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Abstract
Background and Objective Venetoclax is an approved BCL-2 inhibitor, currently under evaluation in different hematological malignan-
cies in adult and pediatric populations. Venetoclax is available as 10, 50, and 100 mg tablets. To provide an alternative to patients who 
find taking the commonly prescribed 100 mg tablet a challenge, the interchangeability of lower-strength tablets with the 100 mg tablet 
was investigated. Additionally, newly developed oral suspension powder formulations to facilitate dosing in pediatrics were evaluated.
Methods Pharmacokinetic data from 80 healthy female participants from three phase I studies were utilized to evaluate the 
bioavailability of (1) 10 and 50 mg tablets relative to a 100 mg tablet; (2) 0.72 and 7.2% (drug to total weight) oral powder 
formulations relative to the 100 mg tablet; and (3) oral powder formulations administered using different vehicles (apple 
juice, apple sauce, and yogurt) relative to water under fed conditions.
Results Bioavailability assessments at a 100 mg dose of venetoclax demonstrated bioequivalence across the 10, 50, and 
100 mg tablet strengths. Oral powder formulations met the bioequivalence criteria (0.80–1.25) with respect to area under 
the concentration–time curve to time of the last measurable concentration (AUC t) and to infinite time (AUC ∞) but exhibited 
a slightly lower maximum plasma concentration (Cmax). Exposure–response analyses were utilized to demonstrate that the 
lower Cmax observed with the powder formulations is not clinically meaningful. The delivery vehicles tested did not affect 
the bioavailability of venetoclax oral powder formulations.
Conclusions The smaller-sized tablets (10 and 50 mg) and the newly developed oral powder formulations of venetoclax can 
be used interchangeably with the 100 mg tablets to improve the patients’ experience, while maintaining adequate exposure.
Clinical Trials Identifiers NCT01682616, 11 September 2012; NCT02005471, 9 December 2013; NCT02242942, 17 Sep-
tember 2014; NCT02203773, 30 July 2014; NCT02287233, 10 November 2014; NCT02993523, 15 December 2016; 
NCT03069352, 3 March 2017.
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1 Introduction

Venetoclax is a first-in-class, potent, orally bioavailable, 
small-molecule selective inhibitor of B-cell lymphoma 2 
(BCL-2) in the biaryl acyl sulfonamide chemical class that 
restores programmed cell death in cancer cells. Venetoclax 
has received approvals in multiple countries for chronic lym-
phocytic leukemia (CLL) and for the treatment of newly 
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diagnosed acute myeloid leukemia (AML) in certain adult 
populations [1]. Venetoclax is being studied in other hemato-
logic malignancies such as non-Hodgkin’s lymphoma, mul-
tiple myeloma (MM), myelodysplastic syndromes in adult 
patients, and hematologic malignancies and solid tumors in 
pediatric patients.

Venetoclax is currently marketed as 10, 50, and 100 mg 
film-coated tablets. Approved doses are 400 and 600 mg/
day and doses up to 800 mg are currently being investigated 
in different hematologic and solid malignancies, notably 
relapsed/refractory (R/R) MM [2]. Venetoclax is a biophar-
maceutics classification system (BCS) class IV compound 
with poor aqueous solubility and high hydrophobicity 
(logP = 8.1) [3, 4]. An amorphous solid dispersion formu-
lation is utilized within the currently marketed tablets to 
overcome the challenging physicochemical properties. Fol-
lowing oral administration, the maximum plasma concen-
tration (Cmax) of venetoclax is attained 5–8 h after dosing, 
and the half-life (t½) ranged between 14 and 18 h [5]. Vene-
toclax is prescribed to be administered with food, as food 
increases the bioavailability of venetoclax by approximately 
3- to 5-fold compared with fasting conditions [6].

The 100 mg tablet is the most commonly used formu-
lation; however, due to the low drug loading, the 100 mg 
tablet is relatively large in size (17.2 mm long, 9.5 mm wide, 
oblong biconvex shape) [7]. The smaller, lower-strength 
10 mg (6 mm diameter, round biconvex shape) [8] and 
50 mg (14 mm long, 8 mm wide, oblong biconvex shape) 
[9] tablets may be preferred by patients who experience dif-
ficulty swallowing larger tablets. Additionally, to facilitate 
dosing in pediatric patients who may not be able to swallow 
tablets, two oral powder formulations were developed. The 
oral powder formulations would reduce the pill burden and 
enable mixing of venetoclax with liquids or soft foods such 
as apple juice and yogurt to deliver the dose. The new pow-
der formulations utilize the same venetoclax drug substance 
and same amorphous solid dispersion extrudate intermediate 
as the currently marketed venetoclax tablets, with veneto-
clax active substance representing either 0.72 or 7.2% of 
the total powder weight to deliver a wide range of doses up 
to 600 mg.

To assess the interchangeability of the lower-strength 
tablets and support the development of the oral powder for-
mulations, three phase I bioavailability studies in healthy 
female participants have been conducted in which the 
lower-strength tablets and oral powder formulations were 
compared with the 100 mg tablet. The impact of liquid and 
soft food vehicles (apple juice, apple sauce, and yogurt) 
on the bioavailability of the oral powder formulations was 
also evaluated. In addition, exposure–response analyses 
were conducted to address any differences in bioavailability 
observed between the tested formulations and to establish 
interchangeability with the 100 mg tablet formulation.

