, 275±60 and 

455±44 ng/mL for the 10, 25 and 50 mg/kg dose, respectively. The erlotinib plasma concentration 

was 1020±350 in WT mice receiving elacridar vehicle and was 2610±710, 2610±290 and 1900±830 

ng/mL at the 10, 25 and 50 mg/kg elacridar dose. The erlotinib plasma concentration in KO mice was 

1700±120 ng/mL.

The erlotinib brain-to-plasma ratios were 0.25±0.06, 0.31±0.05 and 0.37±0.04 for the increasing 

doses of elacridar (fi gure 2, right panel). The ratio for untreated WT mice was 0.09±0.01. Each dose 

was signifi cantly higher ratio compared to vehicle, (p<0.002 for each dose, independent sample 

t-tests). The Abcb1a/b;Abcg2 KO mice had a brain-to-plasma ratio of 0.45±0.02.

Preclinical Imaging

Representative summed images of a WT and a Abcb1a/b;Abcg2 KO mouse are shown in fi gure 3, left 

panel. 11C-erlotinib PET scans showed increased cerebral uptake in KO compared to WT mice. The 
11C-erlotinib %ID/gr of brain tissue was determined ex vivo in KO and WT mice. 11C-erlotinib brain 

uptake was increased 2.6-fold in the KO mice compared with WT mice (p=0.01, independent sample 

t-test) as shown in fi gure 3, right panel.
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Figure 2: Preclinical pharmacology of elacridar and erlotinib in mice.  Left: Elacridar plasma concentrations in 
ng/mL for increasing oral dose of elacridar (0, 10, 25 and 50 mg/kg). Right: Erlotinib brain-to-plasma ratios at the 
same  increasing doses of elacridar in WT mice (n=4). A group of Abcb1a/b;Abcg2 KO mice was used as positive 
controls (n=5).

Clinical Trial Results

From September 2014 to March 2015, seven patients signed informed consent. One patient 

dropped out before the first administration of 11C-erlotinib due to unsuccessful placement of the 

arterial catheter. The six remaining patients all underwent the entire protocol. Due to problems with 

the arterial sampling, no input function was available for one patient. PET-data from the remaining 

five patients were available for evaluation, of which four in both scans. After analysis of the data of 

these patients, enrollment was terminated due to lack of effect.

The evaluable patients were all male and had a mean±SD age of 57±8 years and weighed 81±14 kg. 

Four patients had a gastro-intestinal stromal tumor and one had advanced colorectal cancer. The 

gastro-intestinal stromal tumor patients interrupted imatinib treatment three days before inclusion 

and restarted after the trial. The colorectal cancer patient did not receive active treatment.

None of the patients experienced adverse events related to the tracer dose of erlotinib. All AEs 

related to elacridar were ≤ grade 1, reversible and similar to those observed in previous trials with 

elacridar (26–28).
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Clinical Imaging

Averaged 11C-erlotinib PET images (5-60 minutes, corrected for 11C-erlotinib dose) before and after 

a 1000 mg dose of elacridar for the subject with the largest increase in VT   are shown in fi gure 4. 
11C-erlotinib activity was markedly lower in the brain than in the surrounding tissues. The 11C-erlotinib 

dose was not signifi cantly diff erent between the fi rst and second scans, 363±37 versus 333±55 MBq 

(p=0.28, paired sample t-test). Moreover, no diff erences were observed in specifi c activity before  

(55.68 GBq/µmol) and after elacridar (50.65 GBq/µmol) resulting in comparable erlotinib doses of 

2.54 and 2.61 µg respectively. 

The optimal plasma input model for fi tting 11C-erlotinib data in the brain is the single tissue 

model (89% preference) followed by the two tissue reversible model (11%), according to the 

Akaike criterion. However, the fi tted VT was highly correlated between the single and two tissue 

reversible model (r2 = 0.9979). An overview of 11C-erlotinib brain VT values before and after elacridar 

administration are summarized in table 1. VT of 11C-erlotinib did not increase after administration of 

elacridar (0.216±0.121 versus 0.205±0.071, p=0.91 paired sample t-test). 11C-erlotinib whole brain 

activity curves as standardized uptake value (SUV) versus time of patients before and after a 1000 

mg dose of elacridar are shown in fi gure 5. The metabolism of erlotinib was unaff ected by elacridar. 

Curves of the percentage parent erlotinib versus time during the scan before and after the elacridar 

dose are provided in supplementary fi gure 1.

Cerebral blood fl ow was unaff ected by administration of elacridar, 15O-H2O K1 was 0.48±0.10 before 

and 0.44±0.13 after the 1000 mg dose of elacridar (p=0.21, paired sample t-test). For patient 

evaluable in both scans mean elacridar plasma concentrations on the day of the PET scan (averages 

of the samples at the start and end of the scan) were 401±154 ng/mL. The ratio of VT (after/before 

elacridar) versus elacridar plasma concentration is plotted in fi gure 6. No increase in  VT ratio with 

higher elacridar plasma concentration was found over the 271 – 619 ng/mL range.

Discussion

It was hypothesized that inhibition of ABCB1 and ABCG2 by elacridar should result in increased 

erlotinib brain exposure in mice and in humans. In mice, we showed increased brain uptake both 

at a pharmacological (fi gure 2) and tracer (fi gure 3) erlotinib dose. These fi ndings are supported by 

previous studies in mice and non-human primates (8,12,29). However, these preclinical data could 

not be reproduced in humans (table 1, fi gure 4 and 5).  

This is the fi rst study performed in human brain using 11C-erlotinb using dynamic images in 

combination with metabolite corrected plasma input function. The optimal pharmacokinetic model 

for use in the brain was the single tissue compartment model according to the Akaike criterion. 

However, the diff erences in the estimated VT between the two tissue compartment model and the 
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single tissue compartment models were small. Furthermore, it is expected that the two tissue model 

will perform better for regions with higher specifi c uptake. Therefore, our initial assessment shows that 

the two tissue reversible model is the preferred model to be used with 11C-Erlotininb in the brain.  

Previously the test-retest variability for 11C-erlotinib VT in tumor lesions was quantifi ed at 12%. Variability in 

VT was relatively higher in this study compared to previous trials (17,25). This is probably due to the lower 

VT  (<0.5) values for erlotinib VT in the brain compared to the previously explored tumor images. 

Table 1: Vt of brain 11C-erlotinib before and after elacridar administration in cancer patients (n=5).

Patient

11C-Erlotinib VT

Before Elacridar

11C-Erlotinib VT

After Elacridar

VT 

Ratio† 

1 0.395 0.312 0.790

2 0.179 0.198 1.106

3 - 0.179 -

4 0.160 0.221 1.381

5 0.128 0.116 0.906

Mean ±SD 0.216 ± 0.121 0.205 ±0.071 0.999 ±0.236
VT: Brain volume of distribution 
SD: Standard deviation
†The ratio is calculated based on patients evaluable in both scans.

 

Figure 3: Preclinical imaging using 11C-erlotinib PET. Left: Representative summation images of a Abcb1a/b;Abcg2 
KO  (lower panel) and WT mouse (upper panel). Arrows indicate the brain. Right: 11C-erlotinib percent of injected 
dose per gram of brain tissue (%ID/gr) determined ex vivo in KO and WT  mice. Erlotinib brain penetration was 
signifi cantly higher in the KO mice (n=2, per group).
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There was no eff ect of ABCB1/ABCG2 inhibition on VT in the clinical study and no relationship 

between erlotinib VT-ratio and elacridar exposure, even though plasma concentrations as high 

as 600 ng/mL were measured (fi gure 6). This could be due to several factors: insuffi  cient elacridar 

exposure, non-linear pharmacokinetics of erlotinib or inter-species diff erences in the BBB. Low 

free plasma concentrations of the inhibitor and non-linearity of transporter inhibition could be 

suggested as possible explanations for the lack of eff ect (30). However, it is unlikely that this applies 

to the combination of elacridar and erlotinib. Previously, Kuntner et al performed a dose fi nding 

study of elacridar using 11C-verapamil imaging as readout (31).  Elacridar was found to increase brain 

uptake at concentrations at or above 200 ng/mL. Similarly, our preclinical data show an increased 

erlotinib brain exposure at elacridar plasma concentrations of 200 – 400 ng/mL (fi gure 2) and the 

plasma levels of elacridar in our clinical trial were similar, if not higher. Moreover, no trend towards 

an increasing VT-ratio with increasing elacridar concentration was seen over the 94 – 619 ng/mL 

range. A species diff erence in free drug concentrations is also unlikely because protein binding of 

erlotinib and its major metabolite desmethyl erlotinib are similar in mice and humans (95 versus 

92% for erlotinib and 73 versus 90% for desmethyl erlotinib)(32).

