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Abstract
Background  Venetoclax is a selective B-cell lymphoma-2 (BCL-2) inhibitor approved for use as monotherapy or with 
rituximab in patients with chronic lymphocytic leukemia (CLL). The objectives of the current analysis of observed data 
from adult patients randomized to venetoclax–rituximab in the phase III MURANO study were to characterize venetoclax 
pharmacokinetics (PKs) using a Bayesian approach, evaluate whether a previously developed population PK model for 
venetoclax can describe the PKs of venetoclax when administered with rituximab, and to determine post hoc estimates of 
PK parameters for the exposure–response analysis.
Methods  Parameter estimates and uncertainty estimated by a population PK model were used as priors. Additional covari-
ate effects (CLL risk status, geographic region, and 17p deletion [del(17p)] status) were added to the model. The updated 
model was used to describe venetoclax PKs after repeated dosing in combination with rituximab, and to determine post hoc 
estimates of PK parameters for exposure–response analysis.
Results  The PK analysis included 600 quantifiable venetoclax PK samples from 182 patients in the MURANO study. Model 
evaluation using standard diagnostic plots, visual predictive checks, and normalized prediction distribution error plots 
indicated no model deficiencies. There was no significant relationship between venetoclax apparent clearance (CL/F) and 
bodyweight, age, sex, mild and moderate hepatic and renal impairment, or coadministration of weak cytochrome P450 3A 
inhibitors. The chromosomal abnormality del(17p) and CLL risk status had no apparent effect on the PKs of venetoclax. A 
minimal increase in venetoclax CL/F (approximately 7%) was observed after coadministration with rituximab. CL/F was 
30% lower in patients from Central and Eastern Europe (n = 60) or Asia (n = 4) compared with other regions (95% confi-
dence interval [CI] 21–39%). Apparent central volume of distribution was 30% lower (95% CI 22–38%) in females (n = 56) 
compared with males (n = 126). No clinically significant impact of region or sex was observed on key safety and efficacy 
outcomes.
Conclusions  The Bayesian model successfully characterized venetoclax PKs over time and confirmed key covariates affecting 
PKs in the MURANO study. The model was deemed appropriate for further use in simulations and for generating individual 
patient PK parameters for subsequent exposure–response evaluation.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s4026​2-019-00788​-8) contains 
supplementary material, which is available to authorized users.
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1  Introduction

Venetoclax is a selective inhibitor of the B-cell lymphoma-2 
(BCL-2) protein [1] that was originally approved for mono-
therapy as 400 mg daily oral dosing in patients with chronic 
lymphocytic leukemia (CLL) with the chromosomal abnor-
mality 17p deletion [del(17p)] and a history of prior treat-
ment [2]. Approval has since been expanded to include mon-
otherapy or combination therapy with rituximab for patients 
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Key Points 

The Bayesian population pharmacokinetic (PK) mod-
eling approach provided a fast, efficient method to 
characterize venetoclax concentration–time profiles in 
combination with rituximab.

The findings from the model were consistent with a leg-
acy population PK model and the analysis of observed 
venetoclax concentrations from the MURANO study.

The model was deemed appropriate for generating post 
hoc exposure parameters for further use in simulations, 
or for evaluation of exposure–response relationships.

6 months, or (2) bendamustine plus rituximab for 6 months 
only [15]. The hazard ratio for progression or death was 
0.17 (95% confidence interval [CI] 0.11–0.25; p < 0.001) 
at the primary analysis. Benefit was maintained across all 
clinical and biologic subgroups, including patients with 
del(17p) [15].

Using data from venetoclax–rituximab-treated patients 
in MURANO, the objectives of the present research were to 
characterize the PKs of venetoclax using Bayesian analysis, 
to compare with previously generated PK parameters [6, 14] 
and to identify any new covariates. The updated model was 
also used to determine post hoc estimates of PK parameters 
for exposure–response analysis.

2 � Methods

2.1 � Patients and PK Sampling

MURANO was conducted in accordance with the Dec-
laration of Helsinki and the International Conference on 
Harmonisation of Good Clinical Practice guidelines [16, 
17], and the trial protocol was approved by Institutional 
Review Boards. Eligible patients were aged ≥ 18 years, 
with relapsed/refractory CLL, and had received one to three 
previous treatments [15]. To reduce the incidence of tumor 
lysis syndrome (TLS) in the venetoclax–rituximab arm, a 
5-week venetoclax dose ramp-up was administered to reach 
a target dose of 400 mg daily. After ramp-up, concomitant 
single infusions of intravenous rituximab were administered 
on D1 of each 28-day cycle for up to six cycles (375 mg/m2 
C1; 500 mg/m2 subsequent cycles). Daily oral venetoclax 
400 mg was scheduled for a fixed period of up to 2 years 
[15].