2  Methods

2.1  Participant Population and Study Designs

Three phase I, open-label, randomized, crossover studies 
(Studies 1, 2, and 3) were conducted to evaluate the bio-
availability of various formulations of venetoclax. A sum-
mary of these studies is provided in Table 1. Briefly, Study 
1 assessed the bioavailability across film-coated tablets with 
strengths of 10, 50, and 100 mg at a dose of 100 mg under 
low-fat conditions. Study 2 compared the bioavailability of 
the two oral powder formulations (0.72 and 7.2%) relative to 
the currently marketed 100 mg tablet under high-fat condi-
tions and evaluated the effect of food (high-fat meal) on the 
bioavailability of the oral powder formulation at a dose of 
100 mg. Study 3 characterized the effect of different dosing 
vehicles (apple juice, apple sauce, yogurt, and water as the 
reference vehicle) on the bioavailability of the 0.72 and 7.2% 
oral powder formulations under moderate-fat conditions.

For all studies, healthy females, between 18 and 60 years 
of age, who were postmenopausal, permanently surgically 
sterile, or perimenopausal or premenopausal and practicing 
at least two methods of birth control until at least 1 month 
after the last dose of study drug were selected for participa-
tion. Only female participants were enrolled in these clinical 
studies based on two reasons: (1) the potential for veneto-
clax-related testicular toxicity (germ cell loss) identified in 
non-clinical studies [10]; and (2) no effects of venetoclax on 
female reproductive tissues were observed in general repeat 
dose toxicology studies [11].

In all studies, enrolled participants were randomly 
assigned in equal numbers to crossover sequences in their 
respective studies, except in Study 2 where only half as 
many participants were assigned to the fasted regimens in 
the last period. Venetoclax was orally administered in the 
morning of Day 1 in each period to enable single-dose phar-
macokinetic measurements up to 72 h with a 5-day washout 
interval between each dose/regimen. Participants received 
a standardized diet for all meals during the study except for 
their designated regimen breakfast on Day 1 of each period 
(see Table 1). The tablets were administered in Study 1 and 
Study 2 with 150 and 240 mL of water, respectively. Powder 
formulations were dispersed into the dosing vehicle prior 
to administration, followed by 240 mL of water. In Study 
2, powder formulations were dispersed in 20 mL of vehicle 
prior to administration and then followed by 10 mL of vehi-
cle for rinsing. In Study 3, 0.72 and 7.2% powder formula-
tions were dispersed in 20 and 10 mL of vehicle, respec-
tively, prior to administration and then followed by 10 mL 
of vehicle for rinsing. When study drug was administered in 
the fed state, administration occurred within approximately 
30 min of starting the designated meal. When administered 
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in the fasted state, administration occurred after a minimum 
of a 10-h fast and approximately 4 h before the following 
meal.

For all three studies, safety evaluations included adverse 
event (AE) monitoring, physical examinations, vital signs, 
12-lead electrocardiogram (ECG), and clinical laboratory 
profiles throughout the study. AE intensity and laboratory 
evaluation changes were assessed using National Cancer 
Institute Common Terminology Criteria for Adverse Events 
version 5 [12]. These studies were conducted in accordance 
with Good Clinical Practice Guidelines and the ethical 
principles that have their origin in the Declaration of Hel-
sinki [13]. The protocols were approved by the Institutional 
Review Board at the study site (AbbVie Clinical Pharmacol-
ogy Research Unit, Grayslake, IL, USA) and each participant 
provided written informed consent before any study-related 
procedures were performed.

Sample size for each study was determined to provide 
at least 90% power to obtain a two-sided 90% confidence 
interval (CI) for the ratio of formulation means within the 
limits of 0.80–1.25. Sample size for Study 1 was based on 
the power to demonstrate bioequivalence. Sample size for 
Study 2 and Study 3 were screening studies and not powered 
to demonstrate bioequivalence. The calculations assumed 
a true within-participant standard deviation of 0.242 for a 
log-transformed pharmacokinetic parameter and is based 
on the observed variability in log-transformed area under 
the plasma concentration-time curve (AUC) in a previous 
venetoclax bioavailability study.

2.2  Pharmacokinetic Sampling and Bioanalysis

In all studies, blood samples for venetoclax assay were col-
lected into dipotassium ethylenediaminetetraacetic acid 
 (K2EDTA)-containing collection tubes prior to dosing (0 h) 

Table 1  Summary of venetoclax bioavailability phase I studies

Note: Low-fat meals consisted of ≤ 700 Kcal with ≤ 20% of the total caloric intake from fat; moderate-fat (standardized diet) meals consisted of 
~ 700 Kcal with ~ 30% of caloric intake from fat; and high-fat meals consisted of 800–1000 Kcal with ~ 50% of the caloric intake from fat
N number of participants
a Each regimen in a period consisted of a single oral dose with a washout interval of 5 days between regimens
b Four replacement participants were enrolled to ensure complete pharmacokinetic data from 36 participants across all regimens and were 
assigned to the same sequence group as the participant being replaced. Three participants discontinued from the study due to the occurrence of 
at least one AE (all mild [Grade 1] in severity) and 37 participants completed the study
c Reference
d Test

Study number N Study design Venetoclax treatment and  regimensa

Study 1 40b Single-dose, randomized, open-label, three-period, six-
sequence, crossover

Three single 100 mg doses of orally administered film-coated 
tablets under low-fat conditions consisted of the following 
regimens:

A: 1 × 100 mg  tabletc
B: 2 × 50 mg  tabletd
C: 10 × 10 mg  tabletd

Study 2 16 Single-dose, open-label, randomized, five-period, four-
sequence crossover

