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Population Pharmacokinetic Analysis of the BTK Inhibitor 
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B-Cell Malignancies
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Zanubrutinib is a potent, second-generation Bruton’s tyrosine kinase inhibitor that is currently being investigated in patients 
with B-cell malignancies and recently received accelerated approval in the United States for treatment of relapsed/refractory 
mantle cell lymphoma. The objective of this analysis was to develop a population pharmacokinetic (PK) model to characterize 
the PKs of zanubrutinib and identify the potential impact of intrinsic and extrinsic covariates on zanubrutinib PK. Data across 
nine clinical studies of patients with B-cell malignancies and data of healthy volunteers (HVs) were included in this analysis, 
at total daily doses ranging from 20 to 320 mg. In total, 4,925 zanubrutinib plasma samples from 632 subjects were ana-
lyzed using nonlinear mixed-effects modeling. Zanubrutinib PKs were adequately described by a two-compartment model 
with sequential zero-order then first-order absorption, and first-order elimination. A time-dependent residual error model 
was implemented in order to better capture the observed maximum concentration variability in subjects. Baseline alanine 
aminotransferase and health status (HVs or patients with B-cell malignancies) were identified as statistically significant 
covariates on the PKs of zanubrutinib. These factors are unlikely to be clinically meaningful based on a sensitivity analysis. 
No statistically significant differences in the PKs of zanubrutinib were observed based on age, sex, race (Asian, white, and 
other), body weight, mild or moderate renal impairment (creatinine clearance ≥ 30 mL/minute as estimated by Cockcroft-
Gault), baseline aspartate aminotransferase, bilirubin, tumor type, or use of acid-reducing agents (including proton pump 
inhibitors). These results support that no dose adjustment is considered necessary based on the aforementioned factors.

B-cell receptor (BCR) signaling is essential for normal B-cell 
development, differentiation, function, and survival.1,2 Aberrant 
activation of protein kinases within the BCR signaling path-
way consequently results in the development of various B-cell 
malignancies, including mantle cell lymphoma (MCL), chronic 
lymphocytic leukemia (CLL), follicular lymphoma, Waldenström’s 

macroglobulinemia (WM), and diffuse large B-cell lymphoma.3 
Bruton’s tyrosine kinase (BTK), a member of the Tec family of 
protein kinases, is a key component within the BCR signaling 
cascade, and suppression of BCR signaling—notably through 
inhibition of BTK—has emerged as a promising strategy for the 
targeting and management of B-cell malignancies.4
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
✔  Zanubrutinib has demonstrated promising activity for 
the treatment of multiple B-cell malignancies and has re-
cently received accelerated approval in the United States 
for treatment of relapsed/refractory mantle cell lymphoma.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  What are the potential intrinsic and extrinsic co-
variates that can impact the pharmacokinetics (PKs) of 
zanubrutinib?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔  This is the first report on the population PK analysis 
of zanubrutinib. No dose adjustments for zanubrutinib are 

warranted due to age, body weight, creatinine clearance, 
sex, or the use of acid-reducing agents.
HOW MIGHT THIS CHANGE CLINICAL PHARMA COL-
OGY OR TRANSLATIONAL SCIENCE?
✔  This report described a sequential zero-order followed 
by a first-order absorption kinetics and time-dependent 
residual error model in order to better capture the ob-
served maximum concentration (Cmax) variability in sub-
jects. This approach may be applicable to the analysis of 
other compounds.
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Zanubrutinib (BRUKINSA™; also known as BGB-3111) 
is a potent, specific, and irreversible second-generation 
BTK inhibitor that was granted an accelerated approval by 
the US Food and Drug Administration (FDA) in November 
2019 for the indication of MCL in adult patients who have 
received at least one prior therapy. Zanubrutinib was also 
approved in June 2020 by the China National Medical 
Products Administration for CLL or small lymphocytic lym-
phoma and MCL in adult patients who have received at least 
one prior therapy.5,6 Similar to ibrutinib, zanubrutinib forms 
an irreversible covalent bond at Cys481 within the ATP bind-
ing pocket of BTK. However, zanubrutinib was designed 
to have favorable pharmacokinetic (PK) and pharmacody-
namic properties to maximize BTK occupancy and minimize 
off-target inhibition. Zanubrutinib has been found to be 
more selective than ibrutinib for the inhibition of BTK, as 
evidenced by less off-target inhibition of epidermal growth 
factor receptor, Janus tyrosine kinase 3, human epidermal 
growth factor receptor 2, Tec protein tyrosine kinase, and 
inducible tyrosine kinase.7 After adjusting for plasma pro-
tein binding, zanubrutinib exposure at a total daily dose of 
320 mg is ~ 8-fold higher than that observed with ibrutinib 
560 mg daily.8 Zanubrutinib is currently being investigated 
in ongoing phase I, II, and III studies in patients with B-cell 
malignancies.