Plasma samples were taken from the venetoclax–rituxi-
mab arm for PK analysis before and 4 h after venetoclax 
dosing on C1D1 (after completion of the dose ramp-up) and 
C4D1. Additional samples were taken in the event of early 
withdrawal from the study or onset of TLS.

2.2 � Analytical Methods

Plasma venetoclax concentrations were determined using 
validated liquid chromatography methods with tandem mass 
spectrometry [6]. The lower limit of quantification (LLOQ) 
for venetoclax was 2.08 or 2.18 ng/mL (depending on the 
individual sample analysis run).

2.3 � Observed Venetoclax Pharmacokinetics (PKs)

Summary statistics for individual observed PK concen-
trations included mean, geometric mean, standard devia-
tion (SD), coefficient of variation, median, minimum, and 

with CLL or small lymphocytic lymphoma (SLL) with or 
without del(17p) after at least one prior therapy [3].

The pharmacokinetic (PK) characteristics of venetoclax 
are well established [4–7]. After oral administration, peak 
plasma concentrations (Cmax) are achieved within 5–8 h [8]. 
The drug is highly bound to plasma proteins; metabolism is 
chiefly via cytochrome P450 (CYP) 3A4 [4, 9–12]. Excre-
tion is > 99.9% through the fecal route, indicating predomi-
nantly hepatic clearance (CL) [13].

A venetoclax legacy population PK model was previ-
ously developed using plasma samples from 505 subjects 
(including 50 with rituximab coadministration) enrolled 
in eight clinical studies, investigating the effect of patient 
characteristics and other factors on venetoclax PKs [6, 14]. 
The data showed that plasma venetoclax is described by a 
two-compartment PK model with first-order absorption and 
elimination. The venetoclax terminal elimination half-life 
(t½) was approximately 26 h, and apparent CL (CL/F) was 
reduced by 19% and 84%, respectively, by moderate and 
strong inhibitors of CYP3A; weak inhibitors and induc-
ers had no effect on CL/F. Rituximab coadministration 
increased venetoclax CL/F by an estimated 21%. Organic 
anion transporting polypeptide (OATP) 1B3 hepatic uptake 
transporter inhibitors decreased venetoclax CL/F by 15%. 
Women had a 32% lower apparent central volume of distri-
bution (V2/F) than men, and food increased bioavailability 
2.99- to 4.25-fold over fasting for different food composi-
tions (low-fat to high-fat). Venetoclax PKs were not affected 
by mild to moderate hepatic or renal impairment, body-
weight, age, race, OATP1B1 transporter phenotype, P-gly-
coprotein (P-gp), breast cancer resistance protein (BCRP), 
or OATP1B1 modulators [6].

The ongoing randomized, open-label, phase III 
MURANO study (NCT02005471) includes 389 patients 
with relapsed/refractory CLL randomized to receive (1) 
venetoclax 400  mg daily for up to 2  years from cycle 
1 day 1 (C1D1) with the addition of rituximab for the first 
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maximum. The potential impact of rituximab on venetoclax 
PKs was assessed by evaluating the geometric mean ratio 
(GMR) of individual patient plasma venetoclax predose con-
centrations on C4D1 (after starting rituximab), compared 
with C1D1 (before starting rituximab).

2.4 � Population PK Modeling

Legacy model parameter estimates, including all fixed, ran-
dom, and covariate effects, were used as Bayesian priors to 
fit MURANO venetoclax PK data. The variance–covariance 
matrix of the parameter estimates of the legacy model was 
used to define the uncertainty for the priors. Priors were set 
using the NONMEM PRIOR subroutine with the TNPRI 
option and MSF file from the legacy model. The PRIOR 
subroutine allows NONMEM to introduce a penalty function 
for the estimation of the objective function value, based on 
the prior distribution of the parameters previously estab-
lished. This penalty function uses a multivariate normal 
distribution for theta, omega, and sigma [18].

The legacy model covariates were moderate and strong 
CYP3A inhibitors (time-variant on CL/F); rituximab coad-
ministration (time-variant on CL/F); coadministration of 
medications reported to be OATP1B3 transporter inhibi-
tors (time-variant on CL/F); sex and subject population 
(i.e. patients vs. healthy volunteers on V2/F); dose (using 
the power model with a reference value of 400 mg, time-
variant on relative bioavailability [F1]); and food (fasted 
or fed, and low-, moderate-, or high-fat meal on F1 [the 
low-fat meal effect on F1 is 1]). This model is the same as 
the published venetoclax population model [6], except for 
fixing the OATP1B3 transporter inhibitor effects on CL/F 
as described previously [14].

