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Abstract
Background and Objective  Ibrutinib is used for the treatment of chronic lymphocytic leukemia and other lymphoid malig-
nancies. The aim of this work is to develop a population pharmacokinetic model for ibrutinib and its dihydrodiol metabolite 
to quantify pharmacokinetic inter- and intra-individual variability, to evaluate the impact of several covariates on ibrutinib 
pharmacokinetic parameters, and to examine the relationship between exposure and clinical outcome.
Methods  Patients treated with ibrutinib were included in the study and followed up for 2 years. Pharmacokinetic blood sam-
ples were taken from months 1 to 12 after inclusion. Ibrutinib and dihydrodiol-ibrutinib concentrations were assessed using 
ultra-performance liquid chromatography tandem mass spectrometry. A population pharmacokinetic model was developed 
using NONMEM version 7.4.
Results  A total of 89 patients and 1501 plasma concentrations were included in the pharmacokinetic analysis. The best 
model consisted in two compartments for each molecule. Absorption was described by a sequential zero first-order process 
and a lag time. Ibrutinib was either metabolised into dihydrodiol-ibrutinib or excreted through other elimination routes. A 
link between the dosing compartment and the dihydrodiol-ibrutinib central compartment was added to assess for high first-
pass hepatic metabolism. Ibrutinib clearance had 67% and 47% inter- and intra-individual variability, respectively, while 
dihydrodiol-ibrutinib clearance had 51% and 26% inter- and intra-individual variability, respectively. Observed ibrutinib 
exposure is significantly higher in patients carrying one copy of the cytochrome P450 3A4*22 variant (1167 ng.h/mL vs 
743 ng.h/mL, respectively, p = 0.024). However, no covariates with a clinically relevant effect on ibrutinib or dihydrodiol-
ibrutinib exposure were identified in the PK model. An external evaluation of the model was performed. Clinical outcome 
was expressed as the continuation or discontinuation of ibrutinib therapy 1 year after treatment initiation. Patients who had 
treatment discontinuation because of toxicity had significantly higher ibrutinib area under the curve (p = 0.047). No associa-
tion was found between cessation of therapy due to disease progression and ibrutinib area under the curve in patients with 
chronic lymphocytic leukemia. For the seven patients with mantle cell lymphoma studied, an association trend was observed 
between disease progression and low exposure to ibrutinib.
Conclusions  We present the first population pharmacokinetic model describing ibrutinib and dihydrodiol-ibrutinib concentra-
tions simultaneously. Large inter-individual variability and substantial intra-individual variability were estimated and could 
not be explained by any covariate. Higher plasma exposure to ibrutinib is associated with cessation of therapy due to the 
occurrence of adverse events within the first year of treatment. The association between disease progression and ibrutinib 
exposure in patients with mantle cell lymphoma should be further investigated.
Trial Registration  ClinicalTrials.gov no. NCT02824159.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s4026​2-020-00884​-0) contains 
supplementary material, which is available to authorized users.
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1  Introduction

Ibrutinib (Imbruvica®) is a targeted therapy first approved 
by the US Food and Drug Administration in 2013. It is 
now used for the treatment of various B-cell malignancies 
such as chronic lymphocytic leukemia (CLL), mantle cell 
lymphoma (MCL) and Waldenström’s macroglobulinemia 
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Key Points 

For the first time, a population pharmacokinetic model 
for ibrutinib and its dihydrodiol metabolite in a real-life 
population of patients was developed.

The final model was complex, linear and showed large 
inter- and intra-individual variability.

Higher plasma exposure to ibrutinib was associated with 
cessation of ibrutinib therapy for toxicity within the first 
year of treatment.

phase II clinical studies, but did not include data pertaining 
to metabolites. The objective of our work is to develop a 
new popPK model considering ibrutinib and its metabolite 
simultaneously based on real-life patient population data. 
The aim of this model is to describe the concentrations of 
both molecules, to quantify pharmacokinetic (PK) inter- and 
intra-individual variability, to evaluate the impact of several 
covariates on ibrutinib PK parameters in a population of 
patients treated with ibrutinib, to analyse the relationship 
between exposure to ibrutinib and response to treatment, 
and to discuss the potential benefit of TDM for ibrutinib.

2 � Methods

2.1 � Study Population

The subjects in this analysis include those in the ibrutinib 
cohort of the PK-E3i study, which was initiated within the 
hematology department of IUCT-Oncopole hospital (Tou-
louse, France) in 2016. PK-E3i is an observational PK-
pharmacodynamic (PD) study approved by the competent 
authority (ANSM, under No. 151668A-11) and the ethics 
committee (under No. CPP16-004a), registered by Clinical-
Trials.gov under No. NCT02824159 and carried out by the 
university hospital of Toulouse. Patients treated by ibrutinib 
for CLL, MCL or WM were recruited from 2016 to 2018 
and followed up for 2 years. All patients gave their writ-
ten informed consent. Seven hospital visits were planned at 
months 1, 2, 3, 6, 12, 18 and 24 after inclusion (M1–M24 
visits). Pharmacokinetic blood sampling was performed 
from M1 to M12. Ibrutinib was taken orally once daily at 
a starting dose of 420 mg (CLL, MW) or 560 mg (MCL). 
Because of the occurrence of adverse drug reactions, some 
patients subsequently had their dose reduced.

