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Abstract

Purpose This analysis evaluated the relationship between concentrations of quizartinib and its active metabolite AC886 and
QT interval corrected using Fridericia’s formula (QTcF) in patients with relapsed/refractory acute myeloid leukemia (AML)
treated in the phase 3 QUANTUM-R study (NCT02039726).

Methods The analysis dataset included 226 patients with AML. Quizartinib dihydrochloride was administered as daily doses
of 20, 30, and 60 mg. Nonlinear mixed-effects modeling was performed using observed quizartinib and AC886 concentra-
tions and time-matched mean electrocardiogram measurements.

Results Observed QTcF increased with quizartinib and AC886 concentrations; the relationship was best described by a
nonlinear maximum effect (E,,,,) model. The predicted mean increase in QTcF at the maximum concentration of quizartinib
and AC886 associated with 60 mg/day was 21.1 ms (90% CI, 18.3-23.6 ms). Age, body weight, sex, race, baseline QTcF,
QT-prolonging drug use, hypomagnesemia, and hypocalcemia were not significant predictors of QTcF. Hypokalemia (serum
potassium < 3.5 mmol/L) was a statistically significant covariate affecting baseline QTcF, but no differences in AQTcF
(change in QTcF from baseline) were predicted between patients with versus without hypokalemia at the same quizartinib
concentration. The use of concomitant QT-prolonging drugs did not increase QTcF further.

Conclusion QTCcF increase was dependent on quizartinib and AC886 concentrations, but patient factors, including sex and
age, did not affect the concentration—QTcF relationship. Because concomitant strong cytochrome P450 3A (CYP3A) inhibitor
use significantly increases quizartinib concentration, these results support the clinical recommendation of quizartinib dose
reduction in patients concurrently receiving a strong CYP3A inhibitor.

Clinical Trial Registration NCT02039726 (registered January 20, 2014).
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Introduction patients with AML [1, 2]. The FLT3 internal tandem dupli-

cation (ITD) mutation represents the most common type of

FMS-like tyrosine kinase 3 (FLT?3) has emerged as a rational
therapeutic target in acute myeloid leukemia (AML). FLT3
is normally expressed in hematopoietic progenitor cells, and
signaling through FLT3 promotes proliferation and differen-
tiation [1]. A FLT3 mutation occurs in approximately 30% of
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FLT3 mutation and is associated with high relapse rates,
decreased response to salvage therapy, and shorter overall
survival when compared with FLT3 wild-type disease [1-4].

Quizartinib dihydrochloride is an oral, once-daily, highly
potent and selective, type II tyrosine kinase inhibitor target-
ing FLT3 that has shown clinical activity in patients with
FLT3-ITD-positive relapsed/refractory AML [5, 6]. Quizar-
tinib is primarily metabolized by cytochrome P450 3A
(CYP3A), and its major metabolite, AC886, is biologically
active against FLT3 and is also a substrate of CYP3A [7].
The peak plasma concentrations of quizartinib and AC886
occur at approximately 4 and 5 h, respectively. The exposure
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is dose proportional from 20 to 90 mg. At steady state,
AC886 exposure is approximately 60% of that of quizartinib.
Quizartinib and AC886 have estimated effective half-lives
of 73 and 119 h, respectively.

Quizartinib at 1680 ng/mL (3 pM) and AC886 at 1730 ng/
mL (3 pM) inhibited the human ether-a-go-go-related gene
(hERG) current by 16.4% and 12.0%, respectively. Quizarti-
nib, at concentrations ranging from 56.1 ng/mL (0.1 uM) to
1630 ng/mL (2.9 pM), inhibited the slowly activating com-
ponent of delayed rectifier potassium currents (IKs), with a
maximum inhibition of 67.5% (at 1630 ng/mL [2.9 pM]).
Although quizartinib and AC886 inhibited both hERG cur-
rent and IKs, the predominant effect was on IKs.

Dose-dependent QT prolongation is a major adverse event
associated with quizartinib. The phase 1 dose-escalation
study initially identified 200 mg/day as the maximum toler-
ated dose of quizartinib, with QT prolongation being the
dose-limiting toxicity [8]. In a subsequent phase 2 study,
quizartinib 200 mg daily was the initial dose regimen; how-
ever, 12 of 17 patients who received this dose exhibited a
QT interval corrected using Fridericia’s formula (QTcF)
of >480 ms, and 14 patients had a change in QTcF from
baseline (AQTCcF) of 60 ms above baseline. Therefore, the
dose was subsequently reduced to 135 or 90 mg/day for all
patients [5].

