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Abstract

Quizartinib is an FMS-like tyrosine kinase 3 (FLT3) inhibitor that has shown robust clinical activity in patients with FLT3-internal tandem duplication–
mutated relapsed/refractory acute myeloid leukemia (AML). This analysis evaluated the population pharmacokinetics (PK) of quizartinib and its active
metabolite,AC886, in a pooled analysis of data from 649 healthy volunteers or patients with AML from 8 clinical trials including the phase 3 QuANTUM-
R study. Quizartinib was given as a single dose or multiple once-daily doses of 20, 30, 60, or 90 mg. Nonlinear mixed-effects modeling was performed
using observed concentrations of quizartinib and AC886. Strong CYP3A inhibitor use resulted in an 82% increase in the area under the curve (AUC)
and a 72% increase in the maximum concentration (Cmax) of quizartinib.Albumin level, age,and body surface area were statistically significant covariates
on quizartinib PK. However, their individual effects on quizartinib AUC and Cmax were <20%. For AC886, strong CYP3A inhibitor use, body surface
area and black/African American race were significant covariates. Except for strong CYP3A inhibitor use, the effects on the overall exposure (AUC
of quizartinib + AC886) were <20%. The population PK model provided an adequate description of the observed concentrations of quizartinib and
AC886 in both healthy volunteers and patients with AML. Only concomitant use of strong CYP3A inhibitors had a clinically meaningful effect on
quizartinib PK exposure.
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FMS-like tyrosine kinase 3 (FLT3) is expressed in
hematopoietic progenitor cells and is mutated in
approximately 30% of patients with acute myeloid
leukemia (AML).1,2 The FLT3-internal tandem dupli-
cation (ITD) mutation represents the most common
type of FLT3 mutation and is associated with high
relapse rates, decreased response to salvage therapy, and
shorter overall survival.1-4
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Quizartinib is an oral, once-daily, highly potent,
and selective type II FLT3 inhibitor that has shown
high levels of clinical activity in patients with FLT3-
ITD-positive relapsed/refractory AML.5,6 Single-agent
quizartinib treatment demonstrated clinically mean-
ingful overall survival benefit in patients with re-
lapsed/refractory FLT3-ITD AML compared with sal-
vage chemotherapy, with a 24% reduction in the risk of
death in the phase 3 QuANTUM-R (AC220-007) trial.7

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Following oral administration, quizartinib is rapidly
absorbed and is primarily metabolized by cytochrome
P450 (CYP) 3A to form the metabolite AC886, which
is further metabolized by CYP3A.8,9 Quizartinib and
AC886 have similar pharmacokinetics (PK) and have
demonstrated potent and selective inhibition of FLT3
kinase in the context of other FLT3 inhibitors, with
dissociation constant (Kd) values of 3.3 and 1.1 nM
for quizartinib and AC886, respectively.10,11 A drug-
drug interaction study of quizartinib with ketoconazole
or fluconazole showed that strong CYP3A inhibitors
increase quizartinib exposure by approximately 2-fold.8

Because quizartinib concentration is highly correlated
with QTc prolongation,12 a reduction in the quizartinib
dose is warranted when concomitantly administered
with a strong CYP3A inhibitor. A phase 2 study evalu-
ating quizartinib 30 and 60 mg/day showed high levels
of clinical activity at both doses, with a numerically
higher overall response rate, duration of composite
complete remission, and median overall survival ob-
served with the higher dose.6,13 On the basis of these
results, the dosing set for the phase 3 QuANTUM-R
study started at 30 mg/day and increased to 60 mg/day
after 2 weeks if the QT interval corrected using Frideri-
cia’s formula (QTcF) was ≤ 450 milliseconds; however,
patients receiving a concurrent strong CYP3A inhibitor
initiated quizartinib at 20 mg/day, with an increase to
30 mg/day.7

This report describes a population PK analysis of
quizartinib and AC886 using pooled data from 8 phase
1, 2, or 3 clinical trials in which quizartinib was ad-
ministered as single or multiple daily doses of 20, 30,
60, or 90 mg dihydrochloride salt (equivalent to 17.7,
26.5, 53.0, and 79.5 mg free base, respectively). The
analysis included an exploratory data analysis, base
structural model development, evaluation of covariate
effects, and final model evaluation, with the objectives
of characterizing the population PK characteristics of
both quizartinib andAC886, including identification of
key covariates affecting the variability of quizartinib or
AC886 PK.

Methods
All study protocols were reviewed and approved by the
respective institutional review board or ethics commit-
tee at each site. All patients provided written informed
consent according to the Declaration of Helsinki and
Good Clinical Practice.

Data
Data for the population PK analysis were from 6 phase
1, 1 phase 2, and 1 phase 3 study (QuANTUM-R).
A brief description of each study, along with sample
size and detailed PK sampling time points, is presented
in Table 1. Quizartinib was given as a single dose or

multiple doses of 20, 30, 60, and 90 mg in salt form
(equivalent to 17.7, 26.5, 53.0, and 79.5 mg free base,
respectively). The phase 1 studies of healthy volun-
teers included administration of only single doses of
quizartinib, whereas in studies of patients with AML,
quizartinib was administered as multiple daily doses
(Table 1). In QuANTUM-R, the starting dose was
30 mg/day, followed by an increase to 60 mg/day after
2 weeks if QTcF was ≤450 milliseconds to reduce the
risk of QT prolongation events. Patients concurrently
receiving a strong CYP3A inhibitor initiated quizar-
tinib at 20 mg/day, with an increase to 30 mg/day after
2 weeks if QTcF was ≤450 milliseconds. Quizartinib
was administered as 20- or 30-mg tablets except in
studies AC220-014 and 2689-CL-0011, in which an oral
solution was also administered. Patients in study 2689-
CL-2004 received oral solution only.