Five single 100 mg doses under fasted (n = 8/regimen) or 
high-fat fed (n = 16/regimen) conditions consisted of the 
following regimens:

A:100 mg film-coated tablet,  fedc

B:7.2% oral powder formulation,  fedd

C:0.72% oral powder formulation,  fedd

D:7.2% oral powder formulation,  fastedc

E:0.72% oral powder formulation,  fastedc

Study 3 24 Single-dose, open-label, randomized, two-cohort, four-
period, eight-sequence crossover

Four single 100 mg doses under moderate-fat fed conditions 
consisted of the following regimens:

Cohort 1 (n = 12)
A: 0.72% oral powder formulation in  waterc

B: 0.72% oral powder formulation in apple  juiced

C: 0.72% oral powder formulation in apple  sauced

D: 0.72% oral powder formulation in  yogurtd
Cohort 2 (n = 12)
E: 7.2% oral powder formulation in  waterc

F: 7.2% oral powder formulation in apple  juiced

G: 7.2% oral powder formulation in apple  sauced

H: 7.2% oral powder formulation in  yogurtd
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and at 1, 2, 4, 6, 8, 10, 12, 24, 48 and 72 h after dosing in 
each study period. Sufficient blood was collected to provide 
~ 1.2 mL of plasma from each sample. Immediately after 
collection, the blood samples were inverted to ensure good 
mixing of blood and anticoagulant, placed in ice or a cry-
oblock, and centrifuged for 10–15 min (2–8 °C) to separate 
the plasma within 1 h of collection. Samples were placed 
in the freezer within 2 h after collection and maintained at 
− 20 °C or colder until analysis. Plasma concentrations of 
venetoclax were determined using a validated liquid chroma-
tography-tandem mass spectrometric (LC-MS/MS) detection 
method [14]. The lower limit of quantitation (LLOQ) for 
venetoclax was established at 2.11 ng/mL. Precision of the 
assay has been previously reported [15]. Samples quantified 
below the lowest standard were reported as zero.

2.3  Pharmacokinetic and Statistical Analyses

Venetoclax pharmacokinetic parameters were calculated 
using non-compartmental analyses using Phoenix WinNon-
lin version 8.2.0.4383 (Certara L.P., St Louis, MO, USA). 
Pharmacokinetic parameters were determined by linear 
trapezoidal approach and included Cmax, time to Cmax (peak 
time, Tmax), terminal phase elimination half-life (t½), AUC 
from time zero to the time of the last measurable concentra-
tion (AUC t), and AUC extrapolated to infinite time (AUC ∞).  
The relative bioavailability evaluated in the studies were 
estimated along with 90% CIs obtained from a linear mixed-
effects analysis performed for log-transformed pharmacoki-
netic parameters Cmax, AUC t, and AUC ∞. Bioequivalence 
was declared if the 90% CIs of the geometric mean ratios 
of the AUC t, AUC ∞, and Cmax for the regimens compared 
were contained within the 0.80–1.25 range. All available 
data were included in these assessments.

2.4  Exposure–Response Analysis

Data from seven clinical studies (three in CLL and four 
in AML patients) evaluating venetoclax as a combination 
therapy were included in the exposure–response analysis. 
These studies included two studies in CLL patients evaluat-
ing venetoclax in combination with rituximab (RTX; stud-
ies NCT01682616 [16, 17] and NCT02005471 [18]), one 
in CLL patients evaluating venetoclax in combination with 
obinutuzumab (OBZ; study NCT02242942 [19]), two in 
AML patients evaluating venetoclax in combination with 
hypomethylating agents (HMAs; studies NCT02203773 [20] 
and NCT02993523 [21]), and two in AML patients evalu-
ating venetoclax in combination with low-dose cytarabine 
(LDAC; studies NCT02287233 [22] and NCT03069352 
[23]). Detailed descriptions as well as efficacy and safety 
results from these studies have been reported elsewhere [16, 
18–24].

Exposure–response relationships of venetoclax efficacy in 
patients with CLL and AML were evaluated using quartile 
plots and logistic regression analyses using R version 3.6.1 
(The R Foundation for Statistical Computing, Vienna, Aus-
tria) with steady-state Cmax (Cmax,ss) as an exposure metric. 
Individual patient Cmax,ss values were determined via NON-
MEM version 7.4.3 (Dublin, Ireland) based on a population 
pharmacokinetic model [25] that leveraged pharmacokinetic 
data from multiple clinical trials evaluating venetoclax in 
patients across different indications and in healthy partici-
pants. Best responses achieved while receiving treatment 
were used as the efficacy variable for the exposure–response 
analyses. For CLL, the response rates (overall response rate 
[ORR] and complete response [CR]) were selected for the 
purpose of the exposure–response analyses. For AML, best 
responses of CR or CR with incomplete marrow recovery 
(CR/CRi) were selected as the clinical endpoints of interest.

3  Results

3.1  Participants

A total of 80 adult female participants between 18 and 60 
years of age and in general good health at enrollment par-
ticipated in the phase I bioavailability studies. Demographic 
data for the healthy participants enrolled in these studies 
were similar across all studies and are shown in electronic 
supplementary Table S1.