Figure 4: 11C-erlotinib PET before (upper panel) and after elacridar (lower panel) for subject 4. 
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The considerations above seem to eliminate limited elacridar exposure as an explanation for the 

lack of increased brain exposure in the clinical study. Yet, inhibition by elacridar resulted in a 3.5-fold 

increase in 11C-erlotinib brain VT in primates (29). However, these results were achieved at an extremely 

high elacridar plasma concentration of maximally 10.0±1.5 µg/mL, using an intravenous infusion. 

Unfortunately, the study in monkeys did not further interrogate the relationship between elacridar 

plasma levels and erlotinib brain distribution. Although it is possible that such high elacridar levels 

in humans may also cause a better brain uptake of erlotinib, these will be hard to achieve via oral 

dosing given the unbeneficial pharmaceutical properties of elacridar. The concentrations observed 

in the current trial (401±154 ng/mL, figure 6) were already higher than most of the Cmax values in 

previous clinical trials of 140 – 434 ng/mL (22,26–28,33). 

Figure 5:11C-erlotinib whole brain activity as standardized uptake value (SUV) versus time (in minutes) of 
patients before and after a 1000 mg dose of elacridar (n=5). 

Figure 6: 11C-erlotinib brain VT ratio (after/before administration of elacridar) versus elacridar exposure (n=5). .
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We used a tracer dose of erlotinib in the clinical study. Therefore, non-linear pharmacokinetics of 

erlotinib could be an explanation for the absence of an eff ect on VT (as it could be argued that a 

higher dose of erlotinib would have shown an increase in brain uptake). However, this is less 

likely given the fact that we show increased brain uptake both at a pharmacological (fi gure 2) and 

tracer (fi gure 3) dose of erlotinib in preclinical studies. A previous study of 11C-erlotinib in mice (8) 

suggested that erlotinib pharmacokinetics is non-linear and that erlotinib itself may be an inhibitor 

of ABCB1 and ABCG2. However, inhibition of these transporters by erlotinib is unlikely at tracer 

doses and probably also at pharmacological doses, as this confl icts with our preclinical experiments 

and with clinical observations that erlotinib cerebral spinal fl uid concentrations are markedly lower 

than levels in plasma (10,11). Additionally, one study found that erlotinib induced the expression of 

ABCB1(34), but this is unlikely to occur in this short period of time.

A high dose of erlotinib did result in an increased erlotinib brain VT in primates, but this eff ect was 

markedly smaller than that of elacridar (only 1.7-fold compared to a 3.5-fold increase). In a previous 

clinical 11C-erlotinib study, addition of cold erlotinib resulted in markedly lower VT in tumor lesions of 

cancer patients (18), supporting the choice to not add a pharmacological erlotinib dose in this trial. 

The considerations listed above leave interspecies diff erences as the most likely explanation for 

the discrepancy between the preclinical and clinical results. Firstly, interspecies diff erences in drug 

transporter effi  ciency have been shown for various substrates even when corrected for protein 

expression levels (35). Secondly, Uchida et al. used mass spectrometry to quantify absolute protein 

levels of ABCB1 and ABCG2 in mice and human brain tissue (36).  ABCG2 expression was found to 

be 1.8 fold higher and ABCB1 expression was 2.33 fold lower in the human compared to mice BBB. If 

ABCG2 indeed plays a more prominent role in the human BBB and/or if human ABCG2 is an effi  cient 

transporter of erlotinib, insuffi  cient inhibition of ABCG2 could explain the lack of eff ect in the clinical 

trial. This hypothesis is supported by reports suggesting that elacridar inhibits ABCB1 at 50-100 nM, 

but that 250 nM is required for inhibition of ABCG2 (6,7), albeit likely that the inhibitory potency will 

be diff erent for each substrate.  

Thirdly, ABCG2 is known to compensate for ABCB1-inhibition for double substrates (37). This eff ect 

has also been shown for erlotinib in preclinical experiments (12). Importantly, in mice the largest 

gain in the erlotinib brain accumulation was seen when ABCB1 was absent with a moderate further 

increase when both ABCB1 and ABCG2 were absent. Very likely, the increase of erlotinib in mice that 

occurs by elacridar results predominantly by the inhibition of ABCB1 by elacridar. This could is also 

in line with other studies using 11C-verapamil (a substrate for ABCB1, but not ABCG2) in humans 

showing statistically signifi cant, albeit small, increases in brain uptake in ABCB1/ABCG2 inhibition 

(38). Besides species diff erences in substrate affi  nities and transporter expression other unknown 

factor may contribute to the observed diff erences. However, based om these observations we 

advise that future clinical trials aiming to increase brain exposure by administration of elacridar 

should try to avoid using strong ABCG2 substrates and focus primarily on ABCB1 and/or weak 

ABCG2 substrates.
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Conclusion

Results of our preclinical studies are in accordance with previous reports that have shown a significant 

effect of combined Abcb1a/b;Abcg2 inhibition by elacridar on erlotinib brain penetration. To our 

knowledge this is the first study investigating the effect of BBB transporter inhibition on 11C-erlotinib 

in the clinical setting. Here no increased brain VT was found in cancer patients treated with elacridar. 

The more pronounced role that ABCG2 appears to play at the human BBB and the lower potency of 

elacridar to inhibit ABCG2 may be an explanation of these inter-species differences. 

Future trials in this area should take into account the pharmacokinetic exposure of the inhibitor, 

the possible non-linearity of substrate and transporter kinetics and the possibility that an increased 

brain exposure can be achieved more easily for single ABCB1 than for dual ABCB1/ABCG2 substrates. 
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Supplemental fi gures

Supplemental fi gure 1: Erlotinib metabolism, plotted as percent parent erlotinib in the fi rst (dashed line) and 
second (fi lled line) 11C-erlotinib PET scan.
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Abstract

Background: BI 853520 is a potent inhibitor of focal adhesion kinase (FAK) currently under clinical 

development. Two randomized, open-label, crossover studies were conducted to evaluate the effect 

of food and liquid dispersion on the pharmacokinetics of BI 853520.

Methods: Sixteen patients with advanced solid tumors were enrolled in each sub-study. The order 

of administration was randomized and pharmacokinetic samples collected for 48 hours after a 200 

mg dose of BI 853520. Lack of effect would be demonstrated if the 90% confidence interval (90% CI) 

of the ratio of the geometric mean (GMR) of the area under the plasma curve (AUC0-48 and AUC0-∞) 

and maximum concentration (Cmax) did not cross the 80–125% (bioequivalence) boundaries. 

Results: Administration of BI 853520 as a liquid dispersion did not affect AUC0-48, AUC0-∞  and Cmax 

compared to a tablet, resulting in GMRs (90% CIs) of 1.00 (0.92-1.09), 0.98 (0.90-1.07) and 0.93 (0.86-

1.01) respectively. GMRs plus 90% CIs for the fed versus fasted state were 0.95 (0.77-1.19), 0.96 

(0.77-1.19) and 0.92 (0.76-1.11) for the same parameters. Although the 90% CIs were not within 

bioequivalence limits, after administration with a high-fat meal, the limited size of the reductions in 

AUC0-48, AUC0-∞ and Cmax are unlikely to be clinically relevant. 

Conclusions: These studies demonstrate that BI 853520 can be used effectively as a liquid dispersion 

and no food restrictions need to be provided to patients. These favorable pharmacokinetic 

properties contribute to the convenience and flexibility of the posology of BI 853520.
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Introduction

The focal adhesion kinase (FAK), also known as protein tyrosine kinase 2 (PTK2), is a non-receptor 

cytokine tyrosine kinase that comprises a structural component of focal adhesions. These focal 

adhesions are protein complexes containing cell surface integrins, which are essential for interaction 

with the extracellular matrix and transduction of signaling pathways.[1] FAK plays a vital role in 

proliferation, survival and migration of tumor cells.[2] In cancer, dysregulation and activation of 

focal adhesions facilitate cell motility and promote invasive tumor growth.[1] Increased expression 

of FAK is found in various tumor types and the extent of expression has been related to the extent of 

disease progression and metastasis.[3] In particular, FAK overexpression has been implicated in the 

development of sarcomas, and prostate, colorectal, ovarian and breast cancer.[4–9] 

In mice, genetic knock out of FAK has been shown to be embryonically lethal, underscoring its 

role in development, in particular in the formation of blood vessels.[10] Chemical inhibition of FAK 

has been shown to reduce FAK activity and block tumor growth in a range of xenograft models.