Demographic and clinical characteristics used as
covariates in the model or as participant descrip-
tors included sex, race, baseline age (years), baseline
weight (kg), baseline body surface area (m2), base-
line creatinine clearance, baseline liver function tests
(aspartate aminotransferase [AST], alanine amino-
transferase [ALT], alkaline phosphatase [ALP], and
total bilirubin [TBIL]), baseline serum albumin (ALB),
FLT3-ITD status (positive or negative), concomitant
medications (CYP3A inhibitors, CYP3A inducers, and
gastric acid-reducing agents [proton pump inhibitors,
H2 antagonists, and antacids]), and patient status (ie,
patients with AML or healthy volunteers). All co-
variates were baseline values except for concomitant
medications, which were evaluated as time-varying co-
variates.

For the population pkmodeling, the actual dates and
times of dosing and pk samples were used to create
the NONMEM analysis data set. The analysis data set
was prepared using clinical study data tabulationmodel
data.

Bioanalytical Methods
Plasma concentrations of quizartinib and AC886 were
determined using 2 liquid chromatography-tandem
mass spectrometry 2-analyte assay methods, developed
and validated at BASi (West Lafayette, Indiana). The
first assay was used for studies 2689-CL-0011, AC220-
014, AC220-015, 2689-CL-2004, and QuANTUM-
R and had a calibration curve ranging from 2 to
2000 ng/mL and lower limits of quantitation of
2 ng/mL for both quizartinib and AC886. The second
assay was used for studies AC220-016, AC220-018,
and AC220-019. This assay was the same as the first,
except that it had a lower calibration range of 0.5
to 500 ng/mL and lower limits of quantification of
0.5 ng/mL for both quizartinib and AC886. Cross-
validation was conducted between the 2 assays using

http://Indiana
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Table 1. Summary of the Study Design of the 8 Studies Included in the Population PK Analysis

Number of PK
Samples

Study Phase n Quizartinib AC886 Dose Regimen
Study
Population Description PK Sampling Times

AC220-014 1 80 1528 1439 Single dose of
60-mg solution
or 30-, 60-, or
90-mg tablets

Healthy
volunteers

Relative bioavailability
and dose
proportionality

0, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 8,
12, 24, 36, 48, 72, 96,
120, 144, 168, 240, 312,
384, and 480 hours
postdose

AC220-0158 1 89 1970 1543 Single dose of 30
mg

Healthy
volunteers

Drug-drug interaction
with ketoconazole,
fluconazole

0, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 8,
12, 24, 36, 48, 72, 96,
120, 144, 168, 192, 216,
288, 360, 432, and 504
hours postdose

AC220-016 1 30 686 654 Single dose of 30
mg

Healthy
volunteers

Hepatic impairment
study

0, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 8,
12, 24, 36, 48, 72, 96,
120, 144, 168, 192, 216,
288, 360, 432, and 504
hours postdose

AC220-01819 1 62 1422 1338 Single dose of 30
mg

Healthy
volunteers

Drug-drug interaction
with lansoprazole

0, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 8,
12, 24, 36, 48, 72, 96,
120, 144, 168, 192, 216,
288, 360, 432, and 504
hours postdose

AC220-01927 1 64 1374 1259 Single dose of 30
mg

Healthy
volunteers

Food effect study 0, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 8,
12, 24, 36, 48, 72, 96,
120, 144, 168, 192, 216,
288, 360, 432, and 504
hours postdose

2689-CL-001128 1 13 243 239 Multiple daily doses
of 30, 40, 60, or
90 mg

Patients with
AML

Maintenance dosing
following
transplantation for
relapsed/refractory
AML

0, 1, 2, 4, 6, and 24 hours
postdose on PK
sampling days (cycle 1
days 1 and 15). Less
frequently, 1 or 2
samples on other days.

2689-CL-20046 2b 72 1090 1070 Multiple daily doses
of 30 or 60 mg

Patients with
AML

Dose-ranging study in
AML

0, 1, 2, 4, 6, and 24 hours
postdose on PK
sampling days (cycle 1
days 1 and 15). Less
frequently, 1 or 2
samples on other days.

QuANTUM-R
(AC220-007)7

3 239 3457 3346 Multiple daily doses
of 20, 30, or 60
mg

Patients with
AML

Phase 3 study in
relapsed/refractory
AML

0, 1, 2, 4, 6, and 24 hours
postdose on PK
sampling days (cycle 1
days 1 and 15). Less
frequently, 1 or 2
samples, on other days.

Total 649 11 770 10888

AML, acute myeloid leukemia; PK, pharmacokinetic.

the quality control samples at concentrations of 6 and
1500 ng/mL. Precision was similar for both quizartinib
(first assay, <5.0%; second assay, <3.2%) and AC886
(first assay, <5.3%; second assay, <2.1%). Accuracy
was also comparable between the 2 assays (quizartinib,
<2.5% versus <3.3%; AC886, <1.7% versus <6.0%).

Population Pharmacokinetic Modeling Analysis
The first-order conditional estimation method as im-
plemented in NONMEM V.7.3.0 (ICON Development
Solutions, Elliott City, Maryland) was used for model

estimation. All data preparation, statistical analyses,
and data presentation were performed using SAS ver-
sion 9.4 (SAS Institute, Cary, North Carolina) or KIWI
version 2 software (Cognigen Corporation, Buffalo,
New York).

For the base model determination, several multi-
compartment structural models were explored. A first-
and/or zero-order absorption process with or without
an absorption lag time was tested for appropriate
description of quizartinib absorption.
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For model fitting of both quizartinib and AC886
concentrations, simultaneous and 2-step sequential
analyses were explored. For the latter, AC886 concen-
trations were modeled conditioned on the quizartinib
PK model, in which all quizartinib model parameters
were fixed to the empirical Bayesian PK parameter
estimates for individual participants.