3.2  Safety Assessments

Across all studies, treatment-emergent AEs (TEAE) possi-
bly attributed to study drug experienced by the participants 
were Grade 1 (mild in severity), and the regimens tested 
were generally well tolerated by the participants. In Study 1, 
three participants prematurely discontinued the study due to 
TEAEs. These TEAEs included rash maculopapular (Grade 
1, n = 1) and dermatitis allergic (Grade 1, n = 1) with rea-
sonable possibility of being related to study drug, and blood 
glucose increase (Grade 1, n = 1) with no reasonable pos-
sibility of being related to study drug. One additional TEAE 
(face oedema) possibly attributed to study drug occurred in 
Study 1 in a participant who completed the study. In Study 
2, five participants experienced TEAEs that were possibly 
attributed to study drug, with the most common event being 
gastrointestinal disorders (n = 3). In Study 3, two partici-
pants experienced TEAEs possibly attributed to study drug. 
In both cases, the TEAE was nausea. No AEs resulted in 
participant discontinuation in Studies 2 and 3. There was no 
pattern to the AEs reported, and no new safety issues were 
identified in Studies 1, 2, or 3.
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3.3  Bioavailability of Lower‑Strength Tablets (Study 
1)

The mean plasma concentration–time profiles for each of the 
regimens of Study 1 are shown in Fig. 1a, and a summary of 
the pharmacokinetic parameters is provided in Table 2. The 
Tmax (6 h) and t½ (13.6 h) were the same for all three regi-
mens. Two 50 mg venetoclax tablets were bioequivalent to 
one 100 mg venetoclax tablet, ten 10 mg venetoclax tablets 
were bioequivalent to two 50 mg venetoclax tablets, and ten 
10 mg venetoclax tablets were bioequivalent to one 100 mg 
venetoclax tablet, as demonstrated by 90% CIs of the geo-
metric mean ratios of Cmax and AUC within the 0.80–1.25 
range (Table 3).

3.4  Bioavailability of Oral Powder Formulations 
(Study 2)

The mean plasma concentration–time profiles following oral 
administration of 100 mg of venetoclax via 1 × 100 mg cur-
rently marketed tablet or the 7.2% oral powder formulation 
at a 100 mg dose under high-fat conditions are presented in 
Fig. 1b (see electronic supplementary Fig. S1a for the 0.72% 
oral powder profiles). The pharmacokinetic parameters for 
the 0.72 and 7.2% oral powder formulations are summarized 
in Table 2, and point estimates of the relative bioavailability 
of the oral powder formulations under high-fat conditions 
are presented in Table 4. Compared with the currently mar-
keted tablet, the areas under the curves (AUC t and AUC 
∞) met the bioequivalence criteria (0.80–1.25). The lower 
bound of the 90% CI for the Cmax of the 7.2 and 0.72% oral 
powder formulations extended slightly below 0.80 to 0.78 
and 0.72, respectively, under fed conditions (Table 4).

3.5  Food Effect Evaluation (Study 2)

The effect of food on the pharmacokinetics of the 0.72% 
and 7.2% oral powder formulation was also determined in 

Study 2. Figure 1b shows the mean pharmacokinetic pro-
files of the 7.2% oral powder formulation administered under 
fasted and high-fat conditions (see electronic supplementary 
Fig. S1a for the 0.72% oral powder formulation profiles). 
The pharmacokinetic parameters are summarized in Table 2, 
with point estimates and geometric mean ratios for these 
assessments summarized in Table 4. Food (high-fat meal) 
increased the Cmax and AUC of the oral powder formulations 
by 2.4- to 3-fold (see Table 4).

3.6  Vehicle Effect Evaluation (Study 3)

The mean plasma concentration–time profiles following oral 
administration of 100 mg of venetoclax 7.2% oral powder 
formulation in four different vehicles are shown in Fig. 1c 
(see electronic supplementary Fig. S1b for the 0.72% oral 
powder formulation profiles). A summary of the pharma-
cokinetic parameters for Study 3 are shown in Table 2. 
Pharmacokinetic parameters were comparable across all 
regimens. Pharmacokinetic analysis shows that compared 
with the oral powder formulation in water, the Cmax, AUC 
t, and AUC ∞ of the oral powder formulation in apple juice, 
apple sauce, and yogurt met the bioequivalence criteria, as 
summarized in Table 5.

3.7  Exposure–Response Analyses for Oral Powder 
Formulations

Exposure–response analyses with Cmax,ss as an exposure 
metric and clinical response in CLL and AML were per-
formed using data from clinical studies investigating vene-
toclax in patients with CLL and AML. In CLL, the analysis 
demonstrated a flat exposure–response relationship between 
Cmax,ss and clinical response endpoints (ORR or CR) across 
the Cmax,ss range observed in the clinical studies. Specifi-
cally, quartile analysis and logistic regression analysis (data 
not shown) demonstrated that within the range of exposures 
observed, a slightly lower Cmax,ss does not impact ORR in 

Fig. 1  Venetoclax mean (±  SD) plasma concentration–time profiles 
for a venetoclax tablet strength bioavailability assessments in Study 
1; b venetoclax 7.2% oral powder formulation bioavailability assess-
ments in Study 2; and c vehicle bioavailability assessments of veneto-

clax 7.2% oral powder formulation in Study 3. All groups in all three 
studies were administered a dose of 100 mg of venetoclax. N number 
of participants in each group, SD standard deviation
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Table 2  Plasma pharmacokinetic parameters of venetoclax administered to healthy non-childbearing adult females in bioavailability phase I 
studies