In the present Bayesian analysis, model parameters were 
estimated with new data from the venetoclax–rituximab 
arm of MURANO using Bayesian prior distributions. The 
following additional new covariates, which were stratifica-
tion factors for randomization in MURANO, were tested: 
del(17p) mutation status; geographic region (US/Canada 
[region 1], Australia/New Zealand [region 2], Western 
Europe [region 3], Central and Eastern Europe [region 4], 
Asia [region 5]); and disease responsiveness to prior ther-
apy (i.e. CLL risk status). No priors were set for the new 
covariates. Missing continuous covariates were imputed 
as the median value of the covariate, while missing cat-
egorical covariates were imputed using the most frequent 
population value. No covariates had a missing data fraction 
exceeding 15%.

2.5 � Model Development and Evaluation

The legacy model [6], with the addition of OATP1B3 trans-
porter inhibitor effects on CL/F, was fitted to the new dataset 

with informative prior distributions assigned. All param-
eters, including covariate effects, were re-estimated. Covari-
ates investigated in the legacy analysis and not included in 
the legacy model were not re-tested. For technical reasons 
specific to NONMEM implementation, OATP1B3 trans-
porter inhibitor effects on CL/F were fixed to the estimate 
of the legacy model [14]; this is equivalent to setting very 
informative priors on this parameter. The new covariates of 
interest [del(17p) status, geographic region, and CLL risk 
status] were then tested on CL/F and F1, two key PK param-
eters to determine exposure (i.e. area under the curve of 
plasma concentration versus time at steady state [AUC​ss]) for 
orally administered venetoclax. All other model parameters 
were re-estimated using the same Bayesian population PK 
approach, with non-informative flat priors set for the new 
covariates. As in the legacy analysis, new covariate–param-
eter relationships were investigated using a forward addition/
backward elimination procedure, where a significance level 
of α = 0.01 was used for forward addition and α = 0.001 
was used for backward elimination based on the likelihood 
ratio test.

Unlike models without priors (where one level of a cat-
egorical covariate serves as a reference), the effect of each 
level of a categorical covariate was tested individually and 
simultaneously within the same run. If the objective func-
tion change was below the critical value of 6.64, the covari-
ate effect was rejected. Even though more than one covari-
ate level was tested in each model, the critical value of the 
objective function change of 6.64 for one parameter at a 
significance level of α = 0.01 was used, ensuring that no one 
parameter changed the objective function by more than this 
critical value. If the objective function change exceeded the 
critical value of 6.64, the effects of each covariate level were 
further investigated by removing the effects one by one or by 
grouping several levels together.

All parameter estimates were reported with a measure of 
uncertainty (standard error [SE] and relative standard error 
[RSE] obtained from the NONMEM covariance step). The 
final model was assessed using graphical evaluation, predic-
tion-corrected visual predictive checks (VPCs) [19, 20], and 
normalized prediction distribution error (NPDE) plots [21] 
(see electronic supplementary material). Additional model 
comparison plots were also evaluated to compare predic-
tions from competing models (see electronic supplementary 
material). VPCs were based on 500 simulated datasets. PK 
parameters and steady-state exposures were computed from 
the final model and summarized overall or after stratification 
by covariates.

The analysis was conducted using nonlinear mixed-effects 
modeling with NONMEM software version 7.3.0 (ICON 
Development Solutions, Ellicott City, MD, USA) [22]. The 
first-order conditional estimation method with interaction 
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(FOCEI) that utilized the PRIOR subroutine with the TNPRI 
option was applied for all NONMEM model runs.

2.6 � Prediction of Individual PK Parameters

Individual PK parameters included CL/F, F1, V2/F, and 
CL/F to F1 ratio (the determinant of AUC​ss). Individual 
steady-state exposures at 400 mg daily were also predicted. 
Cmax at steady state (Cmax,ss), trough plasma concentration 
at steady state (Ctrough,ss), and AUC​ss were computed from 
the final model using empirical Bayes (post hoc) estimates.

3 � Results

3.1 � Observed Venetoclax PKs in MURANO

The GMR of predose venetoclax concentrations on C4D1 
(after three 28-day cycles of rituximab) versus C1D1 (after 
ramp-up and before rituximab initiation) was 1.06, which 
was not statistically different from 1 (p > 0.05) (Fig. 1). The 

corresponding GMR was 0.992 for the 4-h postdose sample, 
which was also not statistically different from 1 (p > 0.05) 
(Fig. 1). The mean ± SD predose concentration on C1D1 
(0.626 ± 0.540 ng/mL) and C4D1 (0.681 ± 0.745 ng/mL) 
was generally similar to corresponding values from the mon-
otherapy studies [6]. These observations confirmed attain-
ment of venetoclax steady state by the end of dose ramp-
up, and indicated no time-dependent change in venetoclax 
CL/F over the first three cycles of venetoclax–rituximab, and 
no effect of rituximab on the PKs of venetoclax (Table 1, 
Fig. 1).