Covariates were initially selected based on univariate
analysis and clinical relevance. The selected covariates
were then tested one at a time using stepwise addition
at a significance level of P < .01. After the full model
was constructed, a backward elimination process was
applied (P< .001) to ensure the significance of selected
covariates in the final model.

The effect of continuous covariates was described
using a power model as TVP = θ1 · (Xi/Xref )θ2, where
Xi is the value of the covariate of interest, Xref is
the centering value (eg, median) of that covariate,
TVP is the typical value of a PK parameter, θ1 is
the typical parameter value for an individual with the
median value of the covariate, and θ2 is the typical
value estimate describing the change in the log param-
eter value per unit change in the log of a particular
covariate.

For dichotomous covariates such as sex, the frac-
tional change in the typical parameter value was mod-
eled as an incremental change in the typical parameter
value as TVP = θ1 · (1 + IND · θ2), where θ1 is the
typical parameter value for a reference individual, θ2 is
the fractional change in the typical value for a covariate
category, and IND is the indicator function (IND = 1
if the covariate is present and IND = 0 if the covariate
is absent). For categorical variables with >2 groups,
indicator variables were created to evaluate the effect
of each group compared with that of the group defined
as the reference population.Additional fractional terms
were used for each separate indicator variable.

Model selection was based on the value of the ob-
jective function, goodness-of-fit plots, precision in pa-
rameter estimates, and scientific plausibility. Goodness-
of-fit diagnostic plots and prediction-corrected visual
predictive checks (pcVPCs) were inspected for major
steps of model building.

Simulation for Covariate Effects
To illustrate the effect of each individual covariate
on quizartinib and AC886 steady-state PK profiles in
patients with AML, simulations were performed by
varying each covariate value one at a time while keeping
other covariates constant (ie, categorical covariates
were set at the reference categories, and continuous
covariate values were set to the median values in
the AML patient population). Quizartinib and AC886
steady-state exposures (AUC0-24,ss and Cmax,ss) at the
5th, 25th, 75th, and 95th percentiles of the continuous

covariates or at each level of the categorical covariates
were simulated and then compared with the exposure
estimates for the reference patient with AML.

Results
Data
The population PK analysis data set consisted of 11 770
quizartinib and 10 888AC886 plasma samples from 649
participants, of whom 325 were healthy volunteers and
324 were patients with AML (Table 1). Healthy volun-
teers, with a median age of 33 years, were younger than
patients with AML, who had a median age of 55 years
(Table 2). Just more than half the study population was
male (57.9%), and 68.7% were white (Table 2). Patients
with AML had lower median baseline ALB level (3.7
versus 4.4 g/dL) and lower baseline red blood cell
count (3.0 × 1012/L versus 4.8 × 1012/L) than healthy
volunteers. The dose-normalized concentration profiles
of quizartinib (Figure 1A) and AC886 (Figure 1B) in
patients withAML suggested some extent of accumula-
tion on multiple administrations of quizartinib. Steady
state was achieved by approximately cycle 1 day 15, as
seen from the profiles of trough concentrations over
time (Figure 1C). The median accumulation ratio was
4.8 for quizartinib and 8.4 for AC886, estimated from
patients from the QuANTUM-R study.

Model Building
Simultaneous and sequential modeling approaches
were considered in building the population PK models
for quizartinib and AC886. After thorough explo-
ration, a 2-step sequential analysis was selected as the
preferred method because long computational times
and persistent numerical problems encountered with
the simultaneous model were prohibitive during early
model development. In the sequential analysis used
to model AC886 concentrations, individual quizartinib
parameters were fixed to post hoc values obtained from
the final quizartinib population PK model. Because
only PK data from oral administration of quizartinib
were available for this analysis, the fraction of for-
mation from quizartinib to AC886 was fixed to avoid
the commonly known unidentifiability issue.14 A fixed
value of 0.5 was used because the geometric mean AUC
ratio of quizartinib to AC886 in the phase 2 study was
0.5.

Quizartinib Population PK Model
A 3-compartment PK model with zero-order and first-
order absorption and a lag time represented the best fit
for the quizartinib concentration data (Figure 2). A log-
normal distribution model was used for interindividual
variability (IIV), and a combined proportional and
additive error model was applied to the untransformed
concentrations of quizartinib, with patient-specific and
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Table 2. Baseline Demographic and Clinical Characteristics of Healthy Volunteers and Patients With AML Included in the Study Analysis

Characteristics
Healthy Volunteers

(n = 325)
Patients With AML

(n = 324)
Total

(N = 649)

Age (years), median (range) 33 (18-66) 55 (19-81) 44 (18-81)
Sex, n (%)
Male 216 (66.5) 160 (49.4) 376 (57.9)
Female 109 (33.5) 164 (50.6) 273 (42.1)

Race, n (%)
White 199 (61.2) 247 (76.2) 446 (68.7)
Black or African American 105 (32.3) 12 (3.7) 117 (18.0)
Asian 4 (1.2) 27 (8.3) 31 (4.8)
American Indian or Alaska Native 6 (1.9) 1 (0.3) 7 (1.1)
Native Hawaiian or other Pacific Islander 1 (0.3) 0 (0) 1 (0.2)
Other 10 (3.1) 8 (2.5) 18 (2.8)
Unknown 0 (0) 29 (9.0) 29 (4.5)