Note: Parameters are presented as geometric mean [mean (CV%)] unless otherwise noted. Low-fat meals consisted of ≤ 700 Kcal with ≤ 20% of 
the total caloric intake from fat; moderate-fat (standardized diet) meals consisted of ~ 700 Kcal with ~ 30% of caloric intake from fat; and high-
fat meals consisted of 800–1000 Kcal with ~ 50% of the caloric intake from fat
AUC ∞ area under the plasma concentration–time curve from time zero to infinite time, AUC t area under the plasma concentration–time curve 
from time zero to time of the last measurable concentration, Cmax maximum observed plasma concentration, CV coefficient of variation, t½ ter-
minal phase elimination half-life, Tmax time to reach maximum observed plasma concentration
a Median (minimum–maximum)
b Harmonic mean (pseudo-standard deviation)

Study regimen description N Fed state Pharmacokinetic parameters

Cmax, µg/mL Tmax
a, h t½b, h AUC t, µg⋅h/mL AUC ∞, µg⋅h/mL

Study 1: 100 mg single dose administered as tablets of varying strengths under low-fat conditions
1 × 100 mg tablet 37 Fed 0.552 (0.590, 34) 6 (4.0–8.0) 13.6 (2.04) 6.44 (7.07, 46) 6.59 (7.26, 48)
2 × 50 mg tablets 38 Fed 0.522 (0.559, 35) 6 (4.0–10.0) 13.6 (3.06) 5.82 (6.51, 48) 5.96 (6.71, 51)
10 × 10 mg tablets 39 Fed 0.515 (0.550, 33) 6 (4.0–8.0) 13.6 (3.58) 5.75 (6.37, 46) 5.9 (6.57, 49)
Study 2: 100 mg single-dose tablet or oral powder under fasted or high-fat conditions
1 × 100 mg tablet 16 Fed 0.863 (0.913, 32) 6 (4.0–10) 14.7 (2.76) 10.5 (11.4, 42) 10.8 (11.8, 44)
7.2% oral powder 16 Fed 0.74 (0.780, 34) 6 (4.0–8.0) 13.4 (2.83) 11.7 (12.6, 40) 12 (13.0, 42)
7.2% oral powder 8 Fasted 0.283 (0.297, 33) 4 (4.0–4.0) 14.3 (4.87) 3.5 (3.69, 34) 3.63 (3.83, 34)
0.72% oral powder 16 Fed 0.69 (0.711, 26) 6 (4.0–10) 13 (1.86) 11.3 (12.2, 41) 11.6 (12.6, 43)
0.72% oral powder 8 Fasted 0.291 (0.310, 38) 4 (4.0–6.0) 16.2 (4.93) 4.2 (4.71, 51) 4.4 (4.97, 54)
Study 3: 100 mg single-dose oral powder in four vehicles under moderate-fat conditions
7.2% oral powder in water 10 Fed 0.637 (0.649, 20) 6 (4.0–6.0) 14.3 (2.28) 7.11 (7.33, 26) 7.24 (7.46, 26)
7.2% oral powder in apple juice 11 Fed 0.642 (0.671, 31) 4 (4.0–6.0) 13.6 (3.08) 6.69 (7.16, 42) 6.80 (7.29, 42)
7.2% oral powder in apple sauce 12 Fed 0.648 (0.669, 31) 4 (4.0–6.0) 14.7 (1.42) 6.74 (7.14, 44) 6.85 (7.26, 44)
7.2% oral powder in yogurt 11 Fed 0.623 (0.665, 35) 4 (4.0–6.0) 14.1 (2.72) 6.93 (7.59, 43) 7.05 (7.73, 44)
0.72% oral powder in water 12 Fed 0.692 (0.717, 29) 6 (4.0–6.0) 14.3 (1.92) 8.60 (9.23, 40) 8.77 (9.42, 40)
0.72% oral powder in apple juice 12 Fed 0.717 (0.738, 26) 6 (4.0–6.0) 14.2 (1.58) 8.56 (8.97, 33) 8.73 (9.16, 33)
0.72% oral powder in apple sauce 12 Fed 0.784 (0.793, 16) 6 4.0–6.0) 14.3 (1.59) 8.96 (9.30, 29) 9.15 (9.50, 29)
0.72% oral powder in yogurt 12 Fed 0.735 (0.766, 28) 6 (4.0–6.0) 15.3 (1.97) 8.86 (9.50, 38) 9.07 (9.74, 39)

Table 3  Bioavailability of the three tablet strengths: Study 1 point estimates and 90% CIs

Note: All groups were conducted under moderate-fat conditions consisting of ≤ 700 Kcal with ≤ 20% of the total caloric intake from fat
AUC ∞ area under the plasma concentration–time curve from time zero to infinite time, AUC t area under the plasma concentration–time curve 
from time zero to time of the last measurable concentration, CIs confidence intervals, Cmax maximum observed plasma concentration
a Units for Cmax and AUC are expressed as μg/mL and μg⋅h/mL, respectively
b Anti-logarithm of the least squares means for logarithms
c Anti-logarithm of the difference (test minus reference) of the least squares means of the logarithms

Study regimen description Pharmacokinetic 
 parametersa

Central  valueb Relative bioavailability

Test Reference Point  estimatec 90% CI

2 × 50 mg tablets versus 1 × 100 mg tablet Cmax 0.522 0.557 0.937 0.852–1.031
AUC t 5.83 6.56 0.889 0.808–0.979
AUC ∞ 5.98 6.72 0.890 0.809–0.979

10 × 10 mg tablets versus 2 × 50 mg tablets Cmax 0.515 0.522 0.986 0.896–1.085
AUC t 5.78 5.83 0.991 0.900–1.090
AUC ∞ 5.93 5.98 0.992 0.902–1.091

10 × 10 mg tablets versus 1 × 100 mg tablet Cmax 0.515 0.557 0.924 0.840–1.017
AUC t 5.78 6.56 0.881 0.800–0.969
AUC ∞ 5.93 6.72 0.883 0.803–0.971
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patients with CLL receiving venetoclax in combination 
with RTX (NCT01682616 and NCT02005471) (Fig. 2a) or 
with OBZ (NCT02242942) (Fig. 2b). Similarly, a flat expo-
sure–response relationship was also observed when CR was 
used as an efficacy endpoint within the same CLL popula-
tions (data on file at AbbVie).