[11–14] Moreover, inhibition of FAK on endothelial cells has been shown to improve sensitivity of 

tumor cells to chemotherapy and immunotherapy in preclinical models.[15,16] Several inhibitors 

of FAK have been evaluated in cancer patients,[17–19] both as monotherapy and in combination 

with chemotherapy, targeted and immune therapies. [20] BI 853520 is a potent inhibitor of FAK 

and clinical exploration has shown biomarker engagement and anti-tumor activity in the phase 1 

studies reported by de Jonge et al and Doi et al in this issue.

A major determinant of drug absorption is the impact of concomitant administration with or without 

food.[21] Food, amongst other factors, may infl uence gastric pH, emptying and motility. Moreover, 

the presence of a high-fat meal may improve the solubility of lipophilic drugs thereby increasing 

(relative) bioavailability. All these factors can infl uence the rate and extent of gastrointestinal 

absorption and indicate the need to study the eff ects of food on drug bioavailability during clinical 

drug development.[22,23] A marked infl uence of food on absorption has been reported for several 

orally dosed anti-cancer drugs.[24–27] In particular, in the case of abiraterone, a 1000% increase 

in area under the plasma concentration time curve (AUC) was demonstrated when the drug was 

administered with food compared to a fasted state, illustrating a clinically relevant food eff ect.[25] 

The requirement to administer drugs in the fasting state can have a major impact on patients’ well-

being, especially if the fasting state has to be continued for several hours after drug administration.

Further, oral administration of drugs can be problematic for those who cannot swallow whole 

tablets. This may be particularly relevant in patients with some advanced cancers such as head and 

neck cancer or esophageal cancer, or in pediatric patients. Therefore development of an alternative 

oral formulation could increase convenience of administration for patients. However, any alternative 
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formulation should first be tested clinically to demonstrate it achieves appropriate pharmacokinetic 

exposure. 

We report on two randomized, open-label, crossover studies evaluating the effect of administration 

with or without a high calorie meal and the effect of administration as a liquid dispersion on the 

pharmacokinetics of the novel FAK-inhibitor BI 853520.

Patients and methods 

Patients

Patients who were treated in the expansion cohorts of the phase 1 dose-finding study of BI 853520 

(NCT01335269; see the article by de Jonge in this issue) were eligible for enrollment if they had 

a confirmed diagnosis of advanced, measurable or evaluable, non-resectable and/or metastatic 

non-hematologic malignancy, and disease progression in the last 6 months before study entry 

demonstrated by serial imaging. Patients needed to have failed conventional treatment or be 

unamenable to established treatment options or have no proven therapy available to them. 

Moreover, patients needed to have an Eastern Cooperative Oncology Group (ECOG) performance 

score of 0 or 1, have recovered from reversible toxicities (alopecia excluded) from prior anti-cancer 

therapies (Common Terminology Criteria for Adverse Events grade < 2), be at least 18 years of age 

and have a life expectancy of at least 3 months.

The main exclusion criteria were serious concomitant illness, active infections, pregnancy, 

breastfeeding, active or symptomatic brain metastases, second malignancies, congestive heart 

failure of grade III or IV, myocardial infarction within 6 months of inclusion, absolute neutrophil 

count <1500/mm3, platelet count <100,000/mm3, total bilirubin >1.5 times the upper limit of normal 

(ULN), aspartate transferase and/or alanine transferase >3 times ULN or >5 times ULN in patients 

with liver metastases.

Study design

An overview of the design of both studies is provided in Figure 1. The effect of food on the 

pharmacokinetics of BI 853520 was investigated in a randomized, open-label, crossover, single-dose 

study in patients with advanced solid tumors. Patients received a single 200 mg tablet of BI 853520 

either in a fed or fasted state (see details of the conditions of drug administration below) with a 

wash-out period of 7 days between each administration. The order of fasted-fed or fed-fasted was 

established through randomization.

The pharmacokinetics of a single 200 mg dose of BI 853520 in a liquid dispersion were studied in the 

same randomized, open-label, crossover design using the 200 mg tablet as reference. The order of 
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administration (liquid-tablet or tablet-liquid) was randomized and a 7 day wash-out period applied 

as described above.

Figure 1: Schematic of randomized, open-label, crossover trials to evaluate the eff ect of food and formulation 
on the pharmacokinetics of a 200 mg dose of the FAK-inhibitor BI 853520. The order of administration (fasted-
fed versus fed-fasted [left panel] or tablet-liquid versus liquid-tablet [right panel]) was randomized (R) and a 
wash-out period of 1 week applied between the two treatments. After the pharmacokinetic studies, patients 
continued on a daily dose of 200 mg BI 853520 (as a tablet) until disease progression, intolerability of the study 
medication or withdrawal of consent.

After the last pharmacokinetic sample of each pharmacokinetic study, patients  continued treatment 

with a daily dose of 200 mg BI 853520 until disease progression, intolerability of the study medication 

or withdrawal of consent.

Drug administration

In the food-eff ect study, BI 853520 was administered either after an overnight fast with approximately 

240 mL of water or with a standardized high calorie meal. No food was allowed for 4 hours after 

intake of the drug. Water was allowed 1 hour after taking the drug. The high calorie meal was a high-

fat breakfast containing approximately 950 kilocalories (at least half of which were from fat) and was 

ingested in no more than 30 minutes. Directly after the meal, the single 200 mg tablet of BI 853520 

was administered. 

In the tablet versus liquid formulation study, patients received BI 853520 in a fasted state, as 

described above. Patients remained fasted for 4 hours after intake of the drug. The liquid formulation 

was prepared by dissolution of the tablet in 20 mL of a reconstitution solution containing sucralose 
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(4 mg/mL), menthol (2 mg/mL) and benzoic acid (1 mg/mL). The tablet was submersed in the 

solution in a child-resistant screw-cap bottle, without being crushed. The bottle was then closed 

and shaken thoroughly for 30 seconds. After shaking, the bottle was set aside for 10 minutes. If the 

tablet was not dispersed completely, the bottle would be shaken for another 30 seconds and set 

aside for 5 minutes. This procedure was resumed until the tablet was dispersed completely into 

a homogeneous dispersion without noticeable lumps. No further dilution of the dispersion was 

allowed.

Pharmacokinetic sampling

In both studies, blood samples were collected before and at 0.5, 1, 2, 3, 4, 6, 8, 10, 24 and 48 hours 

after drug administration. Plasma concentrations of BI 853520 were measured by validated assays 

based on liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). The lower 

limit of detection for the assay was 1 nmol/L for plasma.

Data analysis

Based on the plasma concentration time-curves, pharmacokinetic parameters were calculated using 

non-compartmental analysis. Parameters of interest were time to maximum plasma concentration 

(Tmax), maximum plasma concentration (Cmax), AUC calculated from 0 to 48 hours and extrapolated to 

infinity (AUC0-48 and AUC0-∞ respectively), and the plasma half-life (T1/2). 

The 90% confidence interval (CI) was calculated for the ratio of the geometric mean Cmax, AUC0-∞ 

and AUC0-48 for a 200 mg dose under fed and fasted conditions and for the 200 mg tablet and liquid 

formulation respectively. In each study, only patients evaluable for both treatment states (fasted 

and fed) or both formulations (liquid and tablet) were included in calculation of the ratio. Lack of 

difference was demonstrated if the 90% CI of the geometric means of Cmax, AUC0-∞  and AUC0-48 were 

within the 80–125% limits, in accordance with Food and Drug Administration guidelines for food 

effect and bioequivalence studies.[28,29]

Trial conduct and registry

This trial was conducted in accordance with the WHO Declaration of Helsinki and Good Clinical 

Practices. All patients provided written informed consent before enrollment in accordance with 

International Conference on Harmonization Good Clinical Practice and local legislation. This trial 

was registered in the United States National Institutes of Health clinical trial registry under the 

ClinicalTrials.gov identifier: NCT01335269.
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Results  

In total, 16 patients were enrolled in both studies. In the food eff ect study, 15 patients were evaluable 

for treatment in at least one state (fed or fasted), while in the liquid-tablet study 16 patients were 

evaluable for treatment with at least one dose (liquid or tablet) of BI 853520. Reasons for exclusion 

from the pharmacokinetic analysis included vomiting within 4 hours after ingestion, failure to 

take the full BI 853520 dose and expired sample stability. In the food eff ect sub-study, one plasma 

concentration-time profi le was excluded for one patient due to vomiting after drug administration, 

and in the liquid-tablet sub-study one plasma concentration-time profi le was excluded for one 

patient due to incomplete drug administration. 