BSA (m2), median (range) 1.9 (1.4-2.5) 1.9 (1.3-2.8) 1.9 (1.3-2.8)
Weight (kg), median (range) 76.9 (48.1-112) 72.0 (39.5-153) 74.4 (39.5-153)
Red blood cell count (1012/L), median (range) 4.8 (3.5-6.1) 3.0 (0.4-5.1) 3.7 (0.4-6.1)
Liver function tests, median (range)
ALB (g/dL) 4.4 (3.3-5.2) 3.7 (2.1-4.8) 4.1 (2.1-5.2)
ALP (U/L) 65 (31-221) 86 (28-507) 73 (28-507)
ALT (U/L) 17 (6-201) 24 (2-224) 19 (2-224)
AST (U/L) 20 (10-261) 24 (3-688) 21 (3-688)
TBIL (mg/dL) 0.5 (0.1-3.4) 0.5 (0.1-1.6) 0.5 (0.1-3.4)

eGFR (mL/min/1.73 m2), median (range) 91.7 (49.1-379) 94.3 (21.2-256) 92.8 (21.2-379)
Concomitant CYP3A inhibitor, n (%)
Strong CYP3A inhibitors 29 (8.9) 93 (28.7) 122 (18.8)
Moderate CYP3A inhibitors 30 (9.2) 106 (32.7) 136 (21.0)
Weak or no CYP3A inhibitors 266 (81.8) 125 (38.6) 391 (60.2)

ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AML, acute myeloid leukemia; AST, aspartate aminotransferase; BSA, body surface area;
CYP, cytochrome P450; eGFR, estimated glomerular filtration rate; SD, standard deviation; TBIL, total bilirubin.
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Figure 1. Dose-normalized concentration profile of quizartinib (A) and AC886 (B) by quizartinib dose in patients with AML, shown per time since
previous dose.Dose-normalized trough concentrations of quizartinib and AC886 (C), shown per visit days. The lines represent smoothing lines of the
data. MD,multiple doses.
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Figure 2. Final PK model diagram.D1, duration of zero-order input; F1,
bioavailability;ALAG1,absorption lag time;Ka,first-order absorption rate
constant; Vc, central volume of distribution; Vp1, peripheral volume of
distribution 1;Vp2,peripheral volume of distribution 2;Q1, intercompart-
mental clearance 1; Q2, intercompartmental clearance 2; CL, clearance;
FMET, parent-to-metabolite conversion fraction; Vm, central volume of
distribution for metabolite; Vpm, peripheral volume of distribution for
metabolite; Qm, intercompartmental clearance for metabolite; CLm,
metabolite clearance.

healthy volunteer-specific proportional error terms, to
describe residual variability (RV).

The covariate models were built using the process
of stepwise addition followed by backward elimination.
Identified significant covariates were patient status on
clearance (CL), Vc, and Vp1; strong CYP3A inhibitor
on CL and relative F1; and ALB and body surface
area (BSA) on Vc. Inclusion of these covariate effects
improved the model fit to the observed data.

After the initial model-building phase, a second
step was undertaken to assess other considerations to
potentially improve the quizartinib PK model and to
enhance model fit. Specifically, food effect was eval-
uated on absorption parameters, relative bioavailabil-
ity was estimated for relevant groups, and the effects
of interoccasion variability (IOV) and patient status
(patients with AML versus healthy volunteers) were
assessed on various structural parameters.

The IOV was systematically tested on all applicable
PK parameters, resulting in the estimation of IOV in
F1, CL, and Vc. This characterization of the random
variability in PK parameters over time considerably
improved the prediction of quizartinib concentrations
collected across different occasions in the multiple-
dose phase 3 studies and also corroborated the lack
of any time-dependent changes in quizartinib PK.
The magnitude of IOV was estimated to be 22.6%,
40.9%, and 20.3% for F1, CL, and Vc, respectively.
Exposure of quizartinib appeared lower in patients with

AML than in healthy volunteers. Lower exposure was
initially characterized by higher CL, Vc, and Vp1 (75%,
36%, and 102% increases, respectively, in patients with
AML).Given that the effects were in the same direction,
lower quizartinib bioavailability in patients with AML
than in healthy volunteers could also account for the
lower exposure rather than an inherent difference in the
distribution and/or disposition of the drug. Therefore,
a relative bioavailability (F1) parameter was incorpo-
rated into themodel (in lieu of patient differences in CL
and volume) to describe the difference in bioavailabil-
ity between the AML patient population and healthy
volunteers. A 40.1% reduction in bioavailability was
estimated for patients with AML relative to healthy
volunteers. In addition, a fractional change for patient
status on CL was estimated and described an 8.2%
increase in CL for patients with AML versus healthy
volunteers.

To assess the food effect on quizartinib PK, data
from a phase 1 food effect study (AC220-019) were
included in the population PK analysis data set. How-
ever, because of lack of comprehensive food data (eg,
food intake, type of meal, and timing) in other studies
included in the analysis, food effect was estimated only
for individuals from the AC220-019 study. On the basis
of these data, a 51.2% decrease in ka and 5.1% increase
in F1 were estimated when quizartinib was adminis-
tered under fed conditions versus fasted conditions.
These model-based estimates were consistent with the
observed data from the study.

Because the observed Tmax occurs sooner (eg, 2
hours) in patients withAML than in healthy volunteers,
ka was estimated separately for healthy volunteers and
for patients with AML. The estimates indicated that the
absorption rate for quizartinib was generally higher in
patients withAML (1.68 1/h) than in healthy volunteers
(0.874 1/h).

The significant covariates included in the final
quizartinib population PK model were patient status
and fed status on ka; patient status and concomitant
strong CYP3A inhibitor use on CL, BSA, and ALB on
Vc; BSA and age on Vp1; BSA onQ1; and patient status,
fed status (study AC220-019), and concomitant strong
CYP3A inhibitor use on F1. Detailed parameter values
are presented in the Final Model section and in Table 3.

