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Abstract

The BCR-ABL1 inhibitor ponatinib is approved for the treatment of adults with chronic myeloid leukemia or Philadelphia chromosome–positive acute
lymphoblastic leukemia, including those with the T315I mutation. We report a population pharmacokinetic model-based analysis for ponatinib and
its application to inform dose selection for pediatric development. Plasma concentration–time data were collected from 260 participants (86 healthy
volunteers; 174 patients with hematologic malignancies) enrolled across 7 clinical trials. Data were analyzed using nonlinear mixed-effects modeling.
Ponatinib pharmacokinetics were described by a 2-compartment model with first-order elimination from the central compartment. The final model
included body weight and age as covariates on the apparent central volume of distribution; however, exposure variability explained by these covariates
was small compared with overall variability in the population. None of the covariates evaluated, including sex, age (19-85 years), race, body weight
(40.7-152.0 kg), total bilirubin (0.1-3.16 mg/dL), alanine aminotransferase (6-188 U/L), albumin (23.0-52.5 g/L), and creatinine clearance (≥28 mL/min)
had clinically meaningful effects on apparent oral clearance. Simulations based on the final model predicted that daily doses of 15 to 45 mg result
in steady-state average concentrations that are in the pharmacological range for BCR-ABL1 inhibition and approximate or exceed concentrations
associated with suppression of T315I mutant clones. The final model was adapted using allometric scaling to inform dose selection for pediatric
development. Clinicaltrials.gov identifier: NCT00660920; NCT01667133; NCT01650805
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Ponatinib is an oral, small-molecule, tyrosine kinase
inhibitor (TKI)with activity against native andmutated
BCR-ABL1, including the T315I mutant, which is
resistant to all other TKIs approved for use in patients
with chronic myeloid leukemia (CML) or Philadel-
phia chromosome–positive (Ph+) acute lymphoblastic
leukemia (ALL).1–3 In the United States, ponatinib
is indicated for the treatment of adult patients with
chronic-phase CMLwith resistance or intolerance to at
least 2 prior kinase inhibitors; patients with accelerated-
phase or blast-phase CML or Ph+ ALL for whom no
other TKI therapy is indicated; and patients with the
T315I mutation.4 The pivotal phase 2 PACE (Ponatinib
Ph+ ALL and CML Evaluation) trial in patients with
CML or Ph+ ALL who were resistant or intolerant
to dasatinib or nilotinib or had the T315I muta-
tion demonstrated significant antileukemic activity of
ponatinib at a starting dose of 45 mg once daily.5,6

With a median follow-up of 56.8 months (range,
0.1-73.1 months) in heavily pretreated patients with

chronic-phase CML, Kaplan-Meier estimates of 5-year
progression-free survival and 5-year overall survival
were 53% and 73%, respectively.6
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Clinical studies have demonstrated that ponatinib
is readily absorbed following oral administration, with
peak concentrations observed within 6 hours after oral
administration.4,7–13 Ponatinib exhibits approximately
dose-proportional increases in exposure (maximum
concentration [Cmax] and area under the concentration-
time curve [AUC]) over the dose range of 2 to 60mg.4,13

Ponatinib is metabolized through multiple pathways,
primarily by cytochrome P450 (CYP) 3A4 and to a
lesser extent by CYP2C8, CYP2D6, and CYP3A5,
as well as by esterases and/or amidases.4,7 Drug-drug
interaction studies showed that coadministration of
ketoconazole (a strong CYP3A inhibitor) increased
ponatinib Cmax and AUC from time 0 to infinity
(AUC0-∞) by 47% and 78%, respectively,9 whereas
coadministration of rifampin (a strong CYP3A in-
ducer) reduced ponatinib Cmax and AUC0-∞ by 42%
and 62%, respectively.4,11 Following administration of
a single oral dose of radiolabeled ponatinib, ≈87% of
the radioactive dose was recovered in the feces and≈5%
in the urine.4,7

The objectives of this analysis were to develop a
population pharmacokinetics (PK) model based on
available data from phase 1, 1/2, and 3 ponatinib studies
in adult patients and healthy volunteers, including the
identification and quantification of clinically relevant
covariates on population PK parameters, and to esti-
mate individual PK parameters for patients included in
the analysis based on the final population PK model.
Additionally, the final PK model was adapted for
pediatric patients to support dose selection for pediatric
development.

Methods
Data Collection
The protocols of all 7 studies included in this
population PK analysis were approved by the ap-
propriate local institutional review boards (IRBs) or
independent ethics committees. Studies AP24534-11-
102, AP24534-11-103, AP24534-12-107, and AP24534-
12-108 were approved by Institutional Review Board
Services Ontario.8–11 The Japanese phase 1/2 study
(AP24534-11-106, NCT01667133) was approved by
IRBs or independent ethics committees of the 9
participating centers in Japan.12 The phase 1 study
(AP24534-07-101, NCT00660920) was approved by the
IRB at each of the 5 study centers.13 The phase 3
EPIC (Evaluation of Ponatinib Versus Imatinib in
Chronic Myeloid Leukemia) study (AP24534-12-301,
NCT01650805) was approved by the IRBs or indepen-
dent ethics committees of the 106 study sites enrolling
patients.14 All participants provided written informed
consent.