Another phase 2 study, which evaluated 2 dosing regi-
mens of quizartinib, found that either 30 or 60 mg/day (with
escalations to 60 or 90 mg/day, respectively, permitted for
lack or loss of efficacy) demonstrated clinical activity, with
a lower rate of QT prolongation observed than in the prior
studies evaluating higher doses. QT prolongation remained
dose dependent and was substantially reduced at lower doses
[6]. In a drug—drug interaction study, co-administration of
ketoconazole, a strong CYP3A inhibitor, at 200 mg twice
daily resulted in an increase in quizartinib steady-state area
under the concentration—time curve (AUC) and maximum
concentration (C,,,,) of 96% and 86%, respectively, and a
decrease in AC886 steady-state AUC and C,,,, of 14% and
18%, respectively. Co-administration of fluconazole, a mod-
erate CYP3A inhibitor, at 200 mg twice daily caused a minor
change in these exposures [9].

In the phase 3 QUANTUM-R study (NCT02039726),
patients with relapsed/refractory FLT3-ITD—positive AML
were randomized to standard chemotherapy or single-agent
quizartinib administered at 60 mg/day with a 30-mg/day
lead-in (or 30 mg/day with a 20-mg/day lead-in for patients
taking a strong CYP3A inhibitor). This study demonstrated
a statistically significant overall survival benefit with quizar-
tinib in patients with relapsed/refractory FLT3-ITD—positive
AML versus salvage chemotherapy, with a 24% reduction in
the risk of death during the observation period. Grade 3 QT
prolongation was uncommon, and there were no occurrences
of torsades de pointes or other grade 4 QT-prolongation
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events [10]. On the basis of the results from the QuAN-
TUM-R study and a phase 2 study in Japan in patients with
relapsed/refractory FLT3-ITD-positive AML, quizartinib
was approved in Japan in June 2019 [11].

The objectives of this analysis were to (1) characterize
the relationship between concentrations of quizartinib and
its active metabolite AC886 and QTcF and (2) identify sig-
nificant covariates that affect the exposure-response rela-
tionship using the observed data in the QuUANTUM-R study.

Materials and methods
Dataset

The concentration—QTc (C-QTc) analysis included data from
the phase 3 QUANTUM-R study, which was conducted at
152 sites in 19 countries [10]. The institutional review board
or ethics committee at each site approved the study protocol,
and all patients provided written informed consent per the
Declaration of Helsinki and Good Clinical Practice.

In QUANTUM-R, the starting dose of quizartinib was
30 mg/day (26.5 mg free base), followed by an increase
to 60 mg/day (53.0 mg free base) after 2 weeks if QTcF
was <450 ms. Patients receiving a concurrent strong CYP3A
inhibitor initiated quizartinib at 20 mg/day (17.7 mg free
base), with an increase to 30 mg/day (26.5 mg free base)
after 2 weeks if QTcF was <450 ms. The dose was reduced
from 60 to 30 mg daily or from 30 to 20 mg daily if protocol-
specified criteria for dose reduction were met (for example,
QTcF > 480 ms, persistent grade > 3 nonhematologic tox-
icity, or myelosuppression in patients achieving complete
remission with incomplete platelet recovery or complete
remission with incomplete hematologic recovery who had
received > 2 cycles of treatment).

Plasma concentrations of quizartinib and AC886 were
measured by BASi (West Lafayette, IN, USA) using a
validated liquid chromatography—tandem mass spectrom-
etry method. The analytical range validated was from 2 to
2000 ng/mL for both quizartinib and AC886. For quizarti-
nib, the ranges for within-run and between-run assay preci-
sion were 0.9 to 6.3% and 3.0 to 6.3%, respectively, for qual-
ity control samples at concentrations within the calibration
curve; the accuracy ranged from—11.2 to 7.7% and — 4.0
to 4.0%, respectively. The lower limit of quantification was
2 ng/mL. For AC886, the ranges for within-run and between-
run assay precision were 0.3 to 7.4% and 2.2 to 6.7%, respec-
tively, for quality control samples at concentrations within
the calibration curve; the accuracy ranged from —9.0 to 6.7%
and — 3.0 to 2.1%, respectively. The lower limit of quantifica-
tion was 2 ng/mL.

For each patient, centrally read triplicate QTc measure-
ments (from three 12-lead ECGs, >5 min apart per time
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point) were obtained at screening; predose and 2, 4, and 6 h
postdose on days 1 and 15 of cycle 1; predose and 2 to 4 h
postdose on days 2 and 8 of cycle 1 and on day 1 of cycles 2
and 3; and at any time on day 1 of subsequent cycles. Phar-
macokinetic (PK) blood samples were collected at each of
the QTc measurement times after ECG was performed, until
cycle 3 of treatment.