Zanubrutinib was first evaluated in a global phase I/II, 
multicenter, open-label, dose-escalation/cohort-expansion 
study (NCT02343120) in patients with B-cell malignancies at 
doses ranging from 40 mg to 320 mg. The median steady-
state BTK occupancy in peripheral blood mononuclear cells 
was maintained at 100% for over 24 hours at a total daily 
dose of 320  mg in patients with B-cell malignancies, re-
gardless of dosing schedule (either 320 mg q.d. or 160 mg 
b.i.d.).8–10 In addition, the median steady-state BTK occu-
pancy in lymph node biopsies was 94% and 100% after the 
320 mg q.d. and 160 mg b.i.d. doses, respectively. These 
results indicate efficient inactivation of BTK in target tissues 
by zanubrutinib throughout the recommended dosing inter-
val and are consistent with high rates of objective response 
in patients with B-cell malignancies, including WM, MCL, 
and CLL in clinical studies of zanubrutinib.11–13 The recom-
mended dose of zanubrutinib is a total daily dose of 320 mg 
(either as 160 mg b.i.d. or 320 mg q.d. with or without food).

Previous PK data demonstrate that zanubrutinib is rap-
idly absorbed and eliminated after oral administration in 
patients with B-cell malignancies.13 Zanubrutinib is primar-
ily metabolized by cytochrome P450 3A (CYP3A4) enzymes 
and no major active metabolites are found in circulation. 
The mean terminal elimination half-life (t1/2) of zanubruti-
nib is ~  2–4  hours and median time to peak zanubrutinib 
plasma concentration (Tmax) is 2 hours. After multiple-dose 
administration of zanubrutinib at doses ranging from 40 mg 
to 320 mg q.d. and 160 mg b.i.d., limited systemic accu-
mulation is observed, which is consistent with the observed 
t1/2. A dose-proportional increase in maximum concentra-
tion (Cmax) and area under the plasma concentration-time 
curve (AUC) from time 0 extrapolated to infinity (AUC0–∞) is 
observed at doses from 40 mg to 320 mg.13

The objective of the current analysis was to develop a pop-
ulation PK model to characterize and identify the potential 

impact of intrinsic and extrinsic covariates on the PK profile of 
zanubrutinib. We report findings of the population PK analysis, 
including the individual and mean model-derived parameters 
and associated interindividual variabilities (IIVs), as well as the 
covariates impacting zanubrutinib exposure and variability. 
The results of this population PK analysis were used to assess 
whether dose adjustment was considered necessary based 
on baseline covariates in patients with B-cell malignancies.

METHODS
Clinical Data
Zanubrutinib PK data across nine clinical studies of pa-
tients with B-cell malignancies and healthy volunteers (HVs) 
were included in the analysis. A summary of the studies and 
patient population is provided in Table 1. All studies were 
conducted in accordance with the Declaration of Helsinki 
and Guidelines for Good Clinical Practice; approval from in-
stitutional review boards or independent ethics committees 
were obtained for each study.14,15 Written informed consent 
was obtained from all study participants.

Zanubrutinib was administered at doses ranging from 
20 to 320 mg q.d. or b.i.d., with most subjects receiving a 
dose of 160 mg b.i.d. Measurements of zanubrutinib con-
centrations in plasma were performed using a validated 
high-performance liquid chromatography tandem mass 
spectrometry assay with a lower limit of quantitation of 
1 ng/mL. Subjects were considered to be evaluable for PK 
analysis if they had at least one dose of zanubrutinib and a 
corresponding PK sample collection after drug administra-
tion. A total of 4,925 zanubrutinib plasma samples from 632 
subjects were used in the analysis. Methodologies on how 
the data were handled, with respect to outliers and missing 
data, are provided in the Supplementary Material.

Population PK Modeling
The population PK analysis was performed using a nonlin-
ear mixed-effects modeling with the first-order conditional 
estimation with interaction method.16 Model parameter 
estimation and model evaluation were implemented with 
NONMEM 717 (version 7.4.0; ICON Development Solutions, 
Ellicott City, MD) with Intel Fortran Compiler (version 
10.1.021), Perl-speaks-NONMEM (version 3.2.12; Uppsala 
University, Sweden)18,19 and R (version 3.5.3).

Base model and random-effects model development. 
Based on a graphical assessment of zanubrutinib plasma 
concentration-time profiles, an initial structural model was 
selected and tested with various modifications. Goodness-
of-fit of the models was evaluated and symmetry of the 
individual parameters around the estimated median 
parameter was assessed graphically. Model diagnostics 
provided direction for further model modifications and/or 
refinements.