2.2 � Data Collection

Rich PK blood sampling was performed at steady state dur-
ing the M1 visit. A total of six blood samples were taken 
at t = 0 h (before drug administration) and 0.5, 1, 2, 4 and 
6 h after administration. Single PK blood samples were col-
lected at M2–M12 as before drug intake, to assess for trough 
concentrations. Samples were collected in heparinised lith-
ium tubes of 5 mL. The tubes were centrifuged (1400 × g, 
room temperature, 10 minutes) and plasma was collected 
and frozen at – 20 °C until analysis. An ultra-performance 
liquid chromatography in tandem with a mass spectrom-
eter (Waters, St Quentin en Yvelines, France) was used for 
method development and validation in our laboratory. The 
method was built for a robust simultaneous quantification 
of a panel of tyrosine kinase inhibitors including ibrutinib 
and DHD-ibrutinib. The lower limit of quantification was 

(WM) [1]. Ibrutinib was developed as a selective and irre-
versible inhibitor of the Bruton tyrosine kinase (BTK) [2], 
a non-receptor protein kinase that plays a central role in the 
B-cell antigen receptor (BCR) pathway. The BCR signaling 
pathway is crucial for the development and survival of B 
cells as it is involved in the regulation of their proliferation, 
differentiation, migration and apoptosis [3]. The BCR has 
been shown to be involved in various B-cell malignancies 
[4] and given the essential role of BTK in this pathway, it 
has been investigated as a target for the treatment of these 
diseases [5]. Ibrutinib binds covalently to BTK cysteine-481 
amino acid, leading to the irreversible inhibition of BTK 
phosphorylation and enzymatic activity, and therefore alters 
the BCR signaling cascade. The inhibition of BTK activity 
by ibrutinib is associated with several anti-leukemic effects 
on the lymphocytes including inhibition of proliferation, 
egress from lymph nodes (tumoral niches), inhibition of re-
homing to niches, and death in blood and niches [6, 7].

This work focuses on the study of ibrutinib pharmacoki-
netics. Ibrutinib is an oral drug administered once a day. 
The standard posology is 420 mg for CLL and WM and 
560 mg for MCL. Ibrutinib is predominantly metabolised in 
the liver by the cytochrome P450 (CYP) 3A family members 
CYP3A4 and CYP3A5 [8]. Its oral bioavailability is very 
poor (F = 2.9%; 90% confidence interval 2.1–3.9) owing to 
high first-pass hepatic metabolism [8, 9]. One of its active 
metabolites, dihydrodiol-ibrutinib (DHD-ibrutinib), is about 
15 times less active than ibrutinib [10] but exhibits lower 
plasma protein binding (91% binding compared with 97% 
for ibrutinib) and has concentrations up to twice those of 
ibrutinib. No specific clinical activity or particular toxicity 
related to DHD-ibrutinib is known.

The pharmacokinetics of ibrutinib is highly variable in 
patients. If a relationship between drug exposure and toxic-
ity or efficacy exists, therapeutic drug monitoring (TDM) 
would be beneficial for patients treated with ibrutinib. A 
first population pharmacokinetic (popPK) model for ibru-
tinib was proposed by Marostica et al. [11]. This model 
was built based on the data collected in three phase I and 
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0.98 ng/mL for both molecules. One saliva sample was col-
lected for CYP3A4 and CYP3A5 genotyping at inclusion 
using a commercial kit (GeneFiX™ Saliva-Prep DNA Iso-
lation kit). Based on previous work [12, 13], we focused 
our interest on CYP3A4*22 and CYP3A5*3, which are the 
main clinically relevant alleles of CYP3A4 and CYP3A5 
associated with altered drug metabolism. The presence of 
CYP3A5*1/CYP3A5*3 alleles was determined on genomic 
DNA with allele-specific real-time polymerase chain reac-
tion using melt curve analysis as previously described [14]. 
The CYP3A4*22 allele was genotyped using allelic discrim-
ination with TaqMan assay (c_59013445_10) following the 
manufacturer’s instructions.

2.3 � Population‑Pharmacokinetic Modelling

2.3.1 � General Modelling Strategy

First, a popPK model for ibrutinib only was built. The struc-
tural model obtained for ibrutinib was then used to build a 
more complex model including the metabolite observations. 
Different methods of taking first-pass hepatic metabolism 
into account in the model were assessed. Inter-occasion 
variability was tested on all PK parameters considering 
one occasion for each hospital visit. Non-zero covariance 
terms were added in the OMEGA matrix to assess for cor-
relations between ibrutinib and DHD-ibrutinib PK param-
eters. To ensure model stability, the covariate analysis was 
performed on the model with a diagonal OMEGA matrix. 
The final model was externally evaluated on an independent 
population of patients. Model development was performed 
with NONMEM version 7.4.1 (ICON Development Solu-
tions, Ellicott City, MD, USA) using first-order conditional 
estimation with an interaction estimation method. Data 
management and graphical analyses were performed in R 
version 3.4.2.