For the C-QTc analysis, QTc data and concentration
records were matched by comparing the actual date/time of
each replicate QTc measurement versus the date/time of the
corresponding concentration measurement. The difference
in time between the 2 measurements was computed and used
to determine whether the replicate QTc measurements met
the criteria to be matched with concentration. A difference
of <30 min was allowed for all time points except for the
nominal 24-h postdose QTc measurements, in which up to
90 min was allowed.

The demographic and clinical covariates evaluated for
their effect on the C—QTc model parameters included age,
baseline body weight, sex, race, baseline QTc, coadmin-
istration of QT-prolonging drugs, and selected electrolyte
deficiencies (hypomagnesemia [serum magnesium con-
centration < 0.75 mmol/L], hypokalemia [serum potassium
concentration < 3.5 mmol/L], and hypocalcemia [serum cal-
cium concentration < 2.2 mmol/L]). For patients with serum
albumin concentrations < 4.0 g/dL, the total serum calcium
concentration was corrected according to the standard for-
mula [12].

All exploratory data analyses were performed using SAS
9.4 (SAS Institute Inc) and KIWI Version 2 (Cognigen Cor-
poration). The C—QTc modeling was performed using the
computer program NONMEM Version 7.3.0 (ICON Devel-
opment Solutions).

C-QTc analysis

Exploratory data analyses and data visualization were used
to determine the characteristics of the data, assess possible
trends, confirm the appropriateness of the models tested, and
verify model assumptions. These included inspection of QTc
measurements versus time, concentration, and R—R interval
(duration of ECG interval between consecutive waves) as
well as the possible time delay between QTc and concentra-
tion (i.e., hysteresis).

The first-order conditional estimation method, with
interaction as implemented in NONMEM, was used for the
C—QTc analysis. QTcF data were modeled using quizartinib
and AC886 concentrations as independent variables. The
base model included the baseline term to estimate the typi-
cal value of baseline QTcF along with interindividual vari-
ability. To account for circadian variation, the time effect
on baseline QTcF was also included in the model. Briefly,
baseline QTcF data were split into 10 bins according to 24-h

clock time (each bin had approximately the same number of
samples), and the mean differences in QTcF for the 10 bins
of time were estimated by the model. For determination of
the structural model, various functions of quizartinib and
AC886 concentrations were evaluated, with interindividual
variability estimated for applicable parameters. Explored
models included a linear model having separate slopes for
quizartinib and AC886 concentrations and a maximum effect
(Eax) model of quizartinib and AC886 concentrations, with
and without a Hill coefficient, to account for sigmoidicity.
Once the C—QTc model for QTcF was determined, AQTcF
was obtained by subtracting the baseline terms.

Model selection was determined using several criteria,
including decrease in NONMEM objective function value,
inspection of goodness-of-fit plots, and decrease in esti-
mates of interindividual variability (IIV) and/or residual
variability (RV). Prediction-corrected visual predictive
checks (pcVPCs) were performed for major steps during
the model-building process. A detailed description of the
covariate modeling and model building process is available
in Online Resource 1.

The appropriateness of IIV and RV models was reevalu-
ated during model refinement after covariate analysis. This
procedure included reassessment of the assumed distribu-
tional form (normal or log-normal) of each IIV term as
well as the functional form (additive or proportional) of the
RV model. A number of models were evaluated, and the
best model was selected based on numerical and graphical
criteria.

The final C—QTc model was utilized to obtain the model-
predicted mean AQTCcF and 90% confidence interval (CI) at
the maximum concentration at steady state (C,, ). Indi-
vidual C,,, . values for patients enrolled in QUANTUM-
R who received quizartinib 60 mg were generated using
the population PK model [13], then the geometric mean
of quizartinib C,,, . was obtained. When making predic-
tions of AQTCcF, the bootstrap method was used to account
for multiple parameters in the model and the correlation
between the parameters [14]. First, 1000 random samples
of C—QTc model parameters were generated from the mean
and covariance matrix of the final C—QTc model. Then, cor-
responding AQTCF values were computed at the C,,, ; 90%
CI was obtained by the 5th and 95th percentiles from the
distribution.