AC886 Population PK Model
A 2-compartment PK model provided the best fit
for the AC886 concentration data (Figure 2). Log-
transformed concentrations were modeled with AML
patient-specific and healthy volunteer-specific additive
RV terms. As with the quizartinib population PK
model, a log-normal distribution was used for IIV. Sep-
arate IIV terms for healthy volunteers and for patients
with AML were included for the apparent clearance of
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Table 3. Population PK Parameter Estimates for Quizartinib

Final Parameter Estimate Magnitude of Interindividual Variability

Parameter Population Mean % RSE Final Estimate % RSE

CL (apparent clearance for parent), L/h 2.77 2.04 55.1% CV 6.65
CL (fractional changea in CL for patients) 0.0820 29.1
CL (fractional change in CL for strong CYP3A inhibitors) −0.441 3.86
Vc (apparent volume of distribution for central compartment), L 194 1.89 27.6% CV 8.39
Vc (exponent of [ALB/4.1] for Vc) −0.725 12.6
Vc (exponent of [BSA/1.9] for Vc) 1.46 7.16
Q1 (intercompartmental clearance 1), L/h 27.9 3.14 24.8% CV 23.3
Q1 (exponent for BSA on Q1) 0.970 23.3
Vp1 (apparent volume of distribution for peripheral compartment 1), L 170 2.53 39.7% CV 10.6
Vp1 (exponent for BSA on Vp1) 1.50 10.9
Vp1 (exponent for age on Vp1) 0.453 10.7
Q2 (intercompartmental clearance 2), L/h 0.567 4.87 NE NA
Vp2 (apparent volume of distribution for peripheral compartment 2), L 39.3 1.86 NE NA
Ka (first-order absorption constant for healthy participants), 1/h 0.874 3.00 38.5% CV 9.14
Ka (first-order absorption constant for patients), 1/h 1.68 0.484
Ka (fractional change in Ka for fed status [019 only]) −0.512 8.75
D1 (duration of zero-order input to depot compartment), h 0.708 3.86 69.3% CV 8.69
F1 (relative F1 for patients) 0.599 3.26 34.8% CV 13.2
F1 (fractional change in F1 for strong CYP3A inhibitors) 0.136 14.6
F1 (relative F1 for study 019 [fasted]) 0.913 1.86
F1 (fractional change in study 019 F1 for fed) 0.0509 52.0
ALAG1 (absorption lag time), h 0.205 4.09 62.0% CV 7.36
IOV in F1 on occasion 1 22.6% CV 20.6 NA NA
IOV in F1 on occasion 3
IOV in CL on occasion 1 40.9% CV 7.85 NA NA
IOV in CL on occasion 2
IOV in CL on occasion 3
IOV in CL on occasion 4
IOV in Vc on occasion 1 20.3% CV 17.0 NA NA
IOV in Vc on occasion 2
IOV in Vc on occasion 3
IOV in Vc on occasion 4
RV (healthy volunteer CCV component) 0.00563 3.76 49.4-7.50% CVb NA

F (2-1000 ng/mL)
RV (patient CCV component) 0.0376 7.10 52.6-19.4% CVc NA

F (2-1000 ng/mL}
RV (healthy volunteer additive component) 0.956 4.45 NA
RV (patient additive component) 0.956 SAME NA
Minimum value of the objective function = 72 031.19

ALB, albumin; BSA, body surface area; CCV, constant coefficient of variation; % CV, coefficient of variation expressed as a percent; CYP3A, cytochrome P450 3A;
F, prediction; IOV, interoccasion variability; NA, not applicable; NE, not estimated; RSE, relative standard error expressed as a percent; RV, residual variability.
aThe fractional change in the typical parameter value was modeled as an incremental change in the typical parameter value as, for this case: CLi = 2.77 ×
[1 + (0.0820 × f lagPATIENTi )].
bThe residual variability (% CV) was calculated using the following equation: (SQRT[F2 × 0.00563+0.956]/F) × 100.Residual variability is 49.4% CV for predicted
concentration value of 2 ng/mL and 7.50% CV for predicted concentration value of 1000 ng/mL.
cThe residual variability (% CV) was calculated using the following equation: (SQRT[F2 × 0.0376+0.956]/F) × 100. Residual variability is 52.6% CV for predicted
concentration value of 2 ng/mL and 19.4% CV for predicted concentration value of 1000 ng/mL.

the metabolite (CLm) to capture the different magni-
tudes of variability in the 2 populations.

The AC886 covariate models were built using the
same process that was used to develop the quizar-
tinib model. Significant covariate effects on AC886 PK
included body surface area, black/African American
race, and strong CYP3A inhibitor use on CLm, and
strong CYP3A inhibitor use and patient status on Vm.
Detailed parameter values are presented in Table 4.

Final Population PK Models
The final quizartinib population PKmodel equations to
describe parameter-covariate relationships are shown
below in equations 1-7.

kai = 0.874 × (1 − f lagPATIENTi ) × (1 + f lagFEDi

× (−0.512)) + 1.68 × f lagPATIENTi (1)
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Table 4. Population PK Parameter Estimates for AC886

Final Parameter Estimate Magnitude of Interindividual Variability

Parameter Population Mean % RSE Final Estimate % RSE

CLm (apparent clearance for metabolite), L/h 4.09 3.07 NE NA
CLm (power of BSA in CLm) 1.60 12.5
CLm (fractional change in CLm for race black) 0.586 14.1
CLm (fractional change in CLm for strong CYP3A inhibitors) 0.106 27.7
FMET (fraction of quizartinib converted to AC886) 0.500 FIXED NE NA
Vcm (apparent central volume of distribution for metabolite), L 4.95 8.27 117% CV 8.30
Vcm (fractional change in Vcm for strong CYP3A inhibitors) 1.92 19.3
Vpm (apparent peripheral volume of distribution for metabolite), L 70.6 1.06 NE NA
Qm (intercompartmental clearance for metabolite), L/h 3.29 1.28 NE NA
IIV in CLm in healthy volunteers NA NA 45.9% CV 8.50
IIV in CLm in patients NA NA 64.1% CV 8.62
Residual variability for healthy volunteer studiesa 0.0690 0.791 0.263 SD NA
Residual variability for studies of patients with AMLa 0.169 1.02 0.412 SD NA
Minimum value of the objective function = −10 302.217