2.3.2 � Covariate Analysis

Morphological, biological and clinical covariates were 
selected from PK-E3i patient case report forms. Continuous 
covariates were added to the model in an allometric manner. 
Categorical covariates were added to the model in a multipli-
cative form. To assess for statistical significance of covariate 
effects, we performed a univariate analysis where all covari-
ates were tested separately on the main PK parameters of 
interest: ibrutinib and DHD-ibrutinib elimination clearances 
( CLibru, CLDHD ), first-pass hepatic metabolism constant 
( KADHD ) and ibrutinib to DHD-ibrutinib metabolism clear-
ance ( CLmet ). Covariates were tested simultaneously on the 
last two parameters (one �COV estimation for both param-
eters) because it was assumed that they described the same 
physiological process (hepatic metabolism). Covariates 

associated with a decrease of objective function value (OFV) 
greater than 3.84 (Chi-squared test, df = 1, p ≤ 0.05) and a 
decrease of interindividual variability greater than 1% were 
included in a multivariate model. Then covariates were 
removed one by one. Covariates associated with an increase 
of OFV greater than 6.6 (Chi-squared test, df = 1, p = 0.01) 
were kept in the model, others were definitively removed. 
This process was continued until only statistically signifi-
cant covariates remained in the model. Multiple testing was 
accounted for by choosing low significance levels at each 
step of the covariate analysis (5% and 1% at the univariate 
and multivariable steps, respectively).

If a covariate (c) was missing at a visit (v) for patient i , the 
missing value was replaced by the value of c at the previous 
visit ( v − 1 ). If no value was available at the previous visit, 
the missing value was replaced by the population median 
of c at visit v.

2.3.3 � Model Evaluation

Model selection and evaluation was based on OFV value, 
goodness-of-fit plots, residual variability estimates, relative 
standard errors, stability of the estimates and shrinkage val-
ues. The model was externally evaluated on a second popu-
lation that was independent from the model development 
population but similar to it. The second population consisted 
of 28 patients receiving treatment at the IUCT-Oncopole 
Hospital Hematology Department between 2014 and 2016. 
At the request of the prescribing clinician and to carefully 
monitor treatment, PK data were routinely collected at each 
hospital visit. Patient blood samples were collected for one 
PK exploration at steady state before drug administration 
and 0.5, 1, 2, 4 and 6 h after administration.

To perform the external evaluation of our model, all 
parameters were fixed to their estimated value and the 
NONMEM option MAXEVAL = 0 in the $ESTIMATION 
section was used. Median prediction error (%) [bias] and 
median absolute prediction error (%) [inaccuracy] were 
calculated. The prediction error (PE) is defined as 
PE =

Cpred−Cobs

Cobs

× 100 where Cpred is the predicted concen-
tration and Cobs is the observed concentration [15]. In 
addition, we calculated the percentage of absolute PEs 
inferior to 20% and 30% ( F20 and F30 , respectively). Vis-
ual predictive checks were also used to assess for predic-
tive performance of the model.

2.4 � Pharmacokinetic‑Pharmacodynamic Evaluation

The PK-E3i study is currently on-going with some of the 
patients still being monitored. As a preliminary PK-PD 
analysis, the relationship between pharmacokinetics and 
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continuation of ibrutinib therapy 1 year after treatment 
initiation was explored. We looked at the association 
between ibrutinib area under the curve (AUC) and clear-
ance at the M1 visit and whether the patients had their 
treatment discontinued because of toxicity or a lack of 
efficacy or if it was continued 1 year after inclusion.

3 � Results

A total of 93 patients were included in the study. Four 
were withdrawn from the study before the M1 visit and 
therefore unable to perform a plasma drug determina-
tion because of refusal to participate (n = 1), disease pro-
gression (n = 2) or death (n = 1). Therefore, a total of 89 
patients and 1501 concentrations (including ibrutinib and 
DHD-ibrutinib) were used in the model development. Of 
these, 27 (30%) were women and 62 (70%) were men, with 

a mean age of 69 years (range: 31–84 years). Patients were 
treated for CLL (87%), MCL (11%) or WM (2%). Detailed 
information about patients’ characteristics can be found 
in Table 1. Drug concentrations under the lower limit of 
quantification (4%) were considered equal to the lower 
limit of quantification/2 = 0.49 ng/mL. Concentrations 
over time profiles according to the dose received are rep-
resented in Fig. 1. Although variability is very important, 
Fig. 1 shows that plasmatic ibrutinib and DHD-ibrutinib 
concentrations increase as the dose is increased.