Ponatinib plasma concentration–time data were col-
lected from adult healthy volunteers and patients with

hematologic malignancies who had participated in 1
of 7 clinical trials.8–14 Participant eligibility criteria for
each study are described in the original publications.
Table S1 provides a summary of the studies included in
the population PK analysis. For the food-effect study
in healthy volunteers,8 only data collected under fasted
conditions were included in the population PK anal-
ysis. For the drug-drug interaction studies in healthy
volunteers,9–11 ponatinib data collected in the presence
of the coadministered drug (ie, ketoconazole, rifampin,
or lansoprazole) were excluded from the population PK
analysis. All study procedures were performed in accor-
dance with the International Council for Harmonisa-
tion Good Clinical Practice guidelines and appropriate
regulatory requirements.

Plasma concentrations of ponatinib were measured
using 2 validated liquid chromatography–tandem mass
spectrometry assays.8–10,13

Population PK Modeling
The population PK analysis was performed using
NONMEM (version 7.3; ICON Development So-
lutions, Hanover, Maryland15) for nonlinear mixed-
effects models, running under Perl-speaks-NONMEM
(version 4.6) on a grid of CentOS 7.1 Linux servers
and the Fortran compiler (version 12.0.4; Intel, Santa
Clara, California). Analysis of results and simulations
was performed using R (version 3.4.3; R Foundation
for Statistical Computing, Vienna, Austria16).

For development of the base population PK model,
fixed-effect model parameters (θ ), variances of the
interindividual variability (ω2), and residual error (σ 2)
were estimated. Interindividual variability was imple-
mented by exponential random-effect models, corre-
sponding to log-normally distributed individual param-
eters, and was defined as:

θi = θTV,i · exp(ηi ) (1)

where θ i and θTV are individual and typical values of
the parameter (eg, apparent oral clearance [CL/F]). ηi is
an individual-level random variable sampled from a
normal distribution with a mean of 0 and variance
of ω2, and it represents the ith individual’s deviation
from the typical value. Initially, random effects were
assumed to be independent; however, random-effect
models defined by a nondiagonal variance-covariance
matrix (�) were preferred if they resulted in meaningful
improvements in model fit.

Models describing untransformed data, as well as
data that were log-transformed on both sides, were
evaluated during model development. In models ap-
plying the log-transformed on both sides approach,
the residual unexplained variability was described by



Hanley et al 557

an additive (on the log-scale) error model that was
parameterized as:

log(Yik) = log(Cik) + εik (2)

where Yik was the kth observed concentration in the
ith individual, Cik was the corresponding individual
model-predicted concentration, and εik was the residual
error sampled from a normal distribution with a mean
of 0 and variance of σ 2. Alternative residual error
models with >1 ε were considered with a covariance
matrix � to define the variances and covariances of the
ε’s. Initially, the ε’s were assumed to be uncorrelated.
Nondiagonal � was estimated to evaluate if the data
supported estimation of correlations between ε’s.

Appropriate transformations of parameters were
considered to appropriately constrain parameter values.
For example, log transformation of CL/F was con-
sidered to constrain the estimate to positive values.
Similarly, logit transformations were considered for pa-
rameters describing the fraction of a dose to constrain
the estimate to between 0 and 1.

Shrinkage of interindividual random effects (η) was
evaluated for diagnostic purposes. The shrinkage for a
structural parameter shθ (η shrinkage) was calculated
as17:

shθ = 1 − SD (ηEBE,θ )
ωθ

(3)

where SD(ηEBE,θ ) is the standard deviation of the
individual η for θ , and ωθ is the model estimate of the
SD associated with θ .

Covariate Model Development
Continuous covariates (age, body weight, albumin,
alanine aminotransferase [ALT], total bilirubin, and
creatinine clearance [CrCL]) and categorical covariates
(race, patient or healthy volunteer status, and sex)
were tested in the development of the covariate model
(Table S2). Continuous covariates were included in the
model as power functions, while binary covariates were
implemented as factors:

θTV,i = θTV,Pop ·
(

xCont,i
median(xCont,i )

)θ1

· (1 + xCat,i · θ2)

(4)

In this equation, the parameter θTV,i for the ith
subject is defined as a function of the population typical
value, θTV,Pop, and the individual contributions from
continuous (xCont,i) and binary (xCat,i with values 0
and 1) covariates. θ1 and θ2 represent the respective
covariate coefficients.