BSA, body surface area; % CV, coefficient of variation expressed as a percent; CYP, cytochrome P450; IIV, interindividual variability; NA, not applicable; NE, not
estimated; % RSE, relative standard error expressed as a percent.
aResidual variability is in units of variance: residual variability of 0.0690 for healthy volunteer studies corresponds to 26.3% CV and of 0.169 for studies of patients
with AML corresponds to 41.2% CV.

F1i = [1× (1− f lagPATIENTi )+ 0.599× f lagPATIENTi ]

× (1 + f lagSTRCYPi × 0.136) (2)

F1S19i = 0.913 × (1 + f lagFEDi × 0.0509) (3)

CLi = 2.77 × [1 + (0.082 × f lagPATIENTi )

+ ((−0.441) × f lagSTRCYPi )] (4)

Vci = 194 ×
(
ALBi
4.1

)−0.725

×
(
BSAi

1.9

)1.46

(5)

Vp1i = 170 ×
(
BSAi

1.9

)1.50

×
(
Agei
44

)0.453

(6)

Q1i = 27.9 ×
(
BSAi

1.9

)0.970

(7)

where kai is the first-order absorption rate constant
(1/h) in the ith participant; f lagPATIENTi is the indicator
variable for patient status (0 for healthy participant,
1 for patient with AML); f lagFEDi is the indicator
variable for fed/fasted status (0 for fasted, 1 for fed);
F1i is the F1 in the ith participant (not including
participants in AC220-019); F1S19i is the F1 in the ith
participant enrolled in AC220-019; f lagSTRCYPi is the
indicator variable for strong CYP3A inhibitor use (0 for
no strong CYP3A inhibitor use, 1 for strong CYP3A
inhibitor use); CLi is the quizartinib clearance (L/h);
Vci is the quizartinib central volume of distribution (L);

ALBi is the serum albumin (g/dL); BSAi is the body
surface area (m2); Vp1i is the quizartinib volume of
peripheral compartment 1 (L); Agei is the age (years);
andQ1i is the quizartinib apparent intercompartmental
clearance between the central compartment and periph-
eral compartment 1.

The absorption rate for quizartinib was predicted
to be higher in patients with AML (1.68 1/h) than
in healthy volunteers (0.874 1/h). A 40.1% reduction
in bioavailability and an 8.2% increase in CL were
estimated for patients with AML versus healthy vol-
unteers. A 51.2% decrease in ka and 5.1% increase in
F1 were estimated when quizartinib was administered
under fed conditions versus fasted conditions. A strong
CYP3A inhibitor use produced a 13.6% increase in
F1 and a 44.1% decrease in CL. Quizartinib Vc, Vp1,
and Q1 were predicted to increase with increasing body
surface area and age, with Vc predicted to decrease with
increasing albumin.

All fixed- and random-effect parameters for quizar-
tinib were estimated with good precision (<29.1% RSE
[relative standard error expressed as a percent]), except
the estimated fractional change for fed status on F1 in
study AC220-019 (52.0% RSE). The magnitude of the
IIV was high for D1 (69.3% CV [coefficient of variation
expressed as a percent]), absorption lag time (62.0%
CV), and CL (55.1% CV). The estimated magnitude
of the IIV for the remainder of PK parameters was
relatively modest, ranging from 24.8% CV (IIV in Q1)
to 39.7% CV (IIV in Vp1). The magnitude of RV
ranged from 7.5% to 49.4% CV in healthy volunteers
and from 19.4% to 52.6% CV in patients with AML
for concentrations ranging from 1000 to 2.0 ng/mL.
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Figure 3. Prediction-corrected visual predictive checks plots for (A) quizartinib and (B) AC886.

Parameter estimates of the final model are shown in
Table 3.

The final AC886 population PK model equations to
describe parameter-covariate relationships are shown
below in equations 8 and 9.

Vcmi = 4.95 × (1 + 1.92 × f lagSTRCYPi ) (8)

CLmi = 4.09 × (
BSAi

1.9
)1.60 × [1 + (0.586 × f lagRACBi )

+ (0.106 × f lagSTRCYPi )] (9)

where Vcmi is the apparent central volume of distribu-
tion (L) of AC886 in the ith participant; f lagSTRCYPi
is the indicator variable for strong CYP3A inhibitor
use (0 for no strong CYP3A inhibitor use, 1 for strong
CYP3A inhibitor use); CLmi is the apparent clearance
of AC886 (L/h);BSAi is the body surface area (m2); and
f lagRACBi is the indicator variable for black/African
American race (0 for non-black/African American par-
ticipant; 1 for black/African American participant).

The CLm is predicted to increase with increas-
ing body surface area and to increase by 58.6% in
black/African American patients with AML compared

with patients of all other races. The CLm and Vcm are
predicted to increase by 10.6% and 192%, respectively,
with concomitant strong CYP3A inhibitor use. Sepa-
rate IIV terms for CLm between healthy volunteers and
patients with AML predicted a larger magnitude of
IIV (64.1% CV) in patients with AML than in healthy
volunteers (45.9% CV).