3.1 � Step 1: Ibrutinib Population‑Pharmacokinetic 
Model

First, a popPK model was built for ibrutinib. A model 
with two compartments was found to best describe the 
data. Several absorption models were tested. The best 

Table 1   Patient covariates at baseline (n = 89)

ALT alanine aminotransferase, AST aspartate aminotransferase, BMI body mass index, BSA body surface area, CLL chronic lymphocytic leuke-
mia, CrCL creatinine clearance, CYP cytochrome P450, GGT​ gamma globulins total, LDH lactate dehydrogenase, MCL mantle cell lymphoma, 
WM Waldenström’s macroglobulinemia

Characteristics Mean [range] Characteristics Mean [range]

Age (years) 69 [31–84] CD4+ T cells (/mm3) 1682 [1034–7571]
Height (cm) 169 [146–189] CD8+ T cells (/mm3) 1296 [66–6814]
Weight (kg) 73 [40–113] CrCL (mL/min) 64 [27–81]
BMI (kg/m2) 25.5 [16.6–36.3] Total bilirubin (µmol/L) 13 [4–228]
BSA (m2) 1.8 [1.3–2.4] GGT (g/L) 6.4 [1.2–28.0]
Lymphocytes (g/L) 101.6 [0.3–430] LDH (UI/L) 276 [108–892]
Neutrophils (g/L) 4.3 [2.0–14.0] ALT (UI/L) 30 [11–109]
Platelets (g/L) 141.2 [7.0–343.0] AST (UI/L) 26 [9–71]
Hemoglobin (g/dL) 11.0 [3.6–16.0]

Characteristics Number (%) Characteristics Number (%)

Sex CYP3A4 genotype
 Female 27 (30) *1/*1 80 (90)
 Male 62 (70) *1/*22 9 (10)

Disease
 CLL 77 (87) CYP3A5 genotype
 MCL 10 (11) *3/*3 84 (14)
 WM 2 (3) *1/*3 5 (6)

Prior treatment Smoking
 Yes 70 (79) Yes 18 (20)
 No 19 (21) No 71 (80)

Performance status Alcohol consumption
 0 22 (25) Yes 9 (10)
 1 51 (57) No 80 (90)
 2 16 (18)

Coadministration with antacids
 Yes 26 (29)
 No 63 (71)
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absorption model was a sequential zero-first absorption 
with a lag time. Bioavailability was fixed to the value 
F1 = 3% [10] and inter-individual variability was estimated 
on F1. This last step was found to improve the model per-
formances significantly (drop in OFV over 100 points). A 
schematic of the final popPK model for ibrutinib is avail-
able in the Electronic Supplementary Material (ESM).

3.2 � Step 2: Ibrutinib and Dihydrodiol‑Ibrutinib 
Population‑Pharmacokinetic Model

The global structure of the model obtained in step 1 was 
kept for ibrutinib. As demonstrated in step 1 by the need 
to add the bioavailability parameter F1 in the model, a cru-
cial question was how to take into account first-pass hepatic 
metabolism in the model to obtain a good description of the 
observed data. Dihydrodiol-ibrutinib volumes of distribution 
were fixed as equal to those of ibrutinib as the metabolised 

fraction was unknown and hence the metabolite volume of 
distribution could not be estimated. Finally, the best model 
(Fig. 2) consisted of one dosing compartment, two compart-
ments for both ibrutinib and DHD-ibrutinib. Absorption was 
described by a lag time ( ALAG1 ) and a sequential zero first-
order process ( D1 , KAibru ). Ibrutinib can be either metabo-
lised into DHD-ibrutinib ( CLmet ) or excreted through other 
routes of elimination ( CLibru ). Dihydrodiol-ibrutinib is then 
eliminated ( CLDHD ). A link between the dosing compart-
ment and the DHD-ibrutinib central compartment was added 
to assess for high first-pass hepatic metabolism ( KADHD ). 
Non-zero covariance terms in the omega matrix were found 
to improve the model (the detailed OMEGA matrix can be 
found in the ESM). Proportional residual variability was 
estimated for ibrutinib ( �ibru ) and DHD-ibrutinib ( �DHD ). 
Inter-occasion variability was estimated for both ibrutinib 
and DHD-ibrutinib elimination clearances.

Fig. 1   Observed concentrations of ibrutinib (a, b) and dihydrodiol-
ibrutinib (c, d) according to dose. Figures (a) and (c) represent the 
data obtained with rich sampling (six samples from 0 to 6 hours after 
administration) at the M1 visit (1 month after inclusion and treatment 

initiation). Figures (b) and (d) represent concentrations obtained from 
a single sample taken before drug administration at M2, M3 and M6 
visits (2, 3 and 6 months after inclusion, respectively)
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3.3 � Step 3: Covariate Analysis