Assuming a log-normal distribution, the IIV in PK parame-
ters was described by an exponential model:

where θi is the parameter for the ith subject, θT is  natural log-
arithm of the typical value of the parameter in the population, 

(1)θi = e ( θT +ηi )
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and ηi (individual random effects) is a random interindividual 
effect with mean 0 and variance ω2. The ω values are the di-
agonal elements of the IIV-covariance matrix (Ω), which was 
initially modeled as diagonal (DIAG option in the NM-TRAN 
$OMEGA record), thus assuming no covariance between 
the random effects. A non-diagonal Ω matrix was finally im-
plemented using the BLOCK option to estimate correlation 
between random effects in both the base PK model and the 
final population PK model. If required, interoccasion variabil-
ity was modeled.

Residual error was described using the combined addi-
tive and proportional error model:

where C(t)ij is the jth observed plasma concentration of 
individual i; Ĉ(t)ij is the jth model predicted value (plasma 
concentration) for individual i; and ɛpij and ɛaij are normally 
distributed residual random errors with mean of 0 and 
variances of �2

1
 and �2

2
, respectively. Additive (�2

1
 = 0) or pro-

portional (�2
2
  =  0) residual error models or combination of 

both error models were tested during model building.

Covariate model development. After base model 
development, all covariates likely to impact zanubrutinib 
exposure were explored for a possible correlation with 
key zanubrutinib post hoc PK parameters. Covariates 
were selected based upon industry standards, clinical 
judgment, mechanistic plausibility, and prior knowledge 
with zanubrutinib. The impact of baseline age, body (2)C ( t)ij = Ĉ ( t)ij × ( 1 + εpij ) + εaij

Table 1 Summary of studies included in the population PK analysis

Study no. Dose regimen N Study description PK sampling design

BGB-
3111-AU-003 
(NCT02343120)

40 mg, 80 mg, 
160 mg, and 
320 mg q.d.  
160 mg b.i.d.

337 A phase I, open-label, multiple-dose, dose escalation 
and expansion study to investigate the safety and 

pharmacokinetics of the BTK inhibitor BGB-3111 in 
patients with B-cell lymphoid malignancies

Part 1:  
W1D1: Predose, 0.5, 2, 3, 4, 8, 

24 hours  
W2D1: Predose, 0.5, 2, 3, 4, 7, 8 hours   

W5D1 and W9D1: Predose  
Part 2:  

W1D1 and W2D1: Predose, 2 hours

BGB-3111-1002 
(NCT03189524)

320 mg q.d.  
160 mg b.i.d.

44 A phase I clinical study to investigate the safety, 
tolerability, and PKs/pharmacodynamics of the BTK 
inhibitor BGB-3111 in Chinese patients with B-cell 

lymphoma

Part 1:  
W1D1: Predose, 0.5, 1, 2, 3, 4, 8, 12, 

24 hours (W1D2 predose)  
W2D1: Predose, 0.5, 1, 2, 3, 4, 8 hours   

W5D1 and W9D1: Predose  
Part 2:  

W1D1: Predose, 0.5, 1, 2, 3, 4, 6, 8, 12, 
24 hours (W1D2 predose)  

W2D1: Predose, 0.5, 1, 2, 3, 4, 6, 8, 
12 hours  

W5D1 and W9D1: Predose

BGB-3111-205 
(NCT03206918)

160 mg b.i.d. 13 A single-arm, open-label, multicenter phase II study 
to evaluate safety and efficacy of BGB-3111, a BTK 

inhibitor in relapsed or refractory CLL/SLL

C1D1: Predose, 2, 4–6 hours  
C2D1: Predose, 2, 4–6 hours

BGB-3111-206 
(NCT03206970)

160 mg b.i.d. 20 A single-arm, open-label, multicenter phase II study to 
evaluate the efficacy and safety of BGB-3111, a BTK 
inhibitor, in patients with relapsed or refractory MCL

C1D1: Predose, 2, 4–6 hours  
C2D1: Predose, 2, 4–6 hours

BGB-3111-103 
(NCT04163523)

320 mg q.d. 18 A single-center, phase I, open-label, randomized, 
crossover study to evaluate the effect of food on 

the PKs of a single dose of 320 mg BGB-3111 given 
orally to healthy adult subjects

Predose, 0.5, 1, 2, 3, 4, 6, 8, 12, 24 hours 
(under each of high-fat, low-fat, and 

fasted conditions)

BGB-3111-104 
(NCT03301181)

20 mg q.d.  
320 mg q.d.

38 A phase I, open-label, parallel-group, fixed-sequence 
study to investigate the effect of the CYP3A inducer 
rifampin and the CYP3A inhibitor itraconazole on the 

PKs of BGB-3111 in healthy subjects

Part A: D1 and D10: Predose, 1, 1.5, 2, 3, 
4, 6, 8, 12, 24, 36, 48 hours  

Part B: D1 and D6: Predose, 1, 1.5, 2, 
3, 4, 6, 8, 12, 24, 36, 48 hours

BGB-3111-105 
(NCT04163783)

320 mg q.d. 6 A phase I study to investigate the absorption, 
metabolism, and excretion of [14C] BGB-3111 

following a single oral administration in healthy male 
subjects

Predose, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 
48, 72, 96, 120, 144 hours

BGB-3111-106 
(NCT03432884)

160 mg q.d.  
480 mg q.d.