All fixed- and random-effect parameters were esti-
mated with good precision (<27.7%). The magnitude
of estimated IIV for Vcm was high (117% CV). The
estimated RV for the refined final model was 26.3%
CV and 41.2% CV for the healthy volunteer and AML
patient populations, respectively. Parameter estimates
of the final model are shown in Table 4.

pcVPC plots for quizartinib and AC886 are shown
in Figure 3. The median and 5th and 95th percentile
lines generally agree with the observed data across the
observed concentration range. Goodness-of-fit plots
for the final population models exhibited good con-
cordance between the observed and model-predicted
quizartinib concentrations in healthy volunteers (Fig-
ure S1) and in patients with AML (Figure S2), as
well as for AC886 concentrations in healthy volunteers
(Figure S3) and in patients with AML (Figure S4). In-
dividual plots of population- and individual-predicted
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Figure 4. Impact of significant covariates on AUC and Cmax of quizartinib,AC886, and sum of quizartinib and AC886. (A) Simulated quizartinib Cmax,ss

and AUC0-24,ss ratios. (B) Simulated AC886 Cmax,ss, and AUC0-24,ss ratios. (C) Simulated AUC0-24,ss ratios of the sum of quizartinib and AC886 for
each individual compared with that of the reference patient with AML (60-mg once-daily dose). The reference patient with AML was defined as a
patient with AML not receiving a strong CYP3A inhibitor, with albumin of 3.7 g/dL and BSA of 1.9 m2. Open circle represents the median value, and
horizontal line represents 90%CI based on 1000 simulations. BSA, body surface area; CYP, cytochrome P450.

concentrations versus time showed generally good
agreement (data on file; Daiichi Sankyo, Inc.).

Forest plots derived from simulations using co-
variates included in the final population PK model
were generated to demonstrate covariate effects on
PK exposures in patients with AML. A total of
1000 simulations were conducted for each covariate
effect using virtual patients with specified covariate
attributes, taking into account the uncertainty in the
fixed-effect model parameters (using results from a
bootstrap with 1000 replicates). Ratios of simulated
quizartinib Cmax,ss and AUC0-24,ss in these virtual pa-
tients, compared with the reference patient with AML,
are shown in Figure 4A. Effects of covariates on
quizartinib exposure were all <20%, except for the
concomitant use of CYP3A inhibitors, which resulted
in 82% and 72% increases in quizartinibAUCandCmax,
respectively.

Black/African American participants had approxi-
mately 35% lower AC886 exposure than participants of
other races, and BSA at extremely low (5th percentile)
and high (95th percentile) values resulted in >20%
change in AC886 exposures (Figure 4B). However,
these effects on the total exposure (sum of quizartinib
and AC886; Figure 4C) were not clinically meaningful
because their magnitudes were <20%.

Of all statistically significant covariates identified
and included in the PK models, concomitant strong
CYP3A inhibitor use exhibited the largest effect on the
exposure of quizartinib, whereas the individual effects
of every other covariate were <20%. Thus, these results
suggest that concomitant strong CYP3A inhibitor use
is the only factor thatmay require dose reductions in the
clinical setting to maintain quizartinib concentrations
within the therapeutic window and mitigate the risk of
QTcF increase.

Discussion
Population PK models for quizartinib and its active
metabolite, AC886, were developed using pooled data
from 649 healthy volunteers and patients with AML
enrolled across 6 phase 1, 1 phase 2, and 1 phase 3
studies. This analysis population represented a com-
prehensive framework that encompassed both densely
sampled and sparsely sampled PK data collected fol-
lowing single- and multiple-dose oral administration of
20 to 90 mg/day of quizartinib doses.

A 3-compartment PK model for quizartinib was
optimal, particularly in describing the full PK profiles
collected in healthy volunteers enrolled in the single-
dose studies, in which intensive blood sampling was
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performed up to 504 hours postdose. The PK of AC886
was sufficiently characterized with a 2-compartment
model. An absorption model employing zero-order
and first-order input for quizartinib into the central
compartment with lag time was found to most appro-
priately capture the absorption phase of quizartinib.
In turn, when the estimated PK of quizartinib was
used to sequentially model AC886 PK, the fraction of
quizartinib metabolized to AC886 was fixed to 50%
to avoid parameter identifiability issues, which is a
common approach implemented to model parent and
metabolite concentrations when only the parent drug
is dosed.14 For both quizartinib and AC886, separate
residual error terms were used for healthy volunteers
and patients, with AML to account for the higher
variability observed in studies of patients with AML.

In analyzing parent and metabolite PK data, simul-
taneous and sequential approaches have both been used
as valid methods.15-18 PK data included in this analysis
were derived only from studies in which quizartinib
was orally administered. Therefore, estimation of both
FMET (parent-to-metabolite conversion fraction) and
metabolite central compartment parameters (CLm and
Vm) is not feasible. This is known as the unidentifi-
ability problem in either simultaneous or sequential
modeling.14 To resolve this issue, we fixed FMET at 0.5
on the basis of the noncompartmental analysis result of
study 2689-CL-2004, in which the geometric mean ratio
of AC886AUC0-24,ss to quizartinibAUC0-24,ss was 0.544
for the 30-mg cohort and 0.485 for the 60-mg cohort.

Among the statistically significant covariates iden-
tified, only strong CYP3A inhibitor use produced a
clinically meaningful effect on quizartinib exposure.
Model-estimated effects for strong CYP3A inhibitor
use included a 13.6% higher F1 and a 44.1% decrease
in CL for quizartinib, as well as a 10.6% higher CLm

and an approximately 2-fold increase in Vcm for AC886.
The net effect of CYP3A inhibitor use on the ex-
posures of quizartinib and AC886 described by the
model corroborate the changes in exposures observed
in a dedicated drug-drug interaction study.8 The BSA
and black/African American race effects showed >20%
change in AC886 exposures. However, these were not
considered clinically meaningful because the changes in
the sum of quizartinib and AC886 concentration were
within the 0.8 to 1.25 range, assuming 1:1 potency. Con-
sidering that the actual potency ratio could be higher
for some of the clinical responses,12 the effects of these
covariate on AC886 exposures were not considered
clinically relevant.