The patient characteristics are presented in Table 1. An overview of all plasma-concentration time 

curves is provided in Figure 2 and a summary of all pharmacokinetic parameters of interest is given 

in Figure 3. 

Table 1: Characteristics of evaluable patients in both studies

Food eff ect study Liquid formulation study

Patient (n) 15 16

Gender (n, %)
  Male
  Female

5 (33.3)
10 (66.6)

8 (50)
8 (50)

Age (mean, range) 56 [25 – 72] 60 [55 – 89]

Weight (mean, CV) 70 (24.5) 71 (15.3)

Height (mean, CV) 169 (6.6) 172 (5.9)

Tumor type (n, %)
  Soft tissue sarcoma
  Esophageal carcinoma
  Pancreatic adenocarcinoma
  Ovarian carcinoma
  Other 

11 (73.3)
-
2 (13.3)
1 (6.7)
1 (6.7)

-
6 (37.5)
4 (25.0)
6 (37.5)
-
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Figure 2: Plasma concentration-time curves for BI 853520 (200 mg) in the food effect and liquid formulation 
studies. Mean plus standard deviation of the plasma concentration-time curves for a 200 mg BI 853520 tablet 
administered to patients in a fed and fasted state (left) and a 200 mg dose of BI 853520 administered as a liquid 
dispersion and tablet (right).

Figure 3: AUC0-48, AUC0-∞ and Cmax of BI 853520 (200 mg) in the food effect and liquid formulation studies. Boxplots 

of area under the plasma concentration time curve (AUC) from 0 to 48 hours (AUC0-48) and extrapolated to infinity 

(AUC0-∞), and the maximum plasma concentration of BI 853520 (Cmax) following a single 200 mg dose of BI 853520 

administered as a liquid (lilac) or tablet (blue) in the liquid formulation study, and under fed (green) or fasted 

(orange) conditions (both as a tablet) in the food effect study.

Food effect

Plasma-concentration time curves of patients receiving 200 mg of BI 853520 under fed and fasted 

conditions are presented in Figure 2. The plasma profile of BI 853520 was not markedly influenced 

by concomitant administration of the high-calorie meal. A summary of the pharmacokinetic 

parameters of interest is provided in Table 2. The ratio of the geometric means plus 90% CI were 

0.95 (0.77–1.19), 0.96 (0.77–1.19) and 0.92 (0.76–1.11) for AUC0-48, AUC0-∞ and Cmax, respectively. All 

90% CIs crossed the lower of the 80–125% boundaries. Tmax and T1/2 of BI 853520 administered after 

a high calorie meal were not different from those in fasted patients. 
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Table 2: Pharmacokinetic parameters for a 200 mg tablet of BI 853520 administered under fasted and fed 
conditions. 

Fasted Fed Ratio†

Patients (n) 15 14 -

Tmax* 3 [1-6] 4 [1-24] -

AUC0-48 (nmol*h/L) 33300 (47.8) 30700 (65.3) 0.95 [0.77-1.19]

AUC0-∞ (nmol*h/L) 39700 (49.4) 38900 (65.3) 0.96 [0.77-1.19]

Cmax (nmol/L) 1860 (52.1) 1630 (68.6) 0.92 [0.76-1.11]

T1/2 (h) 18.0 (22.6) 18.0 (16.1) -

Unless otherwise specifi ed, data are presented as geometric mean and coeffi  cient of variation (%).
* Median [range], - Not calculated, † geometric means of fasted/fed ratio plus 90% confi dence interval. Only data from 
patients evaluable in both treatment administrations were included (n=14).

Table 3: Pharmacokinetic parameters of 200 mg BI 853520 administered as a tablet or liquid formulation. 

Tablet Liquid Ratio†

N 16 14 -

Tmax* 2 [1–6] 2 [1–6] -

AUC0-48 (nmol*h/L) 26600 (54.5) 27300 (56.5) 1.00 [0.92–1.09]

AUC0-∞ (nmol*h/L) 32200 (56.5) 32600 (59.3) 0.98 [0.90–1.07]

Cmax (nmol/L) 1740 (55.0) 1620 (57.1) 0.93 [0.86–1.01]

T1/2 (h) 19.5 (16.4) 18.4 (22.7) -

Unless otherwise specifi ed, data are presented as geometric mean and coeffi  cient of variation (%).
* Median [range], - not calculated, † geometric means of liquid/tablet ratio plus 90% confi dence interval. Only data 
from patients evaluable in both treatment administrations was included (n=14).

Liquid formulation

Plasma concentration-time curves for the liquid formulation study are provided in Figure 2. Calculated 

parameters for the pharmacokinetics of the liquid dispersion and tablet are presented in Table 3. Tmax and 

T1/2 were not aff ected by dispersing BI 853520 in a liquid. Geometric mean ratios plus 90% CIs of AUC0-48, 

AUC0-∞ and Cmax were 0.98 (0.90–1.07), 1.00 (0.92–1.09) and 0.93 (0.86–1.01), respectively. All 90% CIs were 

within the 80–125% limits, indicating no statistically signifi cant impact on pharmacokinetic exposure.

Discussion

The possible eff ect of food and formulation (liquid dispersion vs tablet) on pharmacokinetic parameters 

of BI 853520 were assessed in two randomized, open-label, crossover pharmacokinetic studies. A total of 

16 patients were planned for each study. This planned sample size was not based on a power calculation, 

but was judged to be appropriate to achieve the aims of this exploratory sub-study, and as being 

adequate to provide a minimum of 12 evaluable patients for the analysis, as required by FDA guidance.
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The plasma profile, Tmax and T1/2, of BI 853520 when taken after a high-calorie meal was not markedly 

different from that in fasted patients. The 90% CI for the ratio of the geometric means of the 

AUC0-48, AUC0-∞ and Cmax all crossed the lower of the 80–125% boundaries. However, we consider 

the reductions not to result in clinically meaningful differences in exposure. Our data, therefore, 

seem to support the view that BI 853520 may be administered orally without the need for stringent 

conditions regarding food intake.

Administration of BI 853520 after dispersion of the tablet in a reconstitution solvent did not 

significantly impact any pharmacokinetic parameters (Table 3, Figure 3). None of the 90% CIs of 

the calculated pharmacokinetic parameters crossed the predefined 80–125% limits. This indicates 

that the bioavailability of BI 853520 is unaffected by liquid dispersion and supports the use of the 

reconstitution liquid to facilitate drug administration in patients having problems swallowing. 

Overall, the pharmacokinetic profile of BI 853520 was favorable and unlikely to be influenced by 

the type of formulation and concomitant administration with food. This will allow for a patient 

friendly posology without strict requirements for administration under fasted conditions. Also, 

administration of BI 853520 as a liquid dispersion may be especially convenient for patients who 

experience problems swallowing or for pediatric patients.

In conclusion, these randomized, open-label, crossover studies indicate no significant effect of 

liquid dispersion on the pharmacokinetics of BI 853520, and only minimal effect after a high calorie 

meal. These favorable pharmacokinetic properties contribute to the convenience and flexibility of 

the posology of BI 853520. 
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Conclusion and  Perspectives

The introduction of targeted anti-cancer therapies, such as kinase inhibitors, has unrecognizably 

changed and improved the treatment of cancer. Yet, challenges remain in selecting those patients 

who may benefit most from these treatments and how to best deploy these agents in the treatment 

of patients. This thesis describes a range of clinical pharmacological studies to optimize and to 

personalize the treatment of cancer using kinase inhibitors. 