28 A two-part study consisting of a randomized, placebo-
controlled, single dose safety and tolerability study 

(part A) evaluating a supratherapeutic dose of 
zanubrutinib followed by a randomized, placebo 
and positive-controlled, crossover study (part B) 
to evaluate the effect of zanubrutinib on cardiac 

repolarization in HVs

Predose, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, 
12, 24, 36, 48 hours

BGB-3111-302 
(NCT03053440)

160 mg b.i.d. 128 A study comparing BGB-3111 and ibrutinib in subjects 
with WM

C1D1: Predose 2, 3–6 hours  
C2D1: Predose 2, 3–6 hours

BTK, Bruton’s tyrosine kinase; C, cycle; CLL, chronic lymphocytic leukemia; D, day; HV, healthy volunteers; MCL, mantle cell lymphoma; PK, pharmacokinet-
ics; SLL, small lymphocytic lymphoma; W, week; WM, Waldenström’s macroglobulinemia.
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weight, sex, race (white, Asian, and other), creatinine 
clearance (CrCL), bilirubin, alanine aminotransferase 
(ALT), aspartate aminotransferase, tumor type (MCL, 
CLL/small lymphocytic lymphoma, WM, and other 
B-cell malignancies), health status (HVs or patients with 
B-cell malignancies), and use of acid-reducing agents 
(ARAs) on the PKs of zanubrutinib was investigated. 
ARAs used by patients in clinical studies included H2 
receptor antagonists (H2RA; e.g., cimetidine, famotidine, 
and ranitidine) and proton pump inhibitors (PPIs; e.g., 
esomeprazole, omeprazole, and pantoprazole). In the 
analysis, subjects that took either a PPI or H2RA were 
categorized together, while subjects that did not use 
either PPIs or H2RAs were categorized as “other.”

Correlations between the PK parameters and the covari-
ates were explored graphically, followed by linear regression 
(continuous covariates) and analysis of variance (ANOVA) 
testing (categorical covariates) using R software.

Continuous covariates were modeled using a power 
model, as described in Eq. 3:

Categorical covariates were modeled using the general 
equation:

where θ is a model parameter, Cov is a continuous covari-
ate, X is a categorical variable, i is an index for each subject, 
pop is an index describing the usual value of this covari-
ate in the population, and kcov is a coefficient describing the 
strength of the covariate effect.

These analyses were conducted on individual random 
effects for apparent clearance (CL/F) and apparent central 
volume (Vc/F). Only covariates that showed a significant 
(P  <  0.01) effect on the random effect, and that could be 
meaningfully explained from both a clinical and scientific 
perspective, were examined further using NONMEM.

Selection of the final covariate model (final population 
PK model) was determined for its significance based on the 
likelihood ratio test at the P < 0.01 level for forward inclusion 
and P < 0.001 for backward deletion.

Model evaluation. The final population PK model was 
developed after utilizing multiple internal model validation 
assessments, including goodness-of-fit diagnostics, pre-
diction-corrected visual predictive check (pcVPC) plots,20 
a numerical predictive check,21 bootstrap analysis,22,23 and 
evaluation of shrinkage.

In a pcVPC, variability arising from binning across inde-
pendent variables is removed by normalizing the observed 
and simulated dependent variable based on the typical pop-
ulation prediction for the median independent variable in the 
bin. The pcVPC plots show the time course of the predicted 
mean and spread of concentrations (2.5th to 97.5th percen-
tile) vs. the observed data. A total of 1,000 trial replicates 
were simulated using the observed covariates and dose reg-
imens for each subject, the final model parameter estimates, 

and simulated subject-specific random effects and residual 
errors.

Sensitivity analyses. Sensitivity analyses were performed 
to examine the influence of statistically significant covariates 
on the expected steady-state exposure of zanubrutinib, 
including steady-state area under the concentration vs. 
time curve (AUCss), steady-state maximum concentration 
(Cmax,ss), and steady-state trough concentration (Cmin,ss). 
The simulated exposure of patients with extreme covariate 
values (5th and 95th percentiles) was compared with a 
typical patient with median covariate values for each of the 
statistically significant covariates in the final model.

Zanubrutinib, at 160 mg, administered orally b.i.d., was 
selected as the recommended dose for phase II and phase 
III studies and, therefore, individual zanubrutinib exposures 
(AUCss, Cmax,ss, and Cmin,ss) were simulated for multiple 
doses at 160 mg b.i.d.