Exposure–response analyses conducted using data from 
AML studies also demonstrated a flat exposure–response 
relationship between venetoclax Cmax,ss and a best response 
of CR or CRi (CR/CRi) in patients with AML. This was 
observed in patients receiving venetoclax with HMAs 
(NCT02203773 and NCT02993523) (Fig. 2c) or with LDAC 
(NCT02287233 and NCT03069352) (Fig. 2d).

4  Discussion

Patient experience with a therapeutic dosing regimen has a 
considerable impact on medication adherence, potentially 
impacting therapeutic benefit. Measures to improve patients’ 
compliance include counseling, reducing dosing frequency, 
reducing pill burden, and understanding the overall patient 
experience [26]. Venetoclax is a novel and highly effective 
drug in the treatment of hematological malignancies. With 
venetoclax, the relatively long t½ supports a simplified once-
daily dosing regimen; however, the poor solubility results in 
low bioavailability. The tablet utilizes an amorphous solid 
dispersion formulation that improves the bioavailability of 
venetoclax but yields a relatively large tablet (physical size 

of the 100 mg tablet > 1 g) due to low tablet drug loading. 
Low drug loading by weight is essential to ensure robust 
stability and clinical performance of the venetoclax tablets 
[27]. This may present a challenge related to swallowability 
in some populations such as elderly or pediatric patients. As 
part of the continuous efforts to improve the patient expe-
rience [27], additional dosing regimens in the three bio-
availability studies presented within were evaluated. This 
included options to interchange two 50 mg or ten 10 mg 
tablets for one 100 mg tablet as well as new oral powder 
formulations that can be administered in liquid or soft food 
vehicles such as water, apple juice, apple sauce, or yogurt. 
The capability to provide patients options in their dosage 
forms and vehicles to facilitate swallowing is anticipated to 
enable patients to be chronically administered a formulation 
without significant difficulty.

In Study 1, we sought to assess the interchangeability of 
the film-coated tablets (10, 50 or 100 mg). Study 1 demon-
strated bioequivalence across tablet strengths, thus allowing 
patients to take either 50 or 10 mg tablets to achieve their 
therapeutic dose. The ability to interchange smaller-sized 
tablets with the 100 mg tablet provides an alternative for 
patients with a preference towards oral solid dosage forms 
but find swallowing the 100 mg tablet challenging.

While interchangeability of smaller lower-strength tablets 
addresses the challenge of the larger 100 mg tablet, younger 
pediatric patients are usually considered incapable of swal-
lowing tablets and another form of delivery is preferred in 
this setting, such as a liquid or an orodispersible formulation 

Table 4  7.2 and 0.72% oral powder formulation bioavailability: Study 2 point estimates and 90% CIs

Note: High-fat meals consisted of 800–1000 Kcal with ~ 50% of the caloric intake from fat
AUC ∞ area under the plasma concentration–time curve from time zero to infinite time, AUC t area under the plasma concentration–time curve 
from time zero to time of the last measurable concentration, CIs confidence intervals, Cmax maximum observed plasma concentration
a Units for Cmax and AUC are expressed as μg/mL and μg⋅h/mL, respectively
b Anti-logarithm of the least squares means for logarithms
c Anti-logarithm of the difference (test minus reference) of the least squares means of the logarithms

Study regimen description Pharmacokinetic 
 parametersa

Central  valueb Relative bioavailability

Test Reference Point  estimatec 90% CI

7.2% oral powder (high fat) versus 100 mg tablet (high fat) Cmax 0.740 0.863 0.857 0.777–0.946
AUC t 11.7 10.5 1.109 1.056–1.164
AUC ∞ 12.0 10.8 1.107 1.053–1.162

7.2% oral powder (high fat) versus 7.2% oral powder (fasted) Cmax 0.740 0.313 2.361 2.045–2.727
AUC t 11.7 4.01 2.915 2.595–3.274
AUC ∞ 12.0 4.18 2.871 2.559–3.221

0.72% oral powder (high fat) versus 100 mg tablet (high fat) Cmax 0.690 0.863 0.799 0.724–0.881
AUC t 11.3 10.5 1.074 1.022–1.128
AUC ∞ 11.6 10.8 1.071 1.019–1.125

0.72% oral powder (high fat) versus 0.72% oral powder (fasted) Cmax 0.690 0.263 2.617 2.267–3.022
AUC t 11.3 3.67 3.085 2.747–3.465
AUC ∞ 11.6 3.82 3.035 2.705–3.405
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[28]. As an alternative to the venetoclax tablets, two oral 
powder formulations at strengths of 0.72 and 7.2% have also 
been developed to facilitate administration of venetoclax in 
patients (especially pediatric patients) who are unable to 
swallow the tablets. The two strengths (0.72 and 7.2%) were 
essential to enable delivery of a wide range of doses (3–600 
mg) across the different pediatric subgroups. Bioavailability 
data from Study 2 demonstrated that the extent of absorp-
tion (based on AUC) of both oral powder formulations are 
bioequivalent to the tablets (Table 4). However, the rate of 
venetoclax absorption (based on Cmax) was slightly lower 
than the tablets with the lower bound of the 90% CI for the 
Cmax of the oral powder formulation extending outside the 
bioequivalence criteria of 0.80 (0.78 and 0.72 for the 7.2 and 
0.72% oral powder formulations, respectively).