All tested covariates are summarised in Table 1. A univari-
ate analysis led to the selection of the following covariates: 
CD4 + T cells, prior treatment and performance status on 
CLibru , CYP3A4*22 genotype on CLDHD , and body mass 
index on KADHD and CLmet , with CD4+ T-cell count and 
body mass index being time-varying covariates (the value 
for each visit was used in the analysis). These covariates 
were then included in the multivariate analysis. Finally, none 
of the tested covariates had a significant statistical impact 
in the model (p = 0.01). Ibrutinib and DHD-ibrutinib AUC 
were simulated for virtual patients with each covariate vary-
ing from its 10th to its 90th percentile (while all other covar-
iates were fixed to their typical value) [16]. Ibrutinib AUC 
was calculated using model parameters as follows:

whereas DHD-ibrutinib AUC was calculated using the trap-
ezoidal method with the population concentrations predicted 
by the model. Results are summarised in Fig. 3. None of 
the tested covariates led to a change of AUC greater than 
30% except for the CYP3A4 genotype on CLDHD , which led 
to a 38% increase of DHD-ibrutinib AUC. Regarding this 
last result, the relationship between observed ibrutinib and 
DHD-ibrutinib AUC and CYP3A4/5 genotypes was evalu-
ated: patients carrying the CYP3A4*22 variant associated 
with lower metabolic activity had mean observed ibruti-
nib and DHD-ibrutinib AUC 1.6-fold higher (1167 ng.h/
mL vs 743 ng.h/mL) and 1.5-fold higher (2597 ng.h/mL 
vs 1777 ng.h/mL) than in the reference group, respectively. 

AUCibru =

DOSE ×

(

KAibru

KADHD+KAibru

)

CLmet + CLibru

,

These associations were statistically significant (Wilcoxon 
test: p = 0.024 for ibrutinib and p = 0.028 for DHD-ibruti-
nib). No significant association was found for CYP3A5*3. 
Concerning the potential dose–concentration relationship, 
no systematical decrease or increase of clearance values over 
time was observed. Percentage of clearance variation com-
pared to occasion 1 was randomly distributed with a median 
close to 0% for both molecules. Final model parameter esti-
mations are presented in Table 2. Goodness-of-fit plots are 
shown in Fig. 4.

3.4 � Step 4: External Evaluation of the Model

The model represented in Fig. 2 was externally evaluated. A 
total of 28 additional patients and 352 concentrations were 
included in the analysis. This independent population was 
similar to the main population as it consisted of 11 (39%) 
women and 17 (61%) men, with a mean age of 69 years, 
treated with ibrutinib for CLL (86%) or MCL (14%). Median 
prediction error and median absolute prediction error were 
calculated with individual- and population-predicted concen-
trations for ibrutinib and DHD-ibrutinib (Fig. 5). According 
to individual model predictions, predictive performances are 
very satisfactory. Bias is less than 10% for ibrutinib and less 
than 5% for DHD-ibrutinib. Inaccuracy is less than 20% for 
ibrutinib and less than 15% for DHD-ibrutinib. Prediction-
corrected visual predictive checks are good. For population 
predictions, bias values remain satisfactory (less than 10%) 
but predictions are not very accurate (around 50% and 40% 
imprecision for ibrutinib and DHD-ibrutinib respectively), 
only 23% of ibrutinib concentrations and 41% of DHD-ibru-
tinib concentrations are well predicted (PE < 30%).

Fig. 2   Final population pharmacokinetic model for ibrutinib and 
its dihydrodiol (DHD) metabolite. Absorption is delayed with a lag 
time ( ALAG1 ) and is modelled by a zero first-order sequential pro-
cess with parameters D1 and KA

ibru
 for zero and first-order process, 

respectively. First-pass hepatic metabolism is modelled by a link 
between the dosing compartment and metabolite central compartment 
with parameter KA

DHD
 . Both molecules have a distribution compart-

ment. Dihydrodiol–ibrutinib volumes of distribution were fixed to the 
same values as those of ibrutinib: V2 is the central volume of distri-
bution and V3 is the peripheral volume of distribution. Ibrutinib can 
be either metabolised into DHD-ibrutinib ( CL

met
 ) or excreted through 

other routes of elimination ( CL
ibru

 ). Dihydrodiol-ibrutinib is then 
eliminated ( CL

DHD
 ). All clearance and volume parameters are appar-

ent
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Fig. 3   Evaluation of the impact 
of significant covariates in a 
univariate analysis on ibruti-
nib and dihydrodiol (DHD)-
ibrutinib area under the curves 
(AUCs). The solid black vertical 
line is the AUC for a typical 
patient. Dotted black lines cor-
respond to variations of AUC of 
20% and 30%. Blue horizontal 
bars represent a change in the 
AUC for the corresponding 
covariate varying from its 10th 
to its 90th percentile. Percent-
age changes in AUCs are writ-
ten in orange

Table 2   Parameter estimates 
for the final ibrutinib and 
dihydrodiol-ibrutinib population 
pharmacokinetic model