3.2 � Dataset for Population PK Analysis

Among 194 patients randomized to venetoclax–rituximab 
in MURANO, 184 (94.8%) had one or more venetoclax 
PK observation records (n = 643 PK records). Exclusion 
of 11 (1.7%) observations collected > 10 days after the 
last dose, six (0.9%) postdose observations below LLOQ, 
and 26 (4.0%) with unreliable dosing information (missed 
doses during the week before sampling) left 600 quantifi-
able observation records, from 182 patients, for use in the 
population PK analysis. Electronic supplementary Fig. S1 
shows the observed venetoclax plasma concentrations over 
time after the most recent dose. Patient covariates for the 
MURANO study and legacy model populations are sum-
marized in Table 2 and electronic supplementary Table S1. 
Mean (range) bodyweight and age were 78.4 kg (41–115) 
and 63.9 years (28–83), respectively. Bodyweight and age 
correlated with creatinine CL (CRCL). Overall, 126 men 
(69.2%) and 56 women (30.8%) were included in the analy-
sis. Male sex correlated with higher bodyweight and higher 
median age. Other continuous covariates were similarly 
distributed for male and female patients (electronic supple-
mentary Figs. S2, S3). Most patients were White (96.7%), 
and six (3.3%) were Asian. Fifteen (8.2%) patients were 
from the US/Canada (region 1); 43 (23.6%) were from 
Australia/New Zealand (region 2); 60 (33.0%) were from 
Western Europe (region 3); 60 (33.0%) were from Eastern/

Fig. 1   Box plots of ratios of C4D1 to C1D1 venetoclax plasma con-
centrations by nominal timepoint: pharmacokinetic-evaluable popula-
tion receiving actual dose of venetoclax 400 mg. Horizontal line rep-
resents the median; box represents Q1 (25th percentile) and Q3 (75th 
percentile); whiskers represent the 5th and 95th percentiles; and X 
represents the mean. C4D1 cycle 4 day 1, C1D1 cycle 1 day 1

Table 1   Summary of venetoclax plasma concentrations (μg/mL) by visit (actual venetoclax dose = 400 mg)

CV coefficient of variation, LTR less than reportable, SD standard deviation
a Samples included LTRs

Visit No. of samples in 
the analysisa

No. of excluded 
samples

Mean (SD) Range %CV Geometric mean (%CV)

Cycle 1 day 1
 Pre-venetoclax dose 151 6 0.626 (0.540) 0.0381–3.12 86.3 0.459 (96.8)
 4 h post-venetoclax dose 159 10 1.34 (0.881) 0.0868–5.87 65.7 1.12 (66.6)

Cycle 4 day 1
 Pre-venetoclax dose 112 16 0.681 (0.745) 0.0500–4.83 109.5 0.472 (101.1)
 4 h post-venetoclax dose 121 21 1.34 (0.905) 0.138–4.38 67.3 1.10 (73.5)
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Central Europe (region 4); and four (2.2%) were from Asia 
(region 5). There were 42 (23.1%) patients with and 140 
(76.9%) patients without del(17p). Ninety-six (52.7%) and 
86 (47.3%) patients had high and low CLL risk, respectively.

3.3 � Population PK Analysis

The prediction-corrected VPC plot (electronic supplemen-
tary Fig. S4) showed that the legacy model generally fit-
ted the new data, although observed concentrations slightly 
exceeded model predictions. The model parameters were 
therefore re-estimated using Bayesian methodology, result-
ing in a 27-point decrease in objective function and an elimi-
nation of the slight underprediction of observed concentra-
tions. Using this model as the reference, new covariates were 
tested using forward addition/backward elimination.

Use of a forward addition procedure resulted in a full 
model that included the effect of regions 1 and 3 on F1, and 
the effect of regions 4 and 5 on CL/F. The effect of regions 
1 and 3 on F1 was eliminated at the backward elimination 
step. Thus, the final model was identical to the legacy model, 
but with the additional effect of regions 4 and 5 on CL/F. 
Parameter estimates for the legacy and current final models, 
as well as the differences between them, are summarized in 
Table 3.