Results
Data
After matching QTcF data and concentration records

using the actual date/time, a total of 2842 time-matched
mean QTcF and quizartinib and AC886 concentration
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measurement records from 226 patients were available for
the C—QTc analysis. The overall safety analysis dataset for
QuANTUM-R included 241 patients; 15 were excluded
from the C—QTc dataset. The reasons for exclusion were
no matching concentration, no postbaseline QTcF obser-
vation, no baseline QTcF observation, and incorrect dose
record. These reasons for exclusion were atypical; hence,
these exclusions would not systematically bias the analy-
sis results. Actual PK/QTc sampling dates and times were
converted from clock times to decimal times for use in the

Table 1 Patient characteristics in the C-QTc dataset

Characteristic N=226
Age, median (range), years 55 (19, 81)
Sex, n (%)
Male 104 (46.0)
Female 122 (54.0)
Race, n (%)
White 168 (74.3)
Black or African American 8(3.95)
Asian 24 (10.6)
American Indian or Alaskan Native 1(0.4)
Other 7@3.1)
Unknown 18 (8.0)

Weight, median (range), kg 70.0 (39.5, 147)

Baseline QTcF, median (range), ms 414 (364, 471)

Hypocalcemia, n (%) 97 (42.9)
Hypokalemia, n (%) 35 (15.5)
Hypomagnesemia, n (%) 63 (27.9)
QT-prolonging drug use, n (%) 66 (29.2)

C-QTc concentration—QTc; QTcF QT interval corrected using Fri-
dericia’s formula, SD standard deviation

analysis (e.g., midnight=0, 8:30 aAM=38.5). The average time
difference between the mean QTcF and concentration meas-
urement records was —5.28 min, as calculated by ECG time
minus PK time.

The majority of patients were white (74.3%), with slightly
more women (54.0%) than men. Patient age ranged from
19 to 81 years, with a median of 55 years, and body weight
ranged from 39.5 to 147 kg, with a median of 70.0 kg. The
median value for baseline QTcF in the analysis population
was 414 ms (Table 1).

Figure 1 shows the observed mean AQTCcF per visit from
the QUANTUM-R study. All tested covariates were baseline
values except for the use of QT-prolonging drugs and serum
electrolyte imbalances, such as hypocalcemia, hypokalemia,
and hypomagnesemia, which were tested as time-varying
covariates.

Exploratory analysis

QTcF was chosen as the preferred dependent variable for
this analysis because it was used for dose increase/reduc-
tion criteria in the clinical study. Furthermore, the Frideri-
cia correction method was recommended in a recent white
paper on QTc analysis [14]. To confirm that the QT inter-
val was properly corrected, scatterplots of triplicate QTcF
values from pre- and post-treatment versus R—R interval,
stratified by sex, were examined (Online Resource 2). The
results suggested that QTcF was nearly independent of R—R
interval and confirmed the use of QTcF as an adequate cor-
rection of QT interval in this population. Notably, QTcF
did not increase when heart rate increased. Approximately
10% of patients had a>?25% increase in heart rate from
baseline as well as a heart rate > 100 beats per minute (i.e.,
R-R interval <600 ms) measured from centrally read ECGs,
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Fig.1 Observed QTcF data. The mean and 90% confidence interval are shown per visit: C cycle, D day
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demonstrating an adequate number of patients to assess the
effect of elevated heart rates on QTcF.

No consistent trend for hysteresis was observed in the
drug concentration versus QTcF plot. Therefore, a direct
relationship between drug concentration and QTcF was
considered appropriate and was used as the base model
structure.

Model building

To investigate possible variations in the QTc data, pretreat-
ment QTcF data were plotted according to 24-h clock time
using 10 bins with approximately the same number of sam-
ples in each bin. The plot showed considerable variation in
pretreatment QTcF values versus time before administration
of quizartinib, which was attributed to circadian rhythm.
Therefore, the use of baseline correction was necessary.
Because the majority of pretreatment QTc measurements in
QuANTUM-R were obtained between 8:00 am and 5:00 pwm,
there were insufficient pretreatment data to support the
inclusion of a full 24-h circadian rhythm function for the
correction of baseline. Instead, a fixed time effect model for
baseline correction was implemented [14, 15] by estimating
the mean QTcF difference for each of the 10 bins (Online
Resource 3).