Variance-covariance matrix is available in the ESM. Proportional residual variability was 37% for ibrutinib 
and 25.7% for DHD-ibrutinib. All clearance and volume parameters are apparent
Interindividual variability was estimated for every parameter except KA

ibru
 and inter-compartmental clear-

ances. Inter-occasion variability was estimated for both elimination clearances. Non-zero covariance terms 
were estimated between D1 and ALAG1 , and between all parameters a
ALAG1 lag time for absorption, CL

ibru
 and CL

DHD
 ibrutinib’s and DHD-ibrutinib’s elimination clearances, 

CL
met

 ibrutinib’s clearance of metabolisation into DHD-ibrutinib, CV% percentage coefficient of variation, 
DHD dihydrodiol, D1 and KA

ibru
zero and first-order absorption parameters, KA

DHD
 FPHM parameter, Q

ibru
 

and Q
DHD

 are inter-compartmental clearance for ibrutinib and DHD-ibrutinib, RSE relative standard error, 
V2 and V3 are central and peripheral volumes of distribution for both molecules

Parameters Estimation (RSE) Interindividual variability CV% 
(RSE) [shrinkage]

Inter-occasion variability 
CV% (RSE) [shrinkage]

ALAG1(h) 0.238 (16%) 80.6% (16%) [16%] NE
D1(h) 0.989 (19%) 115.2% (16%) [12%] NE
KA

ibru

(

h
−1
) 1.56 (18%) NE NE

KA
a

DHD
(h−1) 1.21 (20%) 64.2% (24%) [4%] NE

CL
a

IBRU
(L∕h) 242 (11%) 66.5% (24%) [2%] 46.7% (13%) [17%]

V2
a(L) 1010 (9%) 81.8% (19%) [1%] NE

Q
IBRU(L∕h) 171 (16%) NE NE

V3
a(L) 1480 (9%) 76.9% (20%) [4%] NE

CL
a

MET
(L∕h) 150 (19%) 64.4% (21%) [12%] NE

CL
a

DHD
(L∕h) 181 (9%) 50.7% (12%) [0%] 25.7% (8%) [23%]

Q
DHD(L∕h) 50 (13%) NE NE

Proportional residual variability CV% (RSE) [shrinkage]
 �

IBRU
37% (13%) [24%]

 �
DHD

25.7% (8%) [25%]
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3.5 � Pharmacokinetic‑Pharmacodynamic 
Relationship

A preliminary analysis of the ibrutinib PK-PD relationship 
was performed. One year after inclusion, 66 patients were 
still receiving therapy, eight discontinued their treatment for 
toxicity, 11 for inefficacy (disease progression) and four for 
other reasons (refusal to participate in the study, progres-
sion of other disease and death from other cause). Patients 
who discontinued therapy because of the occurrence of an 
adverse drug reaction had a 1.5-fold higher mean ibrutinib 
AUC at visit M1 than patients who did not discontinue treat-
ment (Fig. 6) [Wilcoxon test, p = 0.048]. In terms of efficacy, 
patients with CLL and MCL were distinguished (the WM 
population was ignored as it contained only two patients). 
In the CLL population, 62 patients were still receiving treat-
ment at month 12, whereas six patients discontinued treat-
ment because of disease progression. No difference was 
observed between the two groups in terms of exposure to 
ibrutinib at visit M1. In the MCL population, two patients 
were still receiving treatment at month 12, whereas five 
patients discontinued treatment because of disease progres-
sion. Patients with MCL who discontinued treatment had 

lower ibrutinib AUC (0.45-fold lower mean AUC) but this 
association was not statistically significant (Fig. 7).

4 � Discussion

The popPK model we developed for ibrutinib is consist-
ent with the model proposed by Marostica et al. [11]. Sev-
eral methods of modelling the first-pass hepatic effect were 
investigated. The reproduction of the model developed by 
Lindauer et al. for sunitinib [17] was not possible as no 
information was available concerning the ibrutinib fraction 
metabolised into DHD-ibrutinib. A model similar to that 
presented by Yu et al. [18] was also tested, with two dosing 
compartments, one representing ibrutinib and one represent-
ing the metabolite, and initialisation with part of the dose. 
ter Heine et al. proposed a model with a liver compartment 
and hypothesised rapid equilibrium between the liver and 
parent central compartment [19]. These models were not 
selected because of the instability of parameter estimates and 
bad fit of the data. The model finally selected in our study 
was similar to that presented by Bertrand et al. [20] and 
Kerbusch et al. [21]. The simple addition of a link between 

Fig. 4   Goodness-of-fit plots of the final population pharmacokinetic 
model for ibrutinib (a–c) and dihydrodiol (DHD)-ibrutinib (d–f). 
For observations vs individual predictions (a, d) and observations vs 
population predictions (b, e), the blue line is linear regression and the 
gray dotted line is the identity line. For prediction-corrected visual 

predictive checks [1000 simulations] (c, f), points are observed data, 
colored areas are the 5th (orange), 50th (blue) and 95th (orange) per-
centiles of simulated concentrations, whereas orange and blue lines 
are the 5th, 50th and 95th percentiles of observed concentrations
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Fig. 5   External evaluation of the final population pharmacokinetic 
model for ibrutinib (a–c) and dihydrodiol (DHD)-ibrutinib (d–f). 
For observations vs individual predictions (a, d) and observations vs 
population predictions (b, e), the blue line is linear regression and the 
gray dotted line is the identity line. For prediction-corrected visual 

predictive checks [1000 simulations] (c, f), points are observed data, 
colored areas are the 5th (orange), 50th (blue) and 95th (orange) per-
centiles of simulated concentrations whereas orange and blue lines 
are the 5th, 50th and 95th percentiles of observed concentrations