Figure 2 depicts the magnitude of the effects of the covar-
iates incorporated into the final Bayesian model on AUC​ss 
(i.e. through CL/F or F1):

•	 A minimal increase (mean 7%; 95% CI 2–12%) in the 
CL/F of venetoclax was observed after rituximab coad-
ministration. CL/F was 30% lower (95% CI 21–39%) in 
patients from regions 4 (n = 60) or 5 (n = 4) compared 
with other regions. Strong CYP3A inhibitors decreased 
CL/F by 82% (95% CI 80–84%); moderate CYP3A 
inhibitors decreased CL/F by 14% (95% CI 7–21%); 
and OATP1B3 hepatic uptake transporter inhibitors 
decreased CL/F by 15% (95% CI 10–19%).

•	 V2/F was 30% lower (95% CI 22–38%) in females 
(n = 56) than in males (n = 126).

•	 F1 was fixed as 1 for the 400 mg dose with a low-fat 
meal. Administration in the fasting state decreased F1 by 
67% (95% CI 66–67%) relative to the low-fat postpran-
dial state. Moderate- and high-fat meals increased F1 
by 36% (95% CI 14–56%) and 43% (95% CI 40–47%), 
respectively.

•	 t½ was estimated at 1.07 days (25.7 h).

In the final model evaluation, goodness-of-fit of the data 
was confirmed (Fig. 3a), with no apparent model deficien-
cies. The conditional weighted residuals (CWRES) did not 
show any major trends when plotted against population-pre-
dicted values, with most values between ±2 standard normal 

deviations (Fig. 3a, panel 3), indicating that the model was 
appropriately unbiased and adequately described variabil-
ity. Examination of the final model CWRES versus time 
(Fig. 3a, panel 6) indicated no apparent trend over time, 
confirming the lack of time-dependent PKs of venetoclax. 
The dependencies of the random effects on covariates did 
not show any further trends unaccounted for by the model 
(electronic supplementary Figs. S5–S10). This indicated 
that the trend observed in the plot of observed values versus 
individual predications (DV vs. IPRED) can be explained by 
variability rather than systematic underprediction.

The VPC and NPDE plots (Fig. 3b, c) further supported 
good description of the observed MURANO study data by 
the Bayesian population PK model. The VPC plots of the 
simulated percentiles overlaid with the observed data, show-
ing good agreement between the simulated and observed 
data, indicating that the model was able to describe the cen-
tral tendency and variability of the data (Fig. 3b). The NPDE 
plots illustrated good predictive abilities of the model, with 
no dependencies of NPDE on time, time after dose, popula-
tion predictions, or geographic region (Fig. 3c).

3.4 � Individual PK Parameters

A summary of conditional predictions for PK parameters 
and steady-state exposure, overall and by geographic region, 
is shown in electronic supplementary Tables S2 and S3. 
Dependencies of individual estimates of CL/F on categori-
cal and continuous covariates are illustrated in electronic 
supplementary Figs. S11 and S12. Consistent with the orig-
inal population PK model, no relationship was observed 
between venetoclax CL/F and bodyweight, age, sex, mild 
or moderate hepatic and renal impairment, and coadmin-
istration of weak CYP3A inhibitors. However, a relation-
ship was observed between CL/F and coadministration of 
strong CYP3A inhibitors, moderate CYP3A inhibitors, and 
OATP1B3 hepatic uptake transporter inhibitors. Venetoclax 
CL/F appeared lower in patients from regions 4 and 5. The 
new tested covariates of CLL risk status and del(17p) had no 
apparent effect on venetoclax exposure (Fig. 4).

4 � Discussion

The result from the Bayesian model was very similar to the 
previously described legacy population PK model [6, 14], 
except that geographic region was added as a covariate on 
CL/F. Only patients with CLL were included in the current 
model, whereas the legacy analysis [6, 14, 23, 24] included 
healthy subjects and patients with CLL, SLL, multiple 
myeloma, or non-Hodgkin lymphoma (NHL). Venetoclax 
observed plasma concentrations were also comparable with 
those previously described [6, 25–27]. The observed data 
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Table 2   Continuous and categorical covariates at baseline. Covari-
ate descriptions are followed by the covariate identifiers used in the 
model (in parentheses)

Continuous covariates Measure Result

Patients (N) Number 182
Age (AGE), years Mean (SD) 63.9 (10.6)

Median (range) 65 (28–83)
Bodyweight (WTKG), kg Mean (SD) 78.4 (14.1)

Median (range) 77 (41–115)
Aspartate aminotransferase 

(AST), U/L
Mean (SD) 25.5 (11.8)
Median (range) 23 (5–95)

Alanine aminotransferase 
(ALT), U/L

Mean (SD) 20.7 (10.9)
Median (range) 18 (5–77.4)