A stepwise covariate modeling strategy (single ad-
dition, forward inclusion, and backward elimination)

was performed.18 Model selection was based on the
likelihood ratio test. During the forward inclusion step,
statistical significance of a covariate effect was evalu-
ated using the chi-square test for P < .01. Covariates
that were statistically significant were retained in the
model. In the backward elimination phase, statistical
significance of covariate effects was evaluated using
the chi-square test for P < .001. Significant covariates
were retained, and covariates whose removal did not
lead to a significant worsening of the objective function
value (OFV) were iteratively dropped until no such
nonsignificant covariates (P > .001) remained in the
model. Finally, covariate effects that were imprecisely
estimated (% relative standard error [%RSE] >50%;
that is, the 95% confidence interval included 0) were
considered for exclusion from the covariate model.

Model Evaluation and Qualification
Nested models were compared using the likelihood
ratio test. Structural and residual error model dis-
crimination were based on standard model diagnostics,
such as a decrease in the OFV, precision and accuracy
of parameter estimation (%RSE), condition number,
successful model convergence and covariance step, and
examination of goodness-of-fit plots and prediction-
corrected visual predictive checks (VPCs). In the VPCs,
percentiles (median, 5th, and 95th percentiles) of
observed data were superimposed on those of the
individual model-predicted ponatinib concentration-
time profiles, based on 250 simulated replicates of the
analysis data set. Model robustness and parameter
estimates were assessed by bootstrap based on 1000
resampled data sets with replacement up to the total
number of patients in the original data set.

Simulations
The final population PK model was used to per-
form simulations for patients treated with daily pona-
tinib doses of 15, 30, and 45 mg. Individual plasma
concentration–time profiles of ponatinib were simu-
lated for the typical patient and 1000 virtual patients
to describe ponatinib plasma concentrations with each
once-daily dosing regimen, relative to reference con-
centrations of 10.7 ng/mL (20 nM) and 21.3 ng/mL
(40 nM), which have been previously demonstrated to
suppress most BCR-ABL1 mutants and T315I BCR-
ABL1 mutants, respectively, in cell-based mutagenesis
assays.1 For the typical patient, random effects were set
to zero, and covariate values were set to the median
value in the analysis data set. For virtual patients,
random effects were sampled from the random ef-
fects variance–covariate matrix and covariates were
sampled from distributions designed to reflect values
reported in the data set. The 5th and 95th percentiles
of the concentration-time profiles were derived from
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the profiles of the 1000 virtual patients. The AUC,
Cmax, trough concentration, and average concentration
(Caverage) were derived for each simulated patient and
summarized.

Model-Informed Dose Selection for Pediatric Develop-
ment
A primary objective of the pediatric program for pona-
tinib is to evaluate its safety and efficacy in combination
with multiagent chemotherapy for the treatment of
pediatric patients ≥1 year of age with Ph+ ALL. A
30-mg dose is being evaluated in combination with
chemotherapy in adult patients with Ph+ ALL (Clin-
icalTrials.gov Identifier: NCT03589326). Accordingly,
a model-informed approach was used to establish pe-
diatric posology to approximately match adult expo-
sures at 30 mg for the design of a pediatric study
(ClinicalTrials.gov Identifier: NCT04501614).

For the purpose of predicting pediatric doses that
would match adult exposures at ponatinib 30 mg once
daily, the developed model was adapted by removing
the previously estimated adult covariate effects and
including allometric scaling coefficients of 0.75 and
1 for clearance and volume parameters, respectively.
The adapted model, through simulation, was used to
predict the target exposure (AUC) in adult patients and
to simulate pediatric exposures after administration of
fixed doses of ponatinib. Virtual pediatric patients were
simulated on the basis of body size vs age distributions
from the National Health and Nutrition Examination
Survey data set provided by the Centers for Disease
Control and Prevention.19 A pediatric population con-
sisting of 250,000 virtual pediatric patients was sim-
ulated on the basis of a stepwise uniform pediatric
age distribution designed to mimic the age distribution
published for an imatinib study in pediatric Ph+ ALL
and stratified by sex (50:50 male to female).20 The
pediatric simulations assumed similar bioavailability
between the age-appropriate formulation(s) and the
currently available tablet formulation.

Results
Data Summary
The population PK analysis included data from 260
participants (86 healthy volunteers and 174 patients
with hematologic malignancies; Table S1). The analysis
population was predominantly male (68.8%) andWhite
(71.5%) with a median age of 49 years (range, 19-
85 years; Table S3). A total of 2637 PK samples were
available, of which 121 (4.6%) were below the limit of
quantification. Given the low number of samples below
the limit of quantification, they were excluded from the
analysis.