Overall, the first four chapters of this thesis  illustrate that there is room for improvement when 

determining the appropriate dose for kinase inhibitors in oncology. Chapter 1 shows that the 

currently used fixed dosing paradigm is far from perfect. First of all, the standard methods to 

arrive at this fixed dose are based on a strikingly small number of patients. Second, these studies 

do not formally take into account the optimal efficacious dose, as they focus on determining a 

maximum tolerable dose. Furthermore, after choosing this fixed dose in the aforementioned  small 

dose-escalation study, this dose is then not reconsidered throughout further drug development 

nor during the post-approval life cycle. Even though data from hundreds to thousands of patients 

may have become available before market-entry approval has been granted. Chapters 2 and 3 of 

this thesis describe how the standard approved dose of kinase inhibitors could be optimized by 

further investigating the clinical pharmacology of these drugs. The focus of chapter 2 is on the 

oral kinase inhibitor pazopanib and aimed to personalize dosing for this drug. Chapter 3 aimed 

to optimize specific pharmacokinetic parameters of everolimus to improve efficacy and to reduce 

toxicity in cancer patients. Chapter 4 focusses on real-world patients cohorts and identifies that not 

all patients benefit optimally from current dosing strategies. 

First, multiple bioanalytical methods to quantify pazopanib concentrations in patient samples were 

developed, validated and applied in chapters 2.2 and 2.3. Then, exposure-survival relations were 

identified in patients routinely treated with pazopanib at the Netherlands Cancer Institute. These 

analyses indicated that patients with higher pazopanib minimal plasma concentrations  (Cmin) had a 

longer progression free survival than patients with lower Cmin (chapter 2.4). The following chapter 

2.5 demonstrates in a prospective study in cancer patients that personalizing the pazopanib dose, 

based on measured Cmin was feasible, safe and lead to additional patients reaching the targeted 

pharmacokinetic exposure. Also, we found that  patients who reached the targeted exposure had a 

larger reduction in tumor size than those patients who did not reach this target.

Chapter 3.1 describes a method for the quantification of everolimus concentrations in patients 

samples using a less invasive sampling technique only requiring a finger prick. Then in chapter 

3.2 we describe a clinical pharmacokinetic study to optimize everolimus dosing in oncology. It 

was hypothesized that this could be achieved by lowering the maximal concentration (Cmax) which 

could easily be achieved by splitting the schedule for once daily (QD) to bi-daily (BID) dosing. To 

confirm this hypothesis we performed a prospective randomized pharmacokinetic crossover 

trial comparing everolimus 10 mg QD with 5 mg BID. Switching to a BID schedule significantly 
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reduced everolimus Cmax without negatively impacting either total exposure measured as area 

under the concentration-time curve (AUC) or Cmin, which are thought to be related to treatment 

effi  cacy. Moreover, BID dosing could be combined with therapeutic drug monitoring to further 

manage the pharmacokinetic exposure in everolimus treatment. Interestingly, in transplantation 

medicine everolimus is already routinely administered in a BID schedule. These results merit further 

investigation of the BID everolimus schedule in oncology in an eff ort to reduce everolimus toxicity 

whilst maintaining treatment effi  cacy.

As shown in chapter 4, clinical pharmacological properties of kinase inhibitors can also be studied 

in routine patient care. First we show in chapter 4.1 that monitoring of circulating tumor DNA could 

be informative to predict which non-small cell lung cancer patients may benefi t optimally from 

erlotinib or gefi tinib treatment. Then in chapter 4.2 we showed that gastro-intestinal stromal tumor 

patients are systematically underexposed when treated with the standard imatinib fi xed dose. 

Although these studies separately study either tumor genetics or drug pharmacokinetics, future 

studies could also integrate these two strategies for an even more detailed monitoring of treatment. 

One could hypothesize for example that specifi c thresholds could exist for genetically diff erent 

tumor types, where more aggressive tumors would need treatment at higher concentrations (at a 

risk of more toxicity) whilst less aggressive tumors could be treated at a more patient friendly lower 

dose. To study these dynamic quantitative eff ects more advanced mathematical methods such as 

non-linear mixed eff ect modelling could be an attractive strategy.

These fi rst four chapters indicate that treatment outcomes for cancer patients could be improved 

further by optimizing and personalizing the dose of kinase inhibitors. Not only could the fi xed 

dosing schedules be improved by optimizing important pharmacokinetic parameters such as the 

maximum concentrations (Cmax) and Cmin as demonstrated for everolimus, but more importantly 

this optimization should not stop at the population level. Since it has been demonstrated that 

pharmacokinetic parameters are related to treatment outcomes and that these parameters vary 

between patients on the same fi xed dose, it logically follows that personalizing the dose to achieve 

these pharmacokinetic targets could improve treatment outcomes. This paradigm is currently 

already accepted to determine the dose on a group level in special patient populations, such as 

pediatric patients or patients with renal or hepatic impairment.

To facilitate the implementation of individualized dosing, we have provided recommendations for 

personalized dosing of kinase inhibitors based on their pharmacokinetic and pharmacodynamic 

properties in chapter 1.1. Although individualized dosing is based on solid scientifi c reasoning 

and has shown merit in multiple exploratory clinical trials, some of which are referenced in this 

thesis (chapters 1.1 and 2.5), it is unlikely that these will be suffi  cient to overcome the fi xed dosing 

paradigm in oncology. Before individualized adaptive dosing schedules can become the new 

standard of care, further confi rmatory clinical trials may be needed, using relevant clinical effi  cacy 

endpoints such as progression-free and overall survival. These could then decisively validate the 
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personalized dosing paradigm and facilitate its implementation as standard care of cancer patients 

treated with kinase inhibitors.

Leptomeningeal (LM) and central nervous system (CNS) metastases are a frequent occurrence in 

cancer patients, even in subjects whose extra-cranial lesions are responsive to treatment. LM and 

CNS lesions are known to result in a dismal prognosis for patients, which can partly be explained 

by the pharmacokinetic properties of anti-cancer drugs, in particular their limited distribution into 

the cerebrospinal fluid (CSF) and brain parenchyma. A large part of this limited distribution can 

be explained by the fact that many kinase inhibitors are substrates for efflux transporters, such as 

the ATP-binding cassette (ABC) transporters ABCB1 and ABCG2 present in the blood-brain barrier. 

Co-administration of an inhibitor of these transporters could increase the concentration of kinase 

inhibitors in the CNS and allow for more effective treatment of LM and CNS metastases. 

Elacridar is an inhibitor of both ABCB1 and ABCG2. Chapter 5.1 describes the phase I dose-escalation 

study in healthy volunteers to investigate the clinical pharmacokinetics of a novel amorphous solid 

dispersion formulation of elacridar. The clinical application of this formulation was found to be safe 

and the 1000 mg dose level resulted in pharmacokinetic exposure which, based on the available 

data, would be pharmacologically relevant. To proof the concept of ABCB1 and ABCG2 inhibition 

at the blood-brain barrier, a clinical imaging study using carbon-11 labeled erlotinib as a PET-probe 

was conducted in cancer patients, which is presented in chapter 5.2. In contrast to many preclinical 

studies in mice and primates, no increase in brain uptake of erlotinib was seen after administration 

of elacridar in patients. Moreover, no trend towards increased CNS uptake was seen with increasing 

elacridar plasma concentrations. Thorough analysis of the possible cause of lack of effect, pointed 

towards a more prominent role of ABCG2 in the human blood-brain barrier. Unfortunately, this 

weakens the heretofore promising concept of ABCB1 and ABCG2 inhibition in the brain for double 

substrates. Furthermore, our observations suggest that future clinical trials aiming to increase brain 

exposure by administration of elacridar should avoid using strong ABCG2 substrates and focus 

primarily on ABCB1 and/or weak ABCG2 substrates.

Clinical pharmacological research  not only focuses on current clinical practice. Clinical pharmacokinetic 

research can also be beneficial early in drug development to optimize the formulation, dosing and 

posology of drug candidates. Chapter 6 studied the clinical pharmacokinetics of BI 853520 in 

two randomized crossover studies. These indicated that the pharmacokinetic profile of BI 852520 

was favorable and unlikely to be strongly influenced by the type of formulation and concomitant 

administration with food. This will allow for a patient friendly posology without strict requirements 

for administration under fasted conditions. Also, administration of BI 853520 as a liquid dispersion 

may be especially convenient for further studies in esophageal cancer, or other tumor types 

were patient may be likely to experience problems swallowing. Taken together, these favorable 

pharmacokinetic properties encourage further clinical development of  BI 853520 in oncology.
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Taken as a whole, this thesis testifi es to the relevant contributions the discipline of clinical 

pharmacology can make to the development of novel anti-cancer drugs and the treatment of 

cancer patients with already approved agents. In particular, the clinical pharmacokinetic and 

pharmacodynamic properties of existing drugs and novel drug candidates should be taken into 

account to further enhance treatment results. 