Fig. 6   Comparison of steady-
state area under the curve 
(AUC) calculated from pharma-
cokinetic post-hoc parameters 
at hospital visit M1 between 
patients who discontinued 
ibrutinib within the first year of 
treatment because of the occur-
rence of an adverse event and 
patients who were still receiving 
therapy 1 year after inclu-
sion. A statistically significant 
association was found: patients 
who underwent adverse events 
had higher ibrutinib AUC 
(p = 0.048)
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the dosing compartment and the metabolite central compart-
ment was sufficient to describe the first-pass hepatic effect. 
In their analysis, Marostica et al. showed a significant effect 
of food on bioavailability (decreased in the fasted condi-
tion) and on the absorption parameter D1 (increased in the 
fasted condition). These results could not be confirmed in 
our study as this covariate was not available for our popula-
tion. The recommendation that ibrutinib should be taken 
30 minutes before or 2 hours after food intake was explic-
itly given by the clinicians to the patients but there is no 
guarantee that they followed it, nor any data to assess it. 
Marostica et al. also found an effect of the coadministration 
of antacid drugs on D1 (increased in the presence of antacid 
comedications). This covariate was tested in our model but 
no statistically significant effect was found. However, in our 
study, the coadministration of antacids was only reported 
as “yes or no” the day of the hospital visit. As the time of 
antacid administration can vary, we may have missed a sig-
nificant effect of antacid coadministration on ibrutinib con-
centrations. Furthermore, none of the tested covariates had 
a clinically relevant impact as none of them led to a change 
of AUC greater than 30% (except for the CYP3A4 genotype 
on CLDHD , which led to a 38% increase of DHD-ibrutinib 
AUC). Intra-individual variability was also quantified in the 
final model. The estimations were large, around 50% and 
30% for ibrutinib and DHD-ibrutinib clearance of elimina-
tion, respectively. As mentioned above, this intra-individual 
variability could partly be explained by food conditions. The 
final model was externally evaluated (Fig. 5). The results of 

the evaluation proved that our structural model is accurate, 
as both molecule bias and inaccuracy in individual predic-
tions were under 10% and 20%, respectively. Inaccuracy in 
population predictions (median absolute prediction error) 
was around 50% for ibrutinib and 40% for DHD-ibrutinib, 
which implies that covariate identification is still needed to 
account for the interindividual variability.

Ibrutinib is extensively metabolised in the liver by 
CYP3A4 and to a lesser extent by CYP3A5. It has been 
shown that exposure to ibrutinib is lower or higher when 
administered with CYP3A inducers or inhibitors, respec-
tively [9]. Based on previous work [12], we focused our 
interest on CYP3A4*22 and CYP3A5*3. CYP3A4*22 is 
found in 5.3% of the Caucasian population and is associ-
ated with a lower metabolic activity than wild-type genotype 
CYP3A4*1/*1. The CYP3A5*3 variant is carried by 83% 
of the Caucasian population and is associated with a lower 
metabolism than the wild-type allele CYP3A5*1 [12, 13]. 
We found that carrying the CYP3A5*3 variant had no effect 
on ibrutinib PK presence, which is in agreement with its 
low contribution to ibrutinib metabolism [8] but could also 
be due to the low number of heterozygous patients (only 
five patients had the CYP3A5*1/CYP3A5*3 genotype). For 
CYP3A4, nine patients had the CYP3A4*1/CYP3A4*22 
genotype. Ibrutinib observed AUC was significantly higher 
in patients carrying one copy of the CYP3A4*22 allele 
(p = 0.024) but CYP3A4*22 was not a significant covari-
ate for ibrutinib clearance in our model. Higher DHD-
ibrutinib observed AUC was also found in patients carrying 

Fig. 7   Comparison of steady-
state area under the curve 
(AUC) calculated from pharma-
cokinetic post-hoc parameters 
at hospital visit M1 between 
patients who discontinued 
ibrutinib within the first year 
of treatment because of disease 
progression and patients who 
were still receiving therapy 
1 year after inclusion. Patients 
were separated according to 
their disease (chronic lympho-
cytic leukemia [CLL] or Mantle 
cell lymphoma [MCL]). No 
statistically significant associa-
tion was observed for either of 
the two groups. A trend of 
under-exposure in patients who 
had disease progression was 
observed for patients with MCL 
indicating that this association 
should be further explored
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CYP3A4*22 (p = 0.027). CYP3A4*22 was found to be a 
significant covariate impacting DHD-ibrutinib clearance in 
a univariate analysis and we showed through model simula-
tions that the presence of CYP3A4*22 led to a 38% increase 
in DHD-ibrutinib steady-state AUC. These results suggest 
that DHD-ibrutinib is also metabolised through CYP3A4. 
This hypothesis was also mentioned in a previous study [10]. 
Regarding these results, the association between ibrutinib, 
DHD-ibrutinib exposure and CYP3A4 genotype status 
should be further investigated in larger populations to deter-
mine whether this information should be taken into account 
when choosing ibrutinib dosing.