RESULTS
Clinical data
A summary of the demographics, consisting of categori-
cal and continuous covariates, is provided in Tables S1a 
and S1b. Due to a less than dose-proportional increase in 
exposure at the 480-mg dose, data from 9 HVs in study BGB-
3111-106 (NCT03432884) were excluded from the analysis. 
During model development, data points were classified as 
outliers using conditional population weighted residuals. Data 
points with conditional population weighted residuals  >  5 
were considered potential outliers and were excluded from 
the PK analysis. Furthermore, subjects (n = 2) with extreme 
PK parameters were also excluded from the PK analysis. 
Observations below the lower limit of quantitation, which 
made up 6.05% (317/5,242) of the data points, were omit-
ted in the analysis. The final analysis dataset included 4,925 
zanubrutinib plasma concentrations from 632 subjects. Of 
these, a total of 90 HVs were included in the analysis.

Base model development and covariate assessment
The PKs of zanubrutinib in the dose range tested were 
best described by a two-compartment model with se-
quential zero-order then first-order absorption, as well 
as first-order elimination from the central compartment 
and redistribution from the peripheral compartment, 
as illustrated in Figure 1. The model development pro-
cess is summarized in Table S2 of the Supplementary 
Material. The population PK model was parameterized in 
terms of CL/F, Vc/F, apparent clearance from the central 
to the peripheral compartment (Q/F), apparent volume 
of the peripheral compartment (Vp/F), absorption rate 
constant, and the duration (D1) of zero-order absorption 
into the depot compartment. In order to better explain 
the variability observed between occasions (single dose 
vs. after repeated dosing), interoccasion variability was 
sequentially evaluated on the PK parameters and was in-
cluded on select parameters (CL/F, Vc/F, and D1) based 
on a statistically significant change in objective function 
value (P < 0.05). Occasion, defined as different scheduled 
visits and associated dose/sampling times, was repre-
sented as < 7 (for single-dose data) and ≥ 7 days (after 

(3)θi = θpop × ( Covi ∕Covpop )
kcov

(4)θi = θpop × ekcov ⋅Xi
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repeated dosing). Among different residual error models 
evaluated, both an additive error model and the combined 
additive and proportional error model were included in 
the final model (an additive error model utilized < 5 hours 
postdose, and combined additive and proportional error 
model afterward). This was done by establishing a cutoff 
point to divide the data into two groups (time after pre-
vious dose < 5 and time after previous dose ≥ 5 hours). 
The improvement of fit, especially around description of 
Cmax, was observed based on goodness-of-fit criteria 
compared with other error models evaluated.

Results from the covariate screening analysis are presented 
in Figure S1. Based on an examination of PK parameter-co-
variate relationships, ALT, health status, and tumor type were 
statistically significant at P  <  0.01 and were thus carried 
forward to the nonlinear mixed-effects covariate modeling 
search in NONMEM. Screening of other covariates showed 
that age (19–90 years), sex, race (Asian, white, and other), 
body weight (36–144 kg), mild or moderate renal impairment 
(CrCL  ≥  30  mL/minute as estimated by Cockcroft-Gault), 
baseline aspartate aminotransferase, bilirubin, tumor type, or 
use of ARAs (including PPIs and H2RAs) were not statistically 
significant covariates on zanubrutinib CL/F and Vc/F. In par-
ticular, post hoc PK estimates were similar among patients 
receiving PPI or H2RA treatment and patients who did not 
receive ARAs (P > 0.074, ANOVA, Figure S2).

Final population PK model
The key model parameters (CL/F and Vc/F) are defined in 
Eqs. 5 and 6. In the final population PK model, baseline ALT 
and health status were found to be statistically significant 
covariates on zanubrutinib’s CL/F (Figure S3).

The parameter-covariate relationships were described as 
follows:

The estimated CL/F was 170 L/hour, Vc/F was 112 L, Q/F 
was 26.5 L/hour, Vp/F was 345 L, absorption rate constant 
was 0.526 hour-1, and D1 was 1.13 hours for a typical patient 
with ALT of 18 U/L. The geometric mean elimination t1/2 was 
3.44 hours with a coefficient of variance of 40.0%. The IIV 
estimated for zanubrutinib CL/F and Vc/F was 36.7% and 
37.1%, respectively.

Bootstrapping of 1,000 datasets resulted in median pa-
rameter estimates and 95% confidence intervals, which was 
similar to estimates from the original dataset (Table 2), in-
dicating that the final population PK model provided good 
precision for parameter estimation. General goodness-of-
fit plots showed good agreement between predicted and 
observed concentrations of zanubrutinib (Figure 2a), with 
no apparent bias in the residual plots over time and across 
predicted concentrations (Figure 2b). Distributions of IIV 
and their correlations are shown in Figures S4 and S5 in 
the Supplementary Material. The pcVPC plots (Figure 3) 
and numerical predictive check (data not shown) showed 
that the final population PK model could adequately repro-
duce the central tendency and variability of the zanubrutinib 
plasma concentrations across all studies.