The following covariates were tested but found not
to have a significant influence: sex, race, estimated
glomerular filtration rate (eGFR), baseline liver func-
tion variables (including AST, ALT, ALP, and TBIL),
and concomitant use of acid-reducing agents (including

proton pump inhibitors, H2 blockers, and antacids).
Lack of any detectable effect of gastric acid-reducing
agents confirmed the results of the phase 1 study, which
showed that lansoprazole did not result in a meaningful
change in the bioavailability of quizartinib.19 There was
also no effect of mild or moderate hepatic impairment
on quizartinib or AC886 PK based on baseline liver
function values. No significant effect of eGFR on
quizartinib CL was observed. This finding is consistent
with the results of the human absorption, distribution,
metabolism, and excretion study, which showed that
renal excretion was a minor route of elimination for
quizartinib, with mean excretion from urine< 2% (data
on file; Daiichi Sankyo, Inc.). In the population PK
analysis data set, individual eGFR values were calcu-
lated using the Modification of Diet in Renal Disease
study equation20 and ranged up to 379mL/min/1.73m2.
Because such a high eGFR value might not be physio-
logically relevant, a sensitivity analysis was conducted
by rerunning the final quizartinib population PKmodel
with the original eGFR values (ie, individual values
up to 379 mL/min/1.73 m2) or eGFR values capped
at 120 mL/min/1.73 m2.21 The NONMEM objective
function value decreases from these runs were 0.326
(P = .568) and 2.37 (P = .124), respectively, thereby
confirming no effect of eGFR on quizartinib clearance.

Quizartinib exposure was lower in patients with
AML than in healthy volunteers, described by a 40.1%
reduction in F1 and an 8.2% increase in CL. However,
the rate of absorption was approximately 2-fold higher
in patients with AML than in healthy volunteers, which
was evident in observed Tmax values of approximately 2
and 4 hours, respectively. Although the exact reason for
altered absorption in patients with relapsed/refractory
AML is unknown, changes in the gastrointestinal tract
may be secondary to the effects of prior chemotherapy.
It is also worth noting that patient studies (2689-CL-
0011, 2689-CL-2004, and QuANTUM-R) used rela-
tively sparse PK sampling (0, 1, 2, 4, 6, and 24 hours
postdose on PK sampling days of cycle 1 days 1 and
15) compared with the healthy volunteer studies, in
which dense PK sampling was conducted (eg, 22 points
over 480 hours in study AC220-014). Although the
modeling analysis results were consistent with observed
data, there remains a possibility that such a conclusion
is data driven and may have resulted from differences in
PK sampling schemes for patient studies versus healthy
volunteer studies.

During the covariate model development, body size
measures showed a statistically significant effect on
quizartinib PKparameters. However, the level of signif-
icance was higher for body surface area than for body
weight during the univariate analysis. Because body
surface area and weight are highly correlated with each
other, body surface area was selected for inclusion in
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the PK model. After the final population PK model
was established, a sensitivity analysis was conducted
by replacing body surface area in the final model with
body weight. The body weight model resulted in a 12-
point-higher objective function value compared with
that of the body surface areamodel. The effects of body
surface area and bodyweight on exposures (AUC,Cmax,
Ctrough) showed similar trends.

This analysis showed a significant effect of con-
comitant strong CYP3A inhibitors on quizartinib ex-
posure. Of note, the effect of concomitant CYP3A
inducers could not be adequately assessed in this
analysis because of the lack of prevalent concomitant
CYP3A4 inducer use in the study population. In the
QuANTUM-R study, concomitant use of strong or
moderate CYP3A4 inducers was prohibited because of
a possible decrease in exposure of approximately 60%
to 70% (data on file; Daiichi Sankyo, Inc.), but weak
CYP3A4 inducers were allowed. Coadministration of
strong CYP3A inhibitors or strong CYP3A4 inducers
had similar effects on the PK of FLT3 inhibitors
gilteritinib and midostaurin.22-24 The observed increase
in gilteritinib exposure with strong CYP3A inhibitor
itraconazole was approximately 2.2-fold, and the strong
CYP3A4 inducer rifampin decreased gilteritinib ex-
posure by 30% versus gilteritinib alone.24 Inhibition
of CYP3A by ketoconazole increased midostaurin ex-
posure by >10-fold, and induction of CYP3A4 by
rifampicin decreased midostaurin exposure by >10-
fold.22,23 As such, the concomitant use of gilteritinib
and a combined CYP3A4 and P-gp inducer should be
avoided, and alternative therapies to strong CYP3A
inhibitors should be considered.25 Similarly, alterna-
tive therapies to strong CYP3A inhibitors should be
considered with midostaurin, and the use of strong
CYP3A4 inducers should be avoided.26 To optimize
quizartinib dosing, the starting quizartinib dose was
reduced from 30 to 20 mg for those taking a concomi-
tant strong CYP3A inhibitor in the QuANTUM-R
study.

Conclusions
Population PK models were established and optimized
for quizartinib and AC886 using data sets comprising
healthy volunteers and patients with AML. Among
the demographic and clinical covariates evaluated, con-
comitant use of strongCYP3A inhibitors was identified
as the only significant covariate that is likely to produce
a meaningful effect on the overall exposure of quizar-
tinib, with an 82% increase in the median AUC0-24,ss

and a 72% increase in median Cmax,ss of quizartinib.
These results support the clinical recommendation for
a quizartinib dose reduction with the concomitant use
of strong CYP3A inhibitors in the clinical setting.
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