Previous studies showed a decrease of BTK levels over 
time under ibrutinib treatment [22, 23]. Based on this 
observation and on the assumption that a stoichiometry law 
describes ibrutinib efficacy, Chen et al. conducted a pilot 
study in 11 patients with CLL to test the impact of reduc-
ing the ibrutinib daily dose as treatment progresses [24]. 
In their study, patients received three cycles of treatment 
from 420 mg/day (cycle 1), to 280 mg/day (cycle 2) and 
140 mg/day (cycle 3). The authors observed globally similar 
plasmatic concentrations of ibrutinib and BTK occupancy 
during the three cycles, suggesting that reducing the dose 
of ibrutinib over time would have no impact on a patient’s 
response to treatment. The same conclusion was reported 
in another study [25]. It is concordant with our results as 
we observed no trend between the progression group and 
the responding group, suggesting that the dose of 420 mg 
is above the required dose and that lowering it would not 
be associated with modification of the efficacy. Yet, while 
we do not question this conclusion, the assumption that a 
lower dose of ibrutinib will suffice to stoichiometrically 
inhibit BTK is in contradiction with our study and observed 
data. Such a phenomenon, which could be assimilated to 
the target-mediated drug disposition described for monoclo-
nal antibody drugs, would be associated with a systematic 
decrease of ibrutinib clearance over time. In our population, 
no systematical decrease of clearance values over time was 
observed. Mean plasmatic ibrutinib and DHD-ibrutinib con-
centrations increased proportionally with the dose (Fig. 1). 
The model showed no evidence of a target-mediated drug 
disposition for ibrutinib and as described by the model 
equations, ibrutinib pharmacokinetics is linear and does not 
depend on the dose nor on time.

Finally, we explored the relationship between ibrutinib 
plasmatic exposure at the M1 visit and discontinuation of 
ibrutinib therapy 12 months after inclusion. This endpoint 
is an important surrogate as it has been shown that stop-
ping ibrutinib treatment during the first year of therapy has 
a negative impact on overall survival and progression-free 
survival [26]. Patients who had treatment discontinuation 
for toxicity had higher plasmatic ibrutinib exposure. This 

association was found to be statistically significant despite 
the substantial intra-individual variability. No trend was 
observed in the case of treatment discontinuation for disease 
progression in patients with CLL. A trend was visible for 
patients with MCL: patients having disease progression had 
lower exposure. This result is not statistically significant and 
is observed in a small number of patients, it should be fur-
ther investigated. A complete and final PK-PD relationship 
analysis will be conducted when all patients complete their 
clinical monitoring. Our PK model could be used to improve 
adherence to ibrutinib by optimising dosing regimens, espe-
cially during the first year of treatment and consequently 
increase overall survival.

The results we present in this work are useful to assess 
the relevance of practicing TDM for ibrutinib. To date, no 
reference levels or TDM recommendations for ibrutinib have 
been published. Ibrutinib stability at ambient temperature 
within plasma samples makes TDM practically feasible. 
Additionally, the model could be used to estimate this daily 
AUC from a limited number of samples. On the one hand, 
ibrutinib shows high inter-individual variability and we 
found no covariate that could be assessed a priori to reduce 
this variability. Furthermore, higher ibrutinib AUC was 
found to be associated with the occurrence of adverse drug 
reactions. Therefore, TDM could be useful to predict which 
patients are at higher risk of drug-induced toxicity. On the 
other hand, intra-individual variability is high, which is not 
in favor of establishing TDM, but this variability could be 
reduced by better control of food conditions at the moment 
of drug intake. Regarding these results, the interest in estab-
lishing TDM for ibrutinib should be further investigated.

5 � Conclusions

This popPK model based on both ibrutinib and DHD-
ibrutinb concentrations fits the data well and was validated 
on an external population. No covariates with a clinically 
relevant effect on ibrutinib or DHD-inbrutinib exposure 
were identified. A significant association was found between 
treatment discontinuation for toxicity and exposure to ibru-
tinib. This PK-PD relationship concurs with the large inter-
individual PK variability of ibrutinib, and was observed 
despite substantial intra-individual variability. This find-
ing represents a first rationale for TDM of ibrutinib, which 
the present PK model can help develop and thus improve 
patients’ adherence to ibrutinib and increase response to 
treatment. Furthermore, this PK model can be used for 
PK-PD modelling describing lymphocyte dynamics under 
ibrutinib treatment.
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