The η-shrinkage for CL/F, Vc/F, and Q/F was 24.2%, 
27.8%, and 25.9%, respectively (<  30%), which sug-
gests that the model provides reliable empirical Bayes 
estimates for these parameters. The Vp/F had an η-shrink-
age of 51.3%, which may result in individual estimates 
approaching the population estimate.24 The IIV on Vp/F 
should therefore be interpreted with caution as the current 
data may be insufficient to adequately characterize the IIV 
on Vp/F.

Sensitivity analysis
The isolated influence of statistically significant covariates 
on the expected steady-state exposure of zanubrutinib was 

(5)CL∕Fi (L∕hour ) = exp

(

5.13 × Patient + 4.77 × HV − 0.189 × log

(

ALT

18

)

+ ηCL∕F,i

)

CL∕Fi (L∕hour ) = exp

(

5.13 × Patient + 4.77 × HV − 0.189 × log

(

ALT

18

)

+ ηCL∕F,i

)

(6)Vc ∕Fi (L ) = exp( 4.72 + ηVc∕F,i )

Figure 1 Population pharmacokinetic (PK) model diagram for zanubrutinib.
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evaluated in a sensitivity analysis (Figure 4). Predicted Cmax,ss 
and AUCss after repeat-dose administration of 160 mg b.i.d. 
were 254  ng/mL and 943  ng·hour/mL in a typical patient; 
this corresponds to a total daily AUC of 1,886 ng·hour/mL. 
Sensitivity analyses (Figure 4) suggested that the magni-
tude of effect of ALT on zanubrutinib AUCss (<  15%) and 
Cmax,ss (<  10%) was low and moderate on zanubrutinib 
Cmin,ss (<  30%), respectively. Of note, Cmin,ss was associ-
ated with greater variability than AUCss and Cmax,ss. Given 
the observed IIV of key zanubrutinib PK parameters (CL/F, 
36.7%; Vc/F, 37.1%), baseline ALT alone is not expected to 
have clinically meaningful effects on zanubrutinib exposure 
in patients with B-cell malignancies. The impact of health 
status (HVs vs. patients) on zanubrutinib CL/F and Vc/F re-
sulted in 43.7% higher AUCss and 26.8% higher Cmax,ss in 
HVs compared with patients with B-cell malignancies.

DISCUSSION

This population PK analysis of data from nine studies 
adequately characterized the PK profile of zanubrutinib 
and assessed the impact of potential covariates. In order 
to better capture observed Cmax variability in subjects, a 
sequential zero-order followed by first-order absorption 
kinetics and implementation of time-dependent residual 
error model was incorporated into the two-compartment 
model. Zanubrutinib is primarily eliminated hepatically via 
CYP3A4, and the impact of drug-drug interactions (e.g., 
drug-drug interactions with CYP3A4 inhibitors/inducers) 
and hepatic impairment on the PKs of zanubrutinib have 
previously been characterized.25 The current analysis indi-
cated that other patient baseline characteristics, such as 
age, body weight, race, sex, CrCL, tumor type, and the use 
of ARAs, including PPIs, did not show a statistically signifi-
cant impact on the PKs of zanubrutinib.

The current analysis indicated a lack of significant impact 
for the use of PPIs and other ARAs on zanubrutinib PKs. This 
attribute could aid in the management of clinically relevant 
drug interactions, as the prevalence of patients with cancer 
receiving ARAs (some are over-the-counter) could range from 
20% to 55%.26 In the work of Parrott et al., it was shown that 
gastric ARAs, such as PPIs, can increase the stomach pH to 
~ 4.5 compared with the typical values of 1 to 2 measured 
in untreated individuals.27 Given that zanubrutinib exhibits 
pH-dependent solubility and the use of gastric ARAs were 
allowed in zanubrutinib clinical studies, the potential effects 
of ARAs on the PKs of zanubrutinib were assessed in this 
population PK analysis. Results of the analysis showed that 
co-administration of zanubrutinib with PPIs and other ARAs 
did not appear to significantly impact the PKs of the drug. The 
current work further corroborates the results from a physiolog-
ically-based PK model of zanubrutinib and a clinical drug-drug 
interaction study, indicating that zanubrutinib exposures are 
not anticipated to be affected by ARAs.28

A population PK model for zanubrutinib was developed using 
a two-compartment model to describe first-order elimination 
from the central compartment and redistribution from the pe-
ripheral compartment. The absorption phase was described 
with sequential zero-order then first-order absorption kinetics. 
The sequential linked zero-order then first-order model has 
been previously described29 and can be interpreted mechanis-
tically with drug concentrations reaching a solubility threshold 
in the gut at the onset of absorption. Subsequentially, drug ab-
sorption leads to concentrations declining below the solubility 
limit initially reached, converting absorption from a zero-order to 
a first-order input.29 Although zanubrutinib concentrations were 
largely accounted for by this absorption model, an underpredic-
tion of Cmax was present in several cases. This may have been 
due to the variability of zanubrutinib concentrations observed 
during the absorption phase.