To determine the structural model, a linear model with
different slopes for quizartinib and AC886 and a sigmoid
E_ .« model with separate E,,, terms for quizartinib and
AC886 were evaluated. The sigmoid E_,, model had a
lower Akaike information criterion (AIC) value than the
linear model (AIC: 17,628.623 vs 17,784.369), supporting
a better fit to the data than the linear model. This corrobo-
rated the trend exhibited in the exploratory data analysis
plots, in which a possible plateauing of QTcF increase was
observed at the higher concentration range. Therefore, the
C-QTc data were modeled with E,, functions of quizartinib
and AC886, including a baseline term and interindividual
variabilities on E,,, and baseline terms. Covariate analysis
identified hypokalemia as a statistically significant predictor
of baseline QTcF in the C—QTc model, with both quizarti-
nib and AC886 concentrations as predictors of response.
Further evaluation of IIV and RV functional forms during
model refinement suggested that the model with log-normal
distribution of II'V for the intercept, normal distribution of
IIV for the E,,, terms, and proportional RV best fit the data,
as indicated by a lower objective function value and better
precision of parameter estimates (Online Resource 4). The
final model parameter estimates, along with corresponding
precisions (relative standard error expressed as a percent-
age [% RSE]) for the final C-QTc model, are presented in
Table 2. The model parameters for baseline QTcF, E_,, for
quizartinib, half maximal effective concentration (ECs)
for both quizartinib and AC886, and gamma for quizartinib

were estimated with good precision (<20% RSE), while the
E,.x and gamma for AC886 and the effect of hypokalemia
on baseline QTcF were estimated with moderate precision
(44.5%, 54.3%, and 31.5% RSE, respectively). Random
effect parameters, IIV and RV, were estimated with good
precision (<30% RSE). The goodness-of-fit plots were rea-
sonably unbiased and suggested that the model was able to
characterize the observed C—QTec relationship well (Daiichi
Sankyo, Inc. Data on file). The pcVPCs were performed
by generating 1000 replicates of the analysis dataset. The
pcVPC plot shown for quizartinib concentration, which plays
a major role in QTc prolongation, indicates good concord-
ance between observed data and model predictions (Fig. 2).

The equation for QTcF based on the final model is shown
below:

(413 X (1 +0.0149  flagyy .+ p,> X ellibase
QTeFy = (312 4+ 1 g ) X Cp();?

315152 4 Cp(n)}-%2

(269 + 1 pmaxm) X Cp(D),5?

im

60.5169 + Cp(1)!%?

xetit

where QTCcF,, is the observed QTcF value in the ith patient
at time 7; p, is the fixed time effect on QTcF; flagy o, is
the indicator variable for hypokalemia in the ith patient at
time ¢ (1 =with hypokalemia, 0 = without hypokalemia); #; is
the between-patient random effect parameter assumed to be
normally distributed with mean zero and variance Q; Cp(?); ,
is the plasma concentration of quizartinib (ng/mL) at time
t in the ith patient; Cp(?), ,, is the plasma concentration of
ACB886 (ng/mL) at time ¢ in the ith patient; and ¢;, is the
residual within-patient variability assumed to be normally
distributed with mean zero and variance 6% p, is modeled as:

p, = 0 xI[time =t,1 # 0]

where:

0 is the fixed time effect shift on the intercept for each bin;
and I[time = ¢, # 0]1is the indicator variable, with the value
of 1 if the condition in brackets is true and O if otherwise.

Model fitting

Figure 3 shows the model-predicted AQTcF and 90% CI
overlaid with the observed AQTcF across the range of
quizartinib (Fig. 3a) and AC886 (Fig. 3b) concentrations.
The model-predicted AQTCF includes effects from both
quizartinib and AC886. Additionally, Fig. 3 shows the
model-predicted AQTCcF effect of quizartinib alone (Fig. 3¢)
and AC886 alone (Fig. 3d), with corresponding 90% CI,
demonstrating the relative contribution of quizartinib versus
that of AC886 in QT prolongation.

The geometric mean C,,, ( of quizartinib was 401 ng/
mL, and the corresponding geometric mean AC886
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Table 2 Parameter estimates
of final C—-QTc model effects
of both quizartinib and AC886
concentrations

Parameter Final parameter Interindividual
estimate variability

Typical value % RSE Magnitude % RSE

Baseline QTcF, ms 413 0.325 442%CV 9.8l
Fractional change in baseline for hypokalemia 0.0149 31.5

Fixed time effect for 1st decile of clock time 1.46 69.2

Fixed time effect for 2nd decile of clock time —0.853 117

Fixed time effect for 3rd decile of clock time 0 Fixed

Fixed time effect for 4th decile of clock time 1.89 55.0

Fixed time effect for 5th decile of clock time 3.06 31.0

Fixed time effect for 6th decile of clock time 4.12 21.1

Fixed time effect for 7th decile of clock time 5.06 22.1

Fixed time effect for 8th decile of clock time 3.56 29.4

Fixed time effect for 9th decile of clock time 3.20 32.0

Fixed time effect for 10th decile of clock time 1.56 72.8

Maximum effect of parent drug, ms 31.2 14.5 21.6 (SD) 29.7
Concentration at 50% of maximum parent effect, ng/mL 315 19.4 NE NA