Currently these clinical pharmacological studies are already an integral part of the development 

and application of anti-cancer drugs. Yet, this thesis provides clear examples and recommendations 

how and where more emphasis on clinical pharmacology could be leveraged to further improve 

treatment outcomes by reducing toxicity, improving effi  cacy and personalizing the treatment of 

cancer patients treated with kinase inhibitors. 
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The introduction of targeted anti-cancer therapies has unrecognizably changed and improved the 

treatment of cancer. Yet, challenges remain in selecting those patients who may benefi t most from 

these treatments and how to best deploy these agents in the treatment of patients. An important 

class of drugs within these new category of targeted therapies is that of the kinase inhibitors (KIs). 

This thesis describes clinical pharmacological studies to optimize and personalize the treatment of 

cancer patients with this class of agents.

Despite the fact that pharmacokinetic exposure of kinase inhibitors is highly variable and clear 

relationships exist between exposure and treatment outcomes, fi xed dosing is still standard practice. 

Chapter 1.1 aims to summarize the available clinical pharmacokinetic and pharmacodynamic data 

into practical guidelines for individualized dosing of KIs through therapeutic drug monitoring 

(TDM). Additionally, we provide an overview of prospective TDM trials and discuss the future steps 

needed for further implementation of TDM of KIs. 

Chapter 2 of this thesis focusses on pazopanib, a small molecule tyrosine kinase inhibitor targeting 

the vascular endothelial growth factor receptor (VEGFR)-1,2,3, platelet derived growth factor 

receptor (PDGFR) α/β, fi broblast growth factor receptor (FGFR) and the stem cell receptor/ c-Kit. 

Chapter 2.1 provides an overview of the complex pharmacokinetic and pharmacodynamic profi les 

of pazopanib and based on the available data we propose optimized dosing strategies. Chapter 

2.2 describes the validation and clinical application of a fast and straightforward method for the 

quantifi cation of pazopanib in human plasma for the purpose of TDM  and bioanalytical support of 

clinical trials. All validated parameters were within pre-established limits and fulfi lled the Food and 

Drug Administration (FDA) and European Medicines Agency (EMA) requirements for bioanalytical 

method validation. After completion of the validation, the routine application of the method was 

tested by analyzing clinical study samples which were collected for the purpose of therapeutic drug 

monitoring. 

For routine monitoring of individual pazopanib exposure plasma sampling may not be ideal, as it 

is invasive and requires a trained nurse or other healthcare professional to draw the sample. Dried 

blood spot (DBS) analyses, where a patient draws the blood sample by a simple fi nger prick is a 

more convenient alternative. Therefore we developed a DBS assay as a patient friendly approach to 

guide treatment, described in chapter 2.3. The method was validated according to FDA and EMA 

guidelines and European Bioanalysis Forum recommendations. Infl uence of spot homogeneity, 

spot volume and hematocrit were shown to be within acceptable limits. Analysis of paired clinical 

samples showed a good correlation between the measured plasma and DBS concentrations. The 

method has been applied to over 300 clinical samples, demonstrating that it is suitable to support 

TDM and clinical trials of cancer patients treated with pazopanib.

Summary
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The aim of chapter 2.4 was to explore the pharmacokinetics and exposure-survival relationships 

of pazopanib in a real-world patient cohort. In total 61 patients were included in the analysis, 

of whom 35 had renal cell carcinoma and 26 soft tissue sarcoma. Our study confirmed that the 

previously established threshold of Cmin >20 mg/L is related to longer progression free survival in 

renal cell carcinoma patients.  Furthermore, the results showed that at the currently approved fixed 

dose regimen, a relevant subgroup of 16.4% of patients treated with pazopanib is underexposed 

in routine care and may be at risk of suboptimal treatment efficacy. Moreover, our data pointed 

towards a similar association of increased progression free survival with higher exposure in soft 

tissue sarcoma patients. Plasma Cmin monitoring of pazopanib can help to identify patients with low 

Cmin for whom treatment at a higher dose may be appropriate.

This hypothesis was tested in chapter 2.5. Here, we conducted a prospective multicenter trial in 30 

patients with advanced solid tumors. An individualized pazopanib dosing algorithm was applied, 

where Cmin was measured weekly and the dose was increased if Cmin was <20 mg/L and toxicity < 

grade 3. 

The dosing algorithm led to patients receiving dosages of 400 to 1800 mg daily. Patients whose 

dose was increased had a significant increase in exposure. Patients who required a dose reduction 

for toxicity could in many cases be treated at a reduced dose whilst maintaining adequate exposure. 

Individualized pazopanib dosing was feasible and safe. Future randomized clinical trials are needed 

to investigate the effect of individualized dosing on a clinical endpoint such as progression free or 

overall survival.

Chapter 3 of this thesis studied everolimus. Everolimus is a mammalian target of rapamycin (mTOR)-

inhibitor approved for the treatment of renal cell carcinoma, neuroendocrine tumors and hormone 

receptor positive, human epidermal growth factor receptor 2 (HER2) negative, breast cancer. 

Chapter 3.1 shows the bioanalytical validation and clinical application of an LC-MS/MS method to 

quantify everolimus using the less invasive sampling technique volumetric absorptive microsampling 

(VAMS). The VAMS method met all pre-specified validation criteria and was successfully applied 

to several samples from cancer patients treated with everolimus. Unfortunately, no superiority 

compared to DBS sampling could be demonstrated as a clear effect of hematocrit on analytical 

performance was also found for the VAMS method.

The currently approved 10 mg once daily (QD) dose is associated with considerable adverse effects, 

in particular with stomatitis. It has been suggested that these adverse events are associated with the 

Cmax of everolimus. Bi-daily (BID) dosing might be an alternative strategy with improved tolerability. 

In an attempt to improve this, we performed a prospective randomized pharmacokinetic crossover 

trial comparing everolimus 10 mg QD with 5 mg BID in chapter 3.2. Patients received the first dose 

schedule for two weeks and then switched to the alternative regimen for two weeks. Switching to 

the 5 mg BID schedule resulted in a significant reduction of Cmax of 33% whilst maintaining AUC0-

24h whilst Cmin increased. Overall the Cmax/Cmin ratio was reduced by 50%. These results merit further 
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investigation of the BID everolimus schedule in oncology in an eff ort to reduce everolimus toxicity 

whilst maintaining treatment effi  cacy. 

Chapter 4 contains clinical pharmacological studies of kinase inhibitors conducted during routine 

care of cancer patients. In chapter 4.1, we monitored the dynamics of circulating tumor (ct) DNA in 

plasma samples of NSCLC patients treated with erlotinib or gefi tinib. In particular, an increase in the 

EGFR activating mutations over time predicted clinical progression, suggesting ctDNA monitoring 

could be used as an early read-out of treatment failure. Chapter 4.2 describes pharmacokinetics of 

imatinib in a large cohort of gastro-intestinal stromal tumor (GIST) patients in routine care. In total, 

421 plasma samples were available from 108 GIST patients. In daily clinical care 32.4% of imatinib 

treated GIST patients were systematically underexposed, with Cmin levels <1000 µg/L. This study 

showed that underexposure is a frequent problem in routine clinical care of imatinib treated GIST 

patients and future prospective clinical studies are needed to investigate the value of Cmin guided 

imatinib dosing in these patients. 

Chapter 5 described eff orts to improve the delivery of kinase inhibitors across the blood-brain 

barrier (BBB) into the central nervous system (CNS) to improve prevention and treatment of CNS 

metastases and tumors. A major hurdle to delivery of kinase inhibitors to the CNS is the active effl  ux 

by the ATP-binding cassette (ABC) transporters ABCB1 and ABCG2. Elacridar is an inhibitor of the 

ABCB1 and ABCG2 and is a promising CNS absorption enhancer of drugs that are substrates of these 

drug-effl  ux transporters. Chapter 5.1 describes the phase I dose-escalation study of an amorphous 

solid dispersion (ASD) tablet formulation in healthy volunteers. Cmax and AUC0-∞ increased linearly 

with dose over the explored range. The target Cmax of ≥ 200 ng/mL was achieved at the 1000 mg 

dose level. The ASD tablet was well tolerated, resulted in relevant pharmacokinetic exposure, and 

suitable for us in proof-of-concept clinical studies.