After establishing a mechanistically plausible structural 
model, the characterization of zanubrutinib absorption 
was evaluated by implementation of various residual error 
models. Residual variability (within or IIV) is the remaining, 
unexplained variability that may arise from multiple potential 
sources of error such as assay variability, dosing or sampling 

Table 2 Summary of final population PK parameters and bootstrap 
results

Parameter
Parameter 
description

Final model  
estimate  
(95% CI)

Bootstrap 
estimate  

median (2.5–97.5 
percentiles)

exp(θ 1) CL/F (L/hour, 
patient)

170 (169, 170) 169 (162, 178)

exp(θ 10) CL/F (L/hour, HV) 118 (107, 130) 119 (110, 127)

θ 11 Influence of ALT on 
CL/F

−0.189 (−0.197, 
−0.181)

−0.190 (−0.262, 
−0.115)

exp(θ 2) Vc/F (L) 112 (111, 113) 115 (88.4, 151)

exp(θ 3) Q/F (L/hour) 26.5 (26.3, 26.7) 25.6 (19.9, 32.3)

exp(θ 4) Vp/F (L) 345 (343, 347) 363 (274, 513)

exp(θ 5) Ka (1/hour) 0.526 (0.525, 
0.526)

0.524 (0.481, 
0.591)

exp(θ 6) D1 (hour) 1.128 (1.125, 1.131) 1.114 (0.974, 1.265)

ω Cl,,Vc Covariance (CL/F, 
Vc/F)

0.129 (0.0972, 
0.160)

0.13 (0.0757, 0.183)

IIV CL/F 36.7 (32.9, 40.2) 36.6 (32.6, 40.2)

Vc/F 37.1 (NA, 53.1) 39.2 (25.9, 57.8)

Q/F 102 (97.8, 106) 103 (83.9, 118)

Vp/F 86.4 (71.3, 99.3) 80.4 (58.9, 94.6)

D1 62.3 (57.1, 67.1) 62.2 (51.9, 72.4)

IOV CL/F 28.6 (27.9, 29.3) 28.7 (24.4, 33.0)

Vc/F 67.5 (66.8, 68.3) 65.9 (49.4, 76.8)

D1 62.3 (57.1, 67.1) 62.2 (51.9, 72.4)

θ 9 Additive residual 
error (ng/mL, 

TFDS < 5 hour)

8.69 (8.68, 8.69) 8.69 (8.14, 9.10)

θ 7 Additive residual 
error (ng/mL, 

TFDS ≥ 5 hour)

0.633 (0.632, 
0.634)

0.656 (0.380, 1.45)

θ 8 Proportional 
residual error (%)

44.9 (44.8, 45.0) 45.2 (42.4, 48.4)

ALT, alanine aminotransferase; CI, confidence interval, CL/F, apparent 
clearance of the drug from plasma after oral administration; D1, the du-
ration of zero-order absorption into the depot compartment; HV, healthy 
volunteers; IIV, interindividual variability; IOV, interoccasion variability; Ka, 
absorption rate constant; NA, not available; PK, pharmacokinetic; Q/F, ap-
parent clearance from the central to the peripheral compartment; TFDS, 
time after previous dose; Vc/F, apparent central compartment volume; Vp/F, 
apparent peripheral distribution volume.
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errors, and model misspecification. Data used from two 
populations, such as HVs and patients, may also introduce 
residual variability.30 This may, in part, be due to better con-
trol of dosing and sampling times as well as the homogeneity 
of HVs, resulting in lower residual variability in comparison 
to patients. Additionally, potential sources of variability, 

such as in dosing and sampling history, may be time-de-
pendent. For example, time-dependent residual error may 
result in residual variability being greater in the absorption 
phase of a drug in comparison to the elimination phase.30 
In cases where time-dependent errors may be a factor to-
ward higher residual variability, such as with zanubrutinib 

Figure 2 Diagnostic plots for the final population pharmacokinetic (PK) model. (a) Observed vs. individual predicted (IPRED) 
concentrations (left) and observed vs. population predicted (PRED) concentrations (right) for the final population PK model. Points are 
individual data and red lines represent the line of unity. (b) Conditional weighted residuals (CWRES) vs. time (left) and population PRED 
(right). Points are individual data. Red solid lines represent the unit line at zero. Dotted lines represent CWRES of 5.

Figure 3 The pcVPC of zanubrutinib plasma concentration–time profiles across all studies. Points are observed concentrations, solid 
red line represents the median observed value, and dashed red lines represent 2.5th percentile and 97.5th percentile of the observed 
values. Pink shaded area represents the spread of the median predicted values (2.5th to 97.5th percentile), and purple shaded areas 
represent the spread (2.5th and 97.5th percentiles) of the 2.5th and 97.5th predicted percentile concentrations. pcVPC, prediction-
corrected visual predictive check.