The lower bound of the 90% CI for Cmax of the powder 
extended only slightly below the bioequivalence limits. This 
difference in Cmax between the formulations is potentially 
attributed to the high variability in venetoclax pharma-
cokinetics and the relatively small number of participants 

(n = 16) enrolled in the study. A larger study with more 
participants could demonstrate bioequivalence of the powder 
formulation to the tablets with respect to Cmax. If the powder 
formulations have indeed 14–20% lower Cmax, a possible 
explanation could be a slightly shorter absorption window 
with the powder formulations compared with the tablet for-
mulation. The powder formulations may be quickly exiting 
the stomach through the stomach road or ‘Magenstrasse’ 
[29] and traveling quicker through the duodenum where 
most of venetoclax absorption is thought to take place. 
While this would result in a quicker onset of absorption with 
the powder formulations, as evident by higher venetoclax 
concentrations at earlier sampling times (1 and 2 h), it might 
ultimately result in a lower Cmax value due to the shorter 
residence time within the duodenum.

To thoroughly address this and determine the impact of 
this slightly lower Cmax observed with the oral powder for-
mulations on the clinical efficacy of venetoclax, the expo-
sure–response relationship of venetoclax Cmax,ss and clini-
cal endpoints were explored using data from clinical studies 

Table 5  Vehicle effect on 7.2 and 0.72% oral powder formulation bioavailability: Study 3 point estimates and 90% CIs

Note: All groups were conducted under moderate-fat conditions (standardized diet) consisting of ~ 700 Kcal with ~ 30% of caloric intake from 
fat
AUC ∞ area under the plasma concentration–time curve from time zero to infinite time, AUC t area under the plasma concentration–time curve 
from time zero to time of the last measurable concentration, CIs confidence intervals, Cmax maximum observed plasma concentration
a Units for Cmax and AUC are expressed as μg/mL and μg⋅h/mL, respectively
b Anti-logarithm of the least squares means for logarithms
c Anti-logarithm of the difference (test minus reference) of the least squares means of the logarithms

Study regimen description Pharmacokinetic 
 parametersa

Central  valueb Relative bioavailability

Test Reference Point  estimatec 90% CI

7.2% oral powder formulation
Apple juice versus water Cmax 0.631 0.630 1.001 0.894–1.121

AUC t 6.67 6.93 0.963 0.869–1.065
AUC ∞ 6.79 7.06 0.962 0.869–1.064

Apple sauce versus water Cmax 0.648 0.630 1.028 0.919–1.150
AUC t 6.74 6.93 0.973 0.879–1.076
AUC ∞ 6.85 7.06 0.971 0.878–1.074

Yogurt versus water Cmax 0.629 0.630 0.998 0.891–1.117
AUC t 6.78 6.93 0.978 0.884–1.083
AUC ∞ 6.90 7.06 0.978 0.884–1.082

0.72% oral powder formulation
Apple juice versus water Cmax 0.717 0.692 1.037 0.960–1.120

AUC t 8.56 8.60 0.995 0.937–1.057
AUC ∞ 8.73 8.77 0.994 0.936–1.056

Apple sauce versus water Cmax 0.784 0.692 1.134 1.050–1.224
AUC t 8.96 8.60 1.042 0.981–1.107
AUC ∞ 9.15 8.77 1.042 0.981–1.107

Yogurt versus water Cmax 0.735 0.692 1.063 0.984–1.148
AUC t 8.87 8.60 1.031 0.970–1.095
AUC ∞ 9.07 8.77 1.034 0.973–1.098
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testing venetoclax in patients with CLL and AML. With 
respect to CLL, ORR and CR were selected as the clinical 
endpoints of interest for the exposure–response analyses. 
These were the most sensitive efficacy endpoints in the expo-
sure–response analyses that were previously conducted for 
the selection of venetoclax dose in CLL [30, 31]. The analy-
ses demonstrated that within the range of Cmax,ss observed 
in patients with CLL, a flat relationship between venetoclax 
Cmax,ss and clinical efficacy (demonstrated by ORR and CR 
rates) is evident.

For exposure–response analysis in the AML setting, 
best responses of CR or CRi were selected as the efficacy 
endpoints of interest as these endpoints are correlated with 
long-term survival in AML [32]. Similar to CLL, expo-
sure–response analyses demonstrated a flat relationship 
between venetoclax Cmax,ss and achieving a best response 

of CR or CRi in patients with AML receiving venetoclax 
with either HMAs or LDAC. Based on these flat expo-
sure–response relationships in both CLL and AML, the 
slightly lower Cmax observed with the oral powder formula-
tion is unlikely to have an impact on clinical response.