Hill coefficient for parent drug 1.52 10.9 NE NA

Maximum effect of drug metabolite, ms 2.69 44.5 123 (SD) 15.6
Concentration at 50% of maximum metabolite effect, ng/mL  60.5 9.14 NE NA

Hill coefficient for drug metabolite 16.9 543 NE NA

Residual variability 2.48% CV 6.58

Minimum value of the objective function=17,542.877

AC886 compound code for active metabolite of quizartinib, C—QTc concentration—QTc, ms milliseconds,
%CV coefficient of variation expressed as a percentage, NA not applicable, NE not estimated, QTcF QT
interval corrected using Fridericia’s formula, % RSE relative standard error expressed as a percentage,
SD standard deviation

Fig.2 Prediction-corrected
visual predictive checks for the + +
final QTcF model. CI confi- »
dence interval, QTcF QT inter- E_ 500
. . R L T
val corrected using Fridericia’s )
formula 5
]
o
§ 450 ~
S
Q +
c
9
© 400 A
]
<
o
350 A
0 500 1000 1500
Quizartinib Concentration, ng/mL
Data: +
Observed ————— Median - — — — 5thand 95th percentiles
Predicted ——— Median - — — — 5th and 95th percentiles
95% ClI of prediction percentiles
concentration at the time of the quizartinib Cy,, ;c was  at these geometric mean C,,,,, . values for quizartinib 60 mg

204 ng/mL in patients in QUANTUM-R who received  daily was 21.1 ms (90% CI, 18.3-23.6 ms). Consequently,
quizartinib 60 mg daily. The model-predicted mean AQTcF  quizartinib belongs to the class of drugs that have increased
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Fig.3 Top: AQTcF versus concentration for a quizartinib and b
AC886. The solid line represents the model-predicted median drug
effect predictions; the shaded area represents the 90% uncertainty
around median drug effect predictions. Predicted AQTcF repre-
sents contributions of quizartinib and AC886. Bottom: Contribu-

QT-prolongation risk according to the US Food and Drug
Administration E14 guidance [16]. Histograms of AQTcF at
the geometric mean C,,,, (; values of quizartinib and AC886
are provided in Online Resource 5. At the geometric mean
Cinax.ss Of quizartinib, 51.5% and 77.6% of the observations
were above 20 and 10 ms, respectively. At the geometric
mean C,, . of AC886, 41.2% and 67.2% of the observa-
tions were above 20 and 10 ms, respectively.
Approximately 73% of patients (n=177) treated with
quizartinib in QUANTUM-R used QT-prolonging drugs
as deemed necessary by their treating physicians. A list of
these agents together with their categories is provided in
Online Resource 6. However, a significant effect of con-
comitant QT-prolonging drug use on QTcF was not identi-
fied in the C—QTc analysis. The lack of a significant effect
warranted additional confirmation. An analysis of duration
of overlap in centrally reviewed QTcF data for patients who

received > 1 dose of QT-prolonging drugs concomitantly

b 1407
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Dose, mg e 0 + 20 > 30 X 60
d 36
32:
° 21
2 i
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E 12:
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AC886 Concentration, ng/mL

tion of quizartinib and AC886 to AQTcF. The solid line represents
the median model-predicted AQTcF with (¢) quizartinib only and (d)
ACB886 only; the shaded area represents the 90% uncertainty around
median drug effect predictions. QTcF QT interval corrected using
Fridericia’s formula

with quizartinib was performed (mean duration of over-
lap, 96 days; maximum duration of overlap, 934 days).
This analysis showed that neither the magnitude of QTcF
elevation nor the frequency of an increase of > 60 ms from
baseline (range, 3.4—4.0%) was changed by the duration of
overlap. Further assessment was conducted using data from
60 patients having matched concentrations and ECG meas-
urements during the time of concomitant administration of
QT-prolonging drugs and during the time when these same
patients were not taking QT-prolonging drugs. This allowed
for a within-patient evaluation of the C—QTc relationship
in the presence and absence of QT-prolonging drugs. The
results of this analysis suggested that concomitant QT-
prolonging drugs did not further increase QTcF during the
period of their administration (Online Resource 7). However,
limitations exist with the analysis dataset, where the dose
and duration of administration of those QT-prolonging drugs
were not taken into consideration.
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Discussion