771

www.cts-journal.com

Zanubrutinib Population Pharmacokinetic Analysis
Ou et al.

data particularly during the absorption phase, a general re-
sidual error model can incorporate time-varying variables 
or a threshold model where one error model accounts for 
residual variability up to time t followed by another model.30 
Karlsson et al. proposed such alternative residual error mod-
els to evaluate errors from structural model misspecification 
or time-dependent error due to inaccurate sample timing.31 
In the current analysis, a threshold for a time-dependent re-
sidual error model (an additive error model utilized < 5 hours 
postdose, and combined additive and proportional error 
model afterward) was implemented and significantly im-
proved the model description of Cmax. A cutoff of 5 hours 
was selected based on data exploration and goodness-of-
fit plots. PK data showed that the absorption phase (within 
~ 5 hours after the dose) had a higher residual error than the 
elimination phase. Improvement of model fit was observed 
based on goodness-of-fit plots after adding the time-varying 
residual error. Without this implementation, there appeared 
to be underestimation of Cmax using combined additive and 
proportional error model throughout. By incorporating such 
a time-varying residual error model, the variability of Cmax in 
subjects was more accurately characterized.

In evaluating sources of IIV through the covariate anal-
ysis, baseline ALT and health status (patients with B-cell 
malignancies vs. HVs) were identified as statistically sig-
nificant covariates impacting the PKs of zanubrutinib. 
Additionally, a sensitivity analysis indicated that health 
status was the most influential covariate on the PKs of za-
nubrutinib as its impact on zanubrutinib CL/F resulted in a 
43.7% higher AUCss and 26.8% higher Cmax,ss in HVs com-
pared with patients with B-cell malignancies. This finding 
is consistent with a cross-study comparison of intensive 
PK data in HVs and patient studies by noncompartmental 

analysis. However, it is currently unknown what contrib-
uted to lower zanubrutinib exposure in patients relative to 
exposure in HVs. This difference was not likely due to the 
effect on drug clearance, because higher exposure would 
be expected due to a reduction in CYP3A4 abundance 
in the liver and gut noted in the cancer population.32,33 
The median age of patients included in this analysis was 
66 years, whereas the median age of subjects in HV stud-
ies was 43  years. It is plausible that the absorption of 
zanubrutinib could be impacted by age-related physio-
logical changes in elderly patients with cancer, such as 
reduced gastrointestinal motility and splanchnic blood 
flow.34,35 Alternatively, it could, in part, be due to the high 
PK variability in elderly patients with comorbidities who 
often receive multiple concomitant medications.

The impact of baseline ALT on zanubrutinib exposure, 
although statistically significant on the drug’s apparent 
clearance, was relatively small compared with the overall 
variability of the population; this aligns with observed clin-
ical data in a dedicated hepatic impairment study in which 
comparable exposure levels between subjects with mild or 
moderate hepatic impairment and those with normal hepatic 
function were observed, whereas dose modifications are rec-
ommended in cases of severe hepatic impairment.25 Race 
was not found to be a statistically significant covariate on 
zanubrutinib PKs. The model predicted steady-state zanu-
brutinib exposures were similar among Asians, whites, and 
subjects of other races. These results align with findings from 
a clinical study evaluating intensive PK data between sub-
jects of both Asian and non-Asian descent, which showed 
no marked PK difference between the two ethnic groups.36

In summary, zanubrutinib PK was adequately described 
by a two-compartment model with sequential zero-order 

Figure 4 Sensitivity analysis plot comparing the effect of covariates on zanubrutinib steady-state exposure (AUCss, Cmax,ss). Base, as 
represented by the black vertical line and values, refers to the predicted exposure (AUCss and Cmax,ss) of zanubrutinib in a typical male 
patient after repeated 20 doses of 160 mg twice a day. The black-shaded bar with value at each end shows the 5th to 95th percentile 
exposure range across the entire population. Each blue-shaded bar represents the influence of covariates on the exposure. The label 
at the left end of the bar represents the covariate being evaluated. The upper and lower values for each covariate capture 80% of the 
plausible range in the population. The length of each bar describes the potential impact of the covariates on zanubrutinib exposure, 
with the percentage value in the parentheses at each end representing the percent change of exposure from the base. The most 
influential covariates are at the top of the plot for each exposure parameter. ALT, alanine aminotransferase; AUCss, steady-state area 
under the plasma concentration-time curve; CI, confidence interval; Cmax,ss, steady-state maximum observed plasma concentration; 
HV, healthy volunteer(s); PAT, patient.
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then first-order absorption. The overall impact of covariates 
that have an influence on the variability of zanubrutinib ex-
posures were identified and assessed. Baseline covariates, 
including age, body weight, race, CrCL, sex, tumor type, 
and use of ARAs did not show a statistically significant 
impact on the PK of zanubrutinib, and therefore no dose ad-
justments would be warranted based on these covariates. 
These results are reflected in the current recommendations 
in the BRUKINSA™ United States Prescribing Information.5

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website (www.
cts-journal.com).
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