The proof-of-concept study is described in chapter 5.2. The purpose of the present study was 

to assess whether 11C-erlotinib PET could also be used to quantify erlotinib uptake in the brain, 

particularly as readout of ABCB1/ABCG2 inhibition at the BBB. To address this question, fi rst 

preclinical experiments in mice were performed to establish the elacridar concentration needed to 

achieve Abcb1a/b and Abcg2 inhibition. Next, in vivo imaging in wild type and Abcb1a/b and Abcg2 

knock out mice was performed to establish the feasibility of monitoring drug transporter inhibition 

at the BBB using 11C-erlotinib PET. Finally, a clinical trial in cancer patients using 11C-erlotinib PET 

was performed to non-invasively study the eff ects of ABCB1/ABCG2-inhibition on the human brain 

penetration of erlotinib.

Results of our preclinical studies were in accordance with previous reports that have shown 

a signifi cant eff ect of combined Abcb1a/b;Abcg2 inhibition by elacridar on erlotinib brain 

penetration. However, these fi ndings did not translate into an increased brain uptake of erlotinib in 

cancer patients co-treated with elacridar. The more pronounced role that ABCG2 appears to play at 
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the human BBB and the lower potency of elacridar to inhibit ABCG2 may be an explanation of these 

inter-species differences. 

These results show that future trials in this area should take into account the pharmacokinetic 

exposure of the inhibitor, the possible non-linearity of substrate and transporter kinetics and the 

possibility that an increased brain exposure can be achieved more easily for single ABCB1 than for 

dual ABCB1/ABCG2 substrates. 

Two randomized crossover clinical trials with the novel focal adhesion kinase inhibitor BI 853520 

are described in chapter 6. The aim of these studies was to evaluate the effect of liquid dispersion 

and food on the pharmacokinetics of BI 853520. Sixteen patients with advanced solid tumors were 

enrolled in each sub-study. The order of administration was randomized and pharmacokinetic 

samples collected for 48 hours after a 200 mg dose of BI 853520. Although minor differences in 

AUC0-48, AUC0-∞ and Cmax were found, these are unlikely to be clinically relevant, demonstrating that BI 

853520 can be used effectively as a liquid dispersion and no food restrictions need to be provided to 

patients. These favorable pharmacokinetic properties contribute to the convenience and flexibility 

of the posology of BI 853520.

In summary, this thesis demonstrates the relevant contributions the discipline of clinical 

pharmacology can make to the development of novel anti-cancer drugs and the treatment of cancer 

patients with already approved agents. Although clinical pharmacological studies are already an 

integral part of the development and application of anti-cancer drugs, this thesis provides clear 

examples and recommendations how and where more emphasis on clinical pharmacology could 

be leveraged to further improve treatment outcomes by reducing toxicity, improving efficacy and 

personalizing the treatment of cancer patients treated with kinase inhibitors. 
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Samenvatting

De introductie van doelgerichte anti-kankergeneesmiddelen heeft de behandeling van kanker 

onherkenbaar veranderd en verbeterd. Maar het selecteren van patiënten die het meeste baat 

hebben bij deze behandelingen en het bepalen hoe deze middelen het best ingezet kunnen worden, 

blijkt nog steeds cruciaal. Een belangrijke klasse van doelgerichte anti-kankergeneesmiddelen is die 

van de kinaseremmers. Dit proefschrift beschrijft klinische farmacologische studies ter optimalisatie 

en personalisatie van deze klasse van geneesmiddelen.

De farmacokinetische blootstelling van kinaseremmers is sterk variabel tussen patiënten en de 

blootstelling is duidelijk gerelateerd aan de eff ectiviteit en bijwerkingen van de behandeling. Dit 

maakt dat sommige patiënten met een hoge blootstelling het risico lopen op bijwerken en anderen 

met een lage blootstelling het risico lopen op verminderen eff ectiviteit. Desondanks worden 

deze middelen in standaardzorg nog steeds gegeven in een vaste dosis. Hoofdstuk 1.1 geeft een 

overzicht van de farmacokinetische en farmacodynamische eigenschappen van kinaseremmers en 

vertaalt deze naar praktische aanbevelingen voor het individualiseren van de dosis op basis van de 

bloedspiegel, beter bekend als therapeutic drug monitoring (TDM). Daarnaast wordt een overzicht 

gegeven van alle prospectieve klinische TDM studies en beschrijven we de toekomstige stappen die 

nodig zijn voor de verdere implementatie van TDM voor kinaseremmers in de oncologie.

Hoofdstuk 2 gaat over pazopanib, een remmer van de vascular endothelial growth factor receptor, 

platelet derived growth factor receptor, fi broblast growth factor receptor en de stamcelreceptor/ c-Kit. 

Hoofdstuk 2.1 geeft een overzicht van het complexe farmacokinetische en farmacodynamische 

profi el van pazopanib en gebaseerd op de beschikbare data worden aanbevelingen gedaan voor 

het optimaliseren van de behandeling met dit middel. Hoofdstuk 2.2 beschrijft de analytische 

validatie en klinische toepassing van een methode voor het kwantifi ceren van pazopanib in 

humaan plasma ten behoeve van TDM en het ondersteunen van klinische studies met pazopanib. 

Alle validatieparameters waren binnen de vooraf bepaalde limieten en voldeden aan de Food & 

Drug Administration (FDA) en European Medicine Agency (EMA) vereisten voor de validatie van 

bioanalytische methoden. Na de validatie werd de toepasbaarheid van deze methode aangetoond 

op een groot aantal plasma monsters van patiënten behandeld met pazopanib.

Voor het monitoren van de pazopanib blootstelling in routinezorg is het afnemen van een 

plasmamonster mogelijk niet ideaal, omdat hiervoor een getrainde verpleegkundige (of andere 

zorgmedewerker) nodig is om het monster af te nemen. Dried blood spot (DBS) analyses zouden 

een passend alternatief kunnen zijn. Hier wordt bloed afgenomen door een prik op de vingertop 

van de patiënt. In hoofdstuk 2.3 wordt de ontwikkeling en toepassing van een DBS methode voor 

pazopanib als patiëntvriendelijk alternatief voor de plasmamethode beschreven. De methode 

werd gevalideerd in overeenkomst met FDA en EMA richtlijnen en European Bioanalysis Forum 

aanbevelingen. Ook de invloed van druppelhomogeniteit, -volume en hematocriet werden 

Nederlandse samenvatting
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onderzocht. Analyse van meer dan 300 gepaarde plasma en DBS monsters liet zien dat er een 

goede overeenkomst was tussen beide methoden en dat de DBS methode geschikt was voor het 

toepassing in TDM en het ondersteunen van klinische studies met patiënten die behandeld worden 

met pazopanib.

Het doel van hoofdstuk 2.4 was het onderzoeken van de farmacokinetiek en de relatie tussen de 

blootstelling en overleving in een cohort van patiënten behandeld met pazopanib. In totaal werden 

61 patiënten geïncludeerd, waarvan 35 nierkanker en 26 een wekedelen sarcoom hadden. Onze 

studie bevestigde dat de streefwaarde van een dalspiegel (Cmin) van >20 mg/L gerelateerd was aan 

progressievrije overlevering in nierkankerpatiënten. Verder toonden de resultaten aan dat op de 

huidige standaarddosering 16.4% van de patiënten een blootstelling onder deze streefwaarde had. 

Bovendien wezen onze resultaten naar een vergelijkbare associatie van langere progressievrije 

overleving bij hogere Cmin in patiënten met een wekedelen sarcoom. Op basis hiervan werd 

geconcludeerd dat het monitoren van pazopanib Cmin zinvol is en dat patiënten met een lagere Cmin 

mogelijk baat hebben bij een hogere dosis.

Deze hypothese werd vervolgens getest in hoofdstuk 2.5. Hier werd een prospectieve klinische 

studie uitgevoerd in 30 patiënten waarbij een geïndividualiseerd pazopanib doseeralgoritme werd 

toegepast. Wekelijks werd de Cmin gemeten waarbij de dosis werd verhoogd als deze <20 mg/L en de 

toxiciteit <graad 3 was. Het doseeralgoritme leidde tot doseringen uiteenlopend van 400 tot 1800 

mg per dag. Patiënten waarbij de dosis verhoogd werd, hadden een significante stijging van de Cmin. 