The relationship between time-matched concentrations of
both quizartinib and its major metabolite AC886 and QTcF
measurements was described using a model composed of 2
sigmoid E,,, expressions (separately describing the effect of
quizartinib and AC886 exposures) that was developed with
data obtained from multiple-dose administration of quizar-
tinib (20, 30, and 60 mg once daily) in patients with AML
in the QUANTUM-R study [10]. The C-QTc model was
parameterized in terms of baseline QTcF; fixed time effect
parameters for the correction of baseline QTcF; and sepa-
rate E,., ECsy, and Hill coefficient values for quizartinib
and AC886. Both parent quizartinib and metabolite AC886
concentrations were included in the model, in accordance
with the recommendations given in a recent white paper
on C—QTc analysis [14, 17].

An oscillatory function extending over a 24-h period has
been used for circadian rhythm correction in C—QTc analysis
[18], but it requires frequent ECG sampling over the full
24-h time frame for appropriate application. For this C-QTc
analysis, a fixed time effect approach was adopted because
pretreatment QTcF data were obtained primarily between
8:00 am and 5:00 pm. A fixed time effect model corrects the
baseline for circadian rhythm for the time span for which
observed data are available, rather than generating a 24-h
circadian rhythm that extends over the period when there
may be limited or no observed data.

Quizartinib inhibits IKs with an IC5, <300 nM (Daiichi
Sankyo, Inc. Data on file). Owing to the concern that QT
interval would fail to shorten during sudden tachycardia if
IKs is impaired, QTcF was investigated versus R—R interval.
However, there was no evidence of QTcF prolongation with
increased heart rate in both men and women. This relation-
ship between QTcF and R—R interval appeared to be the
same before and during treatment with quizartinib (Online
Resource 2). The relationship was also observed with uncor-
rected QT.

The effects of patient demographics, electrolyte concen-
trations, and selected concomitant medication use on QTcF
variability were evaluated using the C—QTc model. These
covariate effects were tested on baseline QTcF, quizartinib
E,. and AC886 E, . . Covariate modeling was not per-
formed on the ECs of quizartinib or AC886 because IIV in
ECs, was not estimated. In the final model, hypokalemia was
identified as a significant covariate affecting baseline QTcF
but was not found to be a predictor of E,, parameters. In
patients with hypokalemia, the mean QTcF at baseline was
predicted to be prolonged by 6.15 ms relative to the typical
baseline value of 413 ms in patients without hypokalemia.
Since the effect of hypokalemia was observed on baseline
QTcF and noton E_,, it is expected that the AQTcF would

max?
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be the same at the same quizartinib and AC886 concentra-
tions in patients with or without hypokalemia.

Abnormal serum potassium levels, both hypokalemia and
hyperkalemia, affect cardiac function [19]. In the C-QTc
dataset, no patients had hyperkalemia (defined as serum
potassium concentration > 5.3 mmol/L) at baseline, and
only 2.7% of patients experienced hyperkalemia during the
study. In contrast, hypokalemia (defined as serum potassium
concentration < 3.5 mmol/L) was experienced by 15.5% of
patients at baseline and 33.6% during the study. When tested
as a continuous covariate, serum potassium concentration
was not significant for the C—QTc model. The dichotomous
hypokalemia variable was found to be significant and more
informative than continuous serum potassium concentration
values and therefore was used in the C—QTc model for quan-
tifying the effect of a low level of serum potassium.

The final model estimates of E_,, were 31.2 and 2.69 ms
for quizartinib and AC886, respectively. The relative stand-
ard errors associated with the E_,, estimates were reasonable
for quizartinib (at 14.5% coefficient of variation [CV]) but
high for AC886 (at 44.5% CV). The ratio of quizartinib E,,,
to AC886 E,,,, was approximately 12:1, showing a much
greater effect of quizartinib on QTcF relative to AC886.