Bilirubin (BILI), mg/dL Mean (SD) 0.693 (0.434)
Median (range) 0.585 (0.175–

2.398)
Creatinine clearance (CRCL), 

mL/min
Mean (SD) 86.5 (24.7)
Median (range) 83.8 (38–182.9)

Serum albumin (ALB), g/dL Mean (SD) 4.11 (0.489)
Median (range) 4.14 (2.4–5.27)

Categorical covariates Level N (%)

Sex (SEX) Males 126 (69.2)
Females 56 (30.8)

Race (RACE) White 176 (96.7)
Asian 6 (3.3)

Renal impairment (RENA_FN) Normal 71 (39)
Mild 91 (50)
Moderate 20 (11)

Hepatic impairment (HEP_FN) Normal 137 (75.3)
Mild 34 (18.7)
Moderate 11 (6)

Rituximab administration 
(RTX)

Not administered 4 (2.2)
Administered 178 (97.8)

17p deletion (DEL17P) No 140 (76.9)
Yes 42 (23.1)

CYP3A inhibitor flag 
(C3AHIB)a

Not administered 30 (16.5)
Weak 128 (70.3)
Moderate 19 (10.4)
Strong 5 (2.7)

OATP1B3 inhibitor flag 
(OATP3HIB)a

Not administered 177 (97.3)
Administered 5 (2.7)

PGP inhibitor flag (PGPHIB) Not administered 173 (95.1)
Administered 9 (4.9)

CLL risk category (RISK)b High 96 (52.7)
Low 86 (47.3)

Region USA/Canada 15 (8.2)
Australia/New 

Zealand
43 (23.6)

Western Europe 60 (33)
Central/Eastern 

Europe
60 (33)

Asia 4 (2.2)

Missing continuous covariates were imputed as the median value of 
the covariate, while missing categorical covariates were imputed as 
the most frequent value in the population. There were no covariates 
with a missing data fraction exceeding 15% of the study data
CLL chronic lymphocytic leukemia, CYP3A cytochrome P450  3A, 
OATP1B3 organic anion transporting polypeptide 1B3, PGP P-glyco-
protein, SD standard deviation
a Stratification of inhibition as moderate or strong was based on US 
FDA guidance, as per the earlier analysis upon which the legacy 
model was based [6]. Details of the inhibitors used within the dataset 
are given in electronic supplementary Table S4
b High CLL risk was defined as harboring del(17p), or no response to 
first-line chemotherapy, or relapse within 12 months of chemotherapy 
or 24 months of chemoimmunotherapy. Low CLL risk was defined as 
relapse more than 12 months after chemotherapy or 24 months after 
chemoimmunotherapy

Table 2   (continued)

analysis confirmed that steady-state plasma venetoclax con-
centrations were achieved after dose ramp-up, which is con-
sistent with the reported linear PKs of venetoclax at 400 mg 
with a half-life of 26 h [6]; steady state was maintained at 
C4D1 (last PK assessment). No time-dependent change in 
venetoclax CL/F was apparent over the first three cycles of 
venetoclax–rituximab treatment. The similarity in predose 
venetoclax concentrations at C1D1 and C4D1 suggests that 
rituximab has no clinically relevant effect on venetoclax 
PKs, in line with the theoretical expectation.

Venetoclax apparent V2/F was estimated to be 30% lower 
in females than in males, but this had no clinically relevant 
effect on steady-state exposure (Cmax,ss, Ctrough,ss, and AUC​ss) 
[electronic supplementary Fig. S13]. No clinically meaning-
ful differences in the venetoclax–rituximab treatment arm 
were observed for efficacy and all-grade, grade 3 or higher, 
or serious adverse event rates, when stratified by sex [15]. 
Dosage adjustments based on sex are therefore not needed.

Consistent with the legacy model [6, 14], no apparent 
relationship was observed between venetoclax CL/F and 
bodyweight, age, sex, mild or moderate hepatic and renal 
impairment, and coadministration of weak CYP3A inhibi-
tors. Mutation status [del(17p)] and CLL risk status had no 
influence on venetoclax CL/F. There is therefore no need for 
venetoclax dosage adjustments in these subgroups.

Although both healthy and malignant B cells can be 
bound and cleared by rituximab, this was not expected to 
impact on venetoclax PKs but was shown to potentiate 
venetoclax activity [28]. The CLL, SLL, and NHL disease 
indications, which have varying levels of circulating dis-
eased B cells, had no effect on venetoclax PKs [6], sug-
gesting a minimal effect of peripheral blood B-cell lev-
els on venetoclax PKs (although this was not specifically 
tested as a covariate in the current and legacy population 
PK analyses). Disease-independent venetoclax PKs are 
also consistent with venetoclax steady-state exposures that 
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increase approximately in proportion to dose over the range 
of 300–900 mg [29].