Patiënten bij wie een dosisreductie noodzakelijk was, konden in nagenoeg alle gevallen succesvol 

behandeld worden op een lagere dosis met adequate blootstelling. Het geïndividualiseerd doseren 

van pazopanib was haalbaar, veilig en leidde tot een groter aantal patiënten dat de streefwaarde 

haalde

In hoofdstuk 3 worden studies naar optimalisatie van de behandeling met everolimus beschreven. 

Everolimus is een remmer van het mammalian target of rapamycin (mTOR) en wordt gebruikt bij 

de behandeling van nierkanker, neuro-endocriene tumoren en borstkanker. Hoofdstuk 3.1 laat 

de validatie en klinische toepassing van een bioanalytische methode voor het kwantificeren 

van everolimus zien. De methode maakte gebruik van de minder invasieve volumetric absorptive 

microsampling (VAMS) techniek. De methode voldeed aan alle validatiecriteria en werd toegepast 

op een set monsters van kankerpatiënten die behandeld werden met everolimus. Hoewel de 

methode dus succesvol gevalideerd en toegepast kon worden, kon er helaas geen superioriteit ten 

opzichte van DBS methoden aangetoond worden, aangezien er ook voor VAMS een duidelijk effect 

van hematocriet op de analytische resultaten aantoonbaar was. 

De huidige dosis van everolimus is 10 mg eenmaal daags (QD). Deze dosis is geassocieerd met 

aanzienlijke bijwerkingen, zoals stomatitis. Het wordt gesuggereerd dat deze bijwerkingen vooral 

het gevolg zijn van een hoge topspiegel (Cmax). Tweemaal daags doseren (BID) zou hierdoor een 

geschikt alternatief kunnen zijn met betere tolerantie. Om dit te onderzoeken hebben we in 

hoofdstuk 3.2 een gerandomiseerde farmacokinetische crossover studie gedaan die 5 mg BID 
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met 10 mg QD vergeleek. Overstappen naar het BID schema leidde tot een signifi cante daling van 

de Cmax van 33% terwijl de totale blootstelling gemeten als area under the concentration time curve 

(AUC0-24h) gelijk bleef en de Cmin steeg. De ratio van Cmax/Cmin daalde met 50%. Op basis van deze 

veelbelovende resultaten kan verder onderzocht worden of dit zou kunnen leiden tot verminderde 

toxiciteit bij gelijke eff ectiviteit.

Hoofdstuk 4 bevat klinisch farmacologische studies met kinaseremmers die uitgevoerd zijn 

gedurende de routinezorg van patiënten. In hoofdstuk 4.1 wordt de dynamiek van circulerend 

tumor DNA (ctDNA) in patiënten met een niet-kleincellig longcarcinoom die behandeld werden 

met de epidermal growth factor receptor (EGFR) remmers erlotinib of gefi tinib beschreven. In het 

bijzonder is gekeken naar patiënten waar de concentratie van de activerende EGFR mutatie in bloed 

toenam in de tijd. Dit fenomeen leek voorspellend te zijn voor tumorprogressie en suggereerde dat 

het monitoren van ctDNA gebruikt zou kunnen worden als vroege voorspeller van therapiefalen. 

Hoofdstuk 4.2 beschrijft de farmacokinetiek van de kinaseremmer imatinib in een groot cohort van 

gastro-intestinale stromale tumor (GIST) patiënten. In totaal waren 421 monsters van 108 patiënten 

beschikbaar. In de praktijk bleken 32.4% van de patiënten systematisch niet de drempelwaarde van 

1000 µg/L te halen. Dit toonde aan dat lage blootstelling een frequent probleem is in routine zorg 

van GIST patiënten die met imatinib behandeld worden en dat toekomstige klinische studies nodig 

zijn om de waarde van het doseren van imatinib op basis van de Cmin aan te tonen.

Naast het suboptimale one-size-fi ts-all doseren van kinaseremmers is een andere tekortkoming van 

deze middelen dat ze vaak maar in beperkte mate eff ectief zijn tegen tumoren en metastasen in het 

centrale zenuwstelsel. Het feit dat ze door de aanwezigheid van de bloed-hersenbarrière vaak maar 

in lage concentraties deze laesies bereiken speelt hier belangrijke rol in.

Hoofdstuk 5 beschrijft studies die tot doel hadden om de blootstelling van kinaseremmers in 

het centrale zenuwstelsel te bevorderen met als streven het verbeteren van de behandeling van 

hersentumoren en –metastasen. Elacridar is een potente remmer van ABCB1 en ABCG2, beide 

belangrijke geneesmiddeltransporters in de bloed-hersenbarrière. Hoofdstuk 5.1 laat de fase 

I dosisescalatie studie van een amorphous solid dispersion (ASD) tablet van elacridar in gezonde 

vrijwilligers zien. De Cmax en AUC0-∞  namen lineair toe met de dosis en de beoogde blootstelling 

van een Cmax van ≥ 200 ng/mL werd behaald op een dosis van 1000 mg. De ASD tablet werd goed 

getolereerd en resulteerde in relevante farmacokinetische blootstelling en werd daarmee geschikt 

bevonden voor het gebruik in proof-of-concept studies in patiënten. 

Deze proof-of-concept studie wordt beschreven in hoofdstuk 5.2. Het doel was om te onderzoeken 

of door middel van11C-erlotinib PET een toename in de hersenconcentratie van erlotinib kon worden 

aangetoond in patiënten na een eenmalige dosis van de ABCB1/ABCG2 remmer elacridar. Eerst werd 

in muisexperimenten gekeken welke concentratie elacridar nodig was voor optimale remming van 

deze transporters. Daarnaast werd met in vivo 11C-erlotinib PET imaging gekeken of het haalbaar 

Nederlandse samenvatting



Appendix

270

was om de hersenopname van erlotinib te visualiseren. Uiteindelijk werd in een klinische studie 
11C-erlotinib PET toegepast om het effect van ABCB1/ABCG2 remming op het menselijke brein te 

bestuderen, door voor en na een dosis elacridar scans te maken.

De resultaten van de preklinische experimenten waren in overeenstemming met data uit de 

literatuur en lieten een stijging van de erlotinib opname in het brein zien na toediening van elacridar. 

Maar in de klinische studie kon na inname van elacridar geen toename van 11C-erlotinib in het brein 

worden aangetoond. De meer prominente rol van ABCG2 in de humane bloed-hersenbarrière en 

lagere potentie van elacridar voor ABCG2 zijn een mogelijke oorzaak van het verschil tussen de 

preklinische en klinische resultaten.

Deze studie wijst op het belang voor toekomstige studies in dit veld om rekening te houden 

met de farmacokinetische blootstelling van de transportremmer, de mogelijke non-lineariteit 

van transporter- en substraatkinetiek en het feit dat het waarschijnlijk makkelijker is om de 

breinconcentratie te verhogen voor pure ABCB1 dan voor ABCB1/ABCG2 substraten.

In hoofdstuk 6 worden 2 gerandomiseerde crossover studies met de focal adhesion kinase remmer 

BI 853520 weergegeven. Het doel was om het effect van voedsel en het toedienen als een vloeistof 

op de farmacokinetiek van BI 853520 te evalueren. Hoewel er kleine verschillen in AUC0-48, AUC0-∞ 

en Cmax werden gevonden, is het onwaarschijnlijk dat deze klinisch relevant zullen zijn. Hiermee 

toonde deze studies aan dat BI 853520 effectief toegediend kan worden als een vloeistof en dat 

er wat betreft inname met voedsel geen extra voorzorgsmaatregelen nodig zijn. Deze gunstige 

farmacokinetische eigenschapen dragen bij aan het gebruiksgemak voor patiënten en de flexibiliteit 

van de posologie van BI 853520. 

Samengevat laat dit proefschrift concreet zien hoe klinisch farmacologisch onderzoek kan bijdragen 

aan de optimalisatie van de behandeling van kankerpatiënten met kinaseremmers. Klinisch 

farmacologische studies zijn in beperkte mate al een standaard onderdeel van de ontwikkeling 

van nieuwe geneesmiddelen. Toch geeft dit proefschrift praktische voorbeelden hoe de verdere 

toepassing van de klinische farmacologie, door middel van het optimaliseren en personaliseren 

van het gebruik van kinaseremmers, kan bijdragen aan het verbeteren van de behandeling van 

patiënten met kanker.
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