Moreover, it should be noted that for chronic therapy, 
steady-state total exposures are considered more important 
for efficacy. Since venetoclax is used for chronic therapy, 
total exposure metrics such as AUC or average concentra-
tions of the dosing period (Cavg) are expected to be better 
correlators to clinical efficacy compared with Cmax. These 
metrics also better reflect venetoclax dose interruptions 
or dose reductions over the course of treatment. Clinical 
responses to venetoclax have been previously correlated to 
venetoclax steady-state AUC (AUC ss) or average steady-
state concentrations (Cavg,ss) [30, 33, 34] for which the oral 

Fig. 2  Exposure–response quartile plots of venetoclax Cmax,ss vs. effi-
cacy endpoints in CLL or AML patients receiving a venetoclax with 
rituximab (Studies NCT01682616 and NCT02005471); b venetoclax 
with obinutuzumab (Study NCT02242942); c venetoclax with hypo-
methylating agent (Studies NCT02203773 and NCT02993523); and 
d venetoclax with low-dose cytarabine (Studies NCT02287233 and 
NCT03069352). Note: Mean venetoclax Cmax,ss and 28% lower Cmax,ss 
for patients receiving 400 mg of venetoclax with RTX were 1.85 and 
1.33 μg/mL, respectively. Mean venetoclax Cmax,ss and 28% lower 
Cmax,ss for patients receiving 400 mg of venetoclax with OBZ were 
1.58 and 1.14 μg/mL, respectively. Mean venetoclax Cmax,ss and 28% 

lower Cmax,ss for patients receiving 400 mg of venetoclax in com-
bination with HMA were 2.83 and 2.04 μg/mL, respectively. Mean 
venetoclax Cmax,ss and 28% lower Cmax,ss for patients receiving 600 
mg of venetoclax in combination with LDAC were 3.42 and 2.46 μg/
mL, respectively. AML acute myeloid leukemia, BEND bendamustine, 
CHLOR chlorambucil, CLL chronic lymphocytic leukemia, Cmax,ss 
steady-state maximum plasma concentration, CR complete response, 
CRi complete response with incomplete marrow recovery, HMA 
hypomethylating agent, LDAC low-dose cytarabine, OBZ obinutu-
zumab, ORR overall response rate, RTX rituximab, VEN venetoclax
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powder formulations meet the bioequivalence criteria with 
the tablets.

Taken collectively, based on the exposure–response anal-
yses and the setting in which venetoclax is used, the slight 
differences in Cmax observed with the powder formulations 
would not translate into meaningful differences in clinical 
outcome and the powder formulations could be used inter-
changeably with the tablets to achieve the therapeutic dose.

Venetoclax is labeled to be administered with food but 
without specific recommendations for caloric or fat content. 
Under fasted conditions, venetoclax demonstrates low oral 
bioavailability, and administration of venetoclax with low- 
and high-fat meals results in approximately 3- and 5-fold 
increases in bioavailability, respectively [6]. These increases 
in bioavailability are believed to be a product of enhanced 
venetoclax intestinal lymphatic transport that is facilitated by 
the fat in food [4]. The enhanced lymphatic uptake increases 
systemic exposure by increasing the fraction of venetoclax 
absorbed as well as bypassing the hepatic first-pass effect 
[6].

The effect of a high-fat meal on the bioavailability of 
the powder formulations was evaluated in Study 2. The bio-
availability of the new oral powder formulations was less 
impacted by food than the tablets. A high-fat meal resulted 
in a 2- to 3-fold increase in the Cmax and AUC of the oral 
powder formulations compared with fasting conditions. 
This food effect is relatively smaller compared with what is 
observed with the tablets (~ 5-fold increase with a high-fat 
meal) [6]. These data suggest that the pharmacokinetic vari-
ability due to differences in the meal type consumed would 
be relatively lower for the oral powder formulations than the 
tablets, and supports similar administration recommenda-
tions for the oral powder formulations [14].

With the development of the oral powder formulations, 
providing appropriate vehicles, other than water, to disperse 
and administer the formulation and adjust the taste becomes 
important. This is more especially important in younger chil-
dren who are not able to weigh the long-term benefit of ther-
apy over the short-term discomfort of any unpleasant taste 
experience [35]. We aimed to qualify different liquid and 
soft food vehicles to provide options for  the administration 
of the oral powder formulations. Apple juice, apple sauce, 
and yogurt were selected as the preferred dosing vehicles 
for further development based on a panel taste assessment, 
global availability, and in-use stability studies, with assay 
and impurity results meeting predetermined specifications. 
The impact of the different vehicles (apple juice, apple 
sauce, or yogurt) on the bioavailability of the oral powder 
formulations was explored in Study 3. All tested vehicles did 
not affect the bioavailability of either powder formulations 
compared with water (Table 5). These data support the use 
of any of the tested vehicles for administration of the vene-
toclax oral powder formulation.

5  Conclusions

In this study, we present options to facilitate venetoclax 
administration using data from three bioavailability stud-
ies. The smaller-sized 10 and 50 mg venetoclax tablets are 
bioequivalent to the larger 100 mg tablet and can be used 
interchangeably. Alternatively, new oral powder formula-
tions have been qualified and can also be used interchange-
ably with the 100 mg tablet. Moreover, the bioavailability of 
the new oral powder formulations was less impacted by food 
compared with the tablet and was not affected when different 
vehicles were used to administer the oral powder formu-
lation. These results demonstrate that, based on patients’ 
preference, any of the formulations discussed within this 
manuscript can be used to deliver the therapeutic dose of 
venetoclax in adult and pediatric patients.
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tary material available at https:// doi. org/ 10. 1007/ s40261- 022- 01172-4.
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