Consistent with a low observed potential for rituximab 
to impact venetoclax PKs, CL/F was increased by 7% with 
rituximab coadministration, which was lower than that deter-
mined in the previous analysis of Jones et al. (21%; 95% CI 
14–28%) [6]. The previous study used 7483 plasma veneto-
clax samples from 505 patients, of whom only 50 had coad-
ministration of rituximab. In contrast, all patients but one in 
the present analysis received rituximab, thus yielding con-
siderably more robust combination therapy data. Therefore, 
the 7% rituximab effect determined in the present analysis 
provides the most reliable estimate of the potential impact 
of rituximab on venetoclax PKs, which is not expected to be 
clinically meaningful. This is also consistent with observed 
ratios of approximately 1.0 between C1 and C4 for predose 
concentrations of venetoclax.

Patients from Central and Eastern Europe or Asia were 
estimated to have 30% lower CL/F than patients from West-
ern Europe, US/Canada, or Australia/New Zealand, which 
translates to approximately 43% greater venetoclax expo-
sure. However, we note that there were only four patients 
from Asia in the MURANO dataset. Regional differences 
in implementation of the MURANO protocol-specified low-
fat meal might have contributed to this geographic effect, 

although no definitive reason has been established. Moreo-
ver, subgroup analysis of efficacy and safety, by region, indi-
cated that treatment benefit of equivalent magnitude in favor 
of the venetoclax–rituximab arm was observed across all 
evaluated regions [15]. Given that exposure–response analy-
ses of venetoclax safety, tolerability, and efficacy param-
eters have shown no significant relationships with venetoclax 
exposure [30], this difference in venetoclax CL/F was not 
considered clinically relevant. Therefore, no dosage adjust-
ment for venetoclax based on geographic region is felt to be 
necessary.

Other observations included an approximate 82% 
decrease in CL/F with administration of strong CYP3A 
inhibitors, and an approximate 14% decrease with moder-
ate inhibitors. This finding was expected from the previ-
ous pooled analysis [6] and the known PK characteristics 
of venetoclax [3]. It provides support for existing dosage 
recommendations for venetoclax when administered with 
CYP3A inhibitors [3]. Of note, the dataset for the present 
analysis included data from only five patients with strong 
CYP3A inhibitor usage, and 19 with moderate CYP3A 
inhibitor usage. Therefore, the estimated covariate effects for 
CYP3A inhibitors was driven almost entirely by the legacy 
model, with the new dataset providing very little additional 
information.

The present model’s estimate of effect of meal type on F1 
and effect of patient population on CL/F were also strongly 
driven by the legacy model, given that all patients contribut-
ing new data (i.e. from MURANO) were receiving low-fat 
meals per the protocol and had relapsed/refractory CLL.

Shrinkage indicates whether the model is overparam-
eterized for the amount of information contained in the 
data. When sparse PK sampling is performed, some PK 

Typical AUCss = 0.853                   (reference)

RTX administration

Moderate CYP3A inhibitors

Strong CYP3A inhibitors

OATP1B3 inhibitors

Central and Eastern Europe or Asia

Fasting

Moderate-fat food

Any meal

High-fat food

200 mg dose

800 mg dose

0.5 1.0 1.5 2.0 2.5

Change in parameter relative to reference point

3.5 4.0 4.5 5.0 5.5 6.03.0

µg/mL·day

Fig. 2   Covariate effects on AUC​ss for the final model. Reference: 
400  mg dose with low-fat food; USA/Canada, Australia/New Zea-
land, Western Europe. Ratio of the typical parameter and its 95% CI 
for subpopulations to the typical parameter of a reference patient is 
illustrated. For categorical covariates and continuous covariates with 
a specific value, point estimates = open circles, and 95% CIs = hori-
zontal bars. The hatched area represents the typical value ± 20%. 
OATP1B3 was a fixed parameter. CYP3A cytochrome P450 3A, 
OATP1B3 organic anion transporting polypeptide 1B3 transporter, 
RTX rituximab, CI confidence interval, AUC​ss area under the curve of 
plasma venetoclax concentration versus time at steady state