Previously, a C—QTc analysis was performed in 73
patients with relapsed/refractory AML receiving quizarti-
nib in the phase 2 study 2689-CL-2004 [6, 20]. In this prior
analysis, a linear C—QTc model for quizartinib and AC886
was selected as the final model. By comparison, there was a
tendency toward reaching a plateau in the C—QTc relation-
ship in the QUANTUM-R QTcF data, which may have been
due to the QT-based dose-adjustment scheme (aimed at miti-
gating the potential for QT prolongation) implemented in the
trial. When different structural models were explored using
the QUANTUM-R dataset, the sigmoid E,,, model was
selected as the final model, as it fit the QTcF data better and
was more statistically significant than a linear model. The
superiority of the sigmoid E,,, model over the linear model
lies in its ability to more accurately characterize the C—QTc
relationship at the higher end of the concentration range.
When a sensitivity analysis was performed and predictions
were compared, the linear model showed predictions of
AQTCF similar to those of the sigmoid E,,, model for the
quizartinib and AC886 concentration ranges of <700 ng/
mL and <400 ng/mL, respectively (Online Resource 8).
Although the selection of a linear model to describe data
from the 2689-CL-2004 study and the selection of a sigmoid
E,.x model to describe data from the QUANTUM-R study
were guided by statistical criterion values unique to each
analysis dataset, both models produced adequate and similar
predictions of AQTCcF for the clinically relevant concentra-
tion ranges of quizartinib and AC886.

QT prolongation and arrythmia risks are generally
expected to increase when QT-prolonging drugs are used,
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although this assumption is challenging to rigorously con-
firm in studies given the rare nature of torsades de pointes,
even in the setting of QT prolongation. Meid et al. concluded
that combinations of QT-prolonging drugs did not necessar-
ily result in additive QT prolongation in their evaluation of
2558 psychiatric inpatients and outpatients using the Ari-
zona Center for Education and Research on Therapeutics
class of co-prescribed QT-prolonging drugs [21].

In QUANTUM-R, the coadministration of QT-prolong-
ing drugs with quizartinib did not have a detectable impact
on QT interval prolongation. Further analyses in the 177
patients using QT-prolonging drugs concomitantly in
QuANTUM-R showed that magnitude of QTcF elevation—
and frequency of an increase of > 60 ms from baseline—was
not changed by the duration of overlap with quizartinib treat-
ment. In addition, within-patient evaluation of the C—QTc
relationship in the presence and absence of QTc-prolonging
drugs suggested that concomitant administration of these
drugs did not result in a further increase in QTcF during the
period of their administration (Online Resources 6 and 7).
However, the analysis dataset had limitations due to the lack
of information on dose and duration of administration of the
QT-prolonging drugs.

Collectively, these findings demonstrate that the use of
concomitant QT-prolonging medication does not affect
the relationship between QTcF and quizartinib concentra-
tion. Possible reasons for such a lack of additive QT-pro-
longing effect could include diverse mechanisms leading
to QT prolongation, differing drug effects on the various
cardiac ion channels involved, and a differing magnitude
of QT effect relative to drug dose or variability in the QT
interval. Regardless of the reason, these findings suggest
that patients who receive quizartinib according to the risk
mitigation strategy used in QUANTUM-R (i.e., exclusion
of patients at high risk for QT prolongation, utilization of
a QT-based dosing regimen, use of ECG monitoring, and
maintenance of normal electrolyte levels) can receive con-
comitant QT-prolonging drugs without increasing the risk
of QT prolongation.

The increase in quizartinib exposure with concomitant
use of strong CYP3A inhibitors was demonstrated in a
drug—drug interaction study and in a population PK analysis.
In the drug—drug interaction study, the quizartinib steady-
state AUC and C,,,, were predicted to increase by 96% and
86%, respectively, with concomitant administration of the
strong CYP3A inhibitor ketoconazole [9]. In the population
PK analysis, quizartinib AUC increased by 82% and C,,,,
increased by 72% with concomitant use of a strong CYP3A
inhibitor [13]. Because the current analysis demonstrated
a positive exposure-response relationship in C—QTc, these
results suggest that dose reduction is necessary for patients
who are receiving a concomitant strong CYP3A inhibi-
tor to minimize the risk of QT prolongation. This method

was demonstrated to be effective in QUANTUM-R, where
grade 3 QT prolongation was infrequent and there were no
instances of grade 4 events in the quizartinib arm [10]. As
patients’ intrinsic factors, such as sex and age, do not appear
to affect the exposure-response C—QTc relationship, the only
factor that was shown to result in QTcF increase was an
increase in quizartinib exposure.

In conclusion, an exposure—response relationship was
demonstrated in this C—QTc analysis of quizartinib using

an E,, function. With quizartinib exposure as a significant

predictor of QT increase, this analysis supports the clinical
recommendation that dose reduction is necessary to reduce
the risk of QT prolongation in patients receiving concomi-
tant strong CYP3A inhibitors and in patients experiencing
increased QT interval (QTcF > 450 ms).
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