Fig. 3   Final model evaluation. a Goodness-of-fit plot for the final 
model; b prediction-corrected VPC plots for the final model; c NPDE 
plots for the final model. a The grey solid lines (showing plots of 
y = x or y = 0, as appropriate) are included for reference. The bold 
red lines are the LOWESS (local regression smoother) trend lines. b 
Points represent the prediction-corrected observed Cven versus time 
after the most recent venetoclax dose. Red line represents the median, 
and blue lines represent the 5th and 95th percentiles of prediction-
corrected observed Cven. Shading = 90% confidence intervals (simu-
lated from 500 trials with dosing, sampling, and covariate values of 
the analysis dataset). c NPDE versus time from the first dose, time 
after the most recent dose, population predictions, and geographic 
region. Circles correspond to the NPDE of observations in the dis-
tribution of 500 simulated values. Lines at y = 0 correspond to the 
median values, and dashed lines show the 10th and 90th percentiles. 
Percentages of points below the 10th percentile and above the 50th 
and 90th percentiles are reported. Red lines show the LOWESS trend 
lines. Geographic region: 1 = USA/Canada; 2 = Australia/New Zea-
land; 3 = Western Europe; 4 = Central /Eastern Europe; and 5 = Asia. 
CWRES conditional weighted residuals, VPC visual predictive check, 
NPDE normalized prediction distribution error, Cven venetoclax con-
centrations

▸
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parameters may be better informed by the observed data 
than others, with high shrinkage to the population prediction 
for the less-informed parameters. In this study, shrinkage 
ranged from approximately 25% to approximately 50% for 
the current model (Table 3). This was considered acceptable 
given that only four PK samples per patient were collected 
in the MURANO study. Importantly, the shrinkage for the 
CL/F to F1 ratio, the key parameter for steady-state expo-
sure calculations used in exposure–response analysis, was 
only 13.4%. This indicates that the current model provides 
a good estimate of individual steady-state PK exposures, 
further increasing confidence in the value of subsequent 
exposure–response analyses.

The present analysis was distinguished from previ-
ous work by the application of Bayesian techniques. In a 
Bayesian analysis, the likelihood that a set of parameters 

is consistent with the observed data is calculated by mul-
tiplying the corresponding likelihood function by the prior 
distribution, and the result normalized to create a poste-
rior distribution, from which final parameter estimates are 
obtained [31–33].

When an existing population PK model is available and 
structural changes to the model are not required, the Bayes-
ian approach provides an efficient and scientifically strong 
alternative to a pooled analysis when extending a population 
PK analysis to a new dataset. As the population PK analysis 
dataset only needs to contain the new data, this approach 
simplifies the otherwise time-consuming dataset preparation 
step that can comprise the majority of effort for a typical 
pooled analysis. This could be important, for example, in an 
accelerated filing scenario, which is the case for MURANO.
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In the Bayesian analysis, new covariates (e.g. geographic 
region) that were relevant to both the legacy and MURANO 
datasets were tested. Whereas in a pooled analysis these 
types of covariates could have been informed by both legacy 
and new data, these covariates are only informed by the new 
data when a Bayesian analysis is employed. The strength 
of the Bayesian evaluation depends on how well the new 

covariate is represented in the new data, and on the number/
quality of the associated PK samples. Additionally, unlike 
models without priors (where one level of a categorical 
covariate serves as a reference), the effect of each level of a 
categorical covariate was tested individually and simultane-
ously within the same run, and then, if positive, investigated 
further. One potential drawback is that interpretation of the 
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tion at steady state, Ctrough,ss trough plasma concentration at steady 
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covariate effect may be more complicated than in a typi-
cal pooled analysis (where one level serves as reference), 
depending on which covariate levels test positive.

In our analysis, the Bayesian approach provided a novel 
and flexible way to describe the MURANO data while mini-
mizing the work related to dataset preparation for an acceler-
ated filing. This was critical in order to bring this valuable 
treatment option to patients with a high unmet need. Model 
evaluation and diagnostics, including the prediction-cor-
rected VPC plot (Fig. 3b) and the observed consistency in 
PK parameters between the current and legacy models [6, 
14], support the use of the Bayesian model for describing the 
PKs of venetoclax in combination with rituximab.

5 � Conclusions

A Bayesian population PK modeling approach provided 
a fast and efficient method for characterizing venetoclax 
concentration-time profiles in combination with rituximab, 
and for evaluating covariates. The findings were consistent 
with both the legacy population PK model and the analysis 
of observed venetoclax concentrations from the MURANO 
study. The model showed a minimal impact of rituximab 
on venetoclax CL/F, which was not considered clinically 
relevant. Therefore, no dosage adjustment is recommended 
for venetoclax in patients receiving concomitant rituximab. 
The model was deemed appropriate for generating post hoc 
exposure parameters for further use in simulations or for 
evaluation of exposure–response relationships.
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commi​tment​_to_data_shari​ng.htm.
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