Population PK Model
The observed ponatinib PK data were described by
a 2-compartment model with first-order elimination
from the central compartment (Figure 1). Of note, a
3-compartment model did not result in a meaningful
improvement in goodness-of-fit and was associated
with imprecise estimates of the apparent volume of
the second peripheral compartment (RSE >100%),
thereby supporting the selection of a 2-compartment
model. For healthy subjects, absorption of ponatinib
into the central compartment was best described by two
parallel processes where a fraction of the dose (F1) was
absorbed via 2 sequential transit compartments and
the remaining fraction (F2) was described by first-order
absorption with a lag time. However, for patients, first-
order absorption with a lag time was not required to
describe the PK of ponatinib, which is likely explained
by the richer serial PK sampling schedules during the
absorption phase in healthy subject studies compared
with the patient studies. Thus, the value of F2 was set
to 0 for patients. The first-order rate constant describing
the second absorption route (Ka2) for the F2 route
was associatedwith considerable parameter uncertainty
(RSE >100%) in preliminary model evaluation. There-
fore, Ka2 was fixed to a value of 4.41 based on its
estimate in initial runs during base model development.

For the F1 route, an absorption model with the
estimated number of transit compartments based on
the Stirling approximation was initially evaluated.21

The number of transit compartments estimated by
this initial model was 0.5, suggesting that the model
could be simplified by including a number of explicitly
defined transit compartments. Models containing 1
and 2 transit compartments were therefore evaluated.
Despite being closer to the estimated number of transit
compartments, an alternative model with 1 transit
compartment resulted in a worse description of the
data than the model with 2 transit compartments.
Consequently, a transit model consisting of 2 explicitly
defined transit compartments was included to describe
absorption via the F1 route in the base population PK
model.

The base model included interindividual variability
on the rate constant of absorption through the F1
route (Ktr, identical to the first-order absorption
rate constant via the F1 route [Ka1]), CL/F, and
the apparent central volume of distribution (V3/F).
Additionally, a correlation between the random
effects on CL/F and V3/F was introduced in the
base model, which reduced the OFV by 42.48
points. The residual error model included distinct
terms to characterize the unexplained variability in
patients and healthy subjects reflecting the richer
serial PK sampling schedule in the healthy volunteer
studies.
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Figure 1. Structural model describing the pharmacokinetics of ponatinib. ALAG2, absorption lag time from the second absorption compartment;
CL/F, apparent oral clearance; D, dose; F1, fraction of absorbed dose entering in the central compartment via the first absorption compartment; F2,
fraction of absorbed dose entering in the central compartment via the second absorption compartment; Ka1, first-order absorption rate constant via
the F1 route;Ka2, first-order absorption rate constant via the F2 route;Ktr, transit rate constants from the first absorption compartment to the central
compartment (identical to Ka1); K34 and K43, distributional rate constants between the central and peripheral compartments; K30, elimination rate
constant from the central compartment;Q/F, apparent distributional clearance; V3/F, apparent central volume of distribution; V4/F, apparent peripheral
volume of distribution.

Table 1. Final Population PK Model Parameters

Parameter Estimate RSE (%) Bootstrap 95%CI Shrinkage (%)

Ka2 4.41/h fixed (4.41-4.41) …
CL/F 34.28 L/h 3.23 (32.01-36.5) …
V3/F 838.6 L 3.56 (778.8-899.1) …
Q/F 17.21 L/h 7.33 (14.91-19.98) …
V4/F 347.4 L 5.25 (311.8-385.6) …
Absorption lag time (ALAG2) 3.932 h 0.271 (3.911-3.952) …
Ka1 (= Ktr) 1.302/h 4.06 (1.199-1.407) …
F2 46.61% 94.4a (39.48-52.57) …
Effect of age on V3/F (Age/49)0.6447 16.7 (0.4225-0.8653) …
Effect of body weight on V3/F (Body weight/77.15)0.5038 30.4 (0.2053-0.8278) …
Residual unexplained variability
Healthy volunteers 14.91%b 5.01c (13.39-16.34) 13%
Patients with hematologic malignancies 38.59%b 20.1c (27.17-53.74) 10%

Interindividual variability
Ka1 46.85%b 6.84c (40.56-53.12) 19%
CL/F 48.04%b 6.03c (42.28-54.29) 6.4%
V3/F 42.33%b 9.88c (34.09-49.79) 20%
Correlation between CL/F and V3/F 63.68% 9.31c (50.93-75.26) …

ALAG2, absorption lag time from the second absorption compartment; CI, confidence interval; CL/F, apparent oral clearance; F2, fraction of absorbed dose
entering in the central compartment via the second absorption compartment;Ka1,first-order absorption rate constant via the F1 route;Ka2,first-order absorption
rate constant via the F2 route; Ktr, transit rate constants from the first absorption compartment to the central compartment (identical to Ka1); Q/F, apparent
distributional clearance; RSE, relative standard error; V3/F, apparent central volume of distribution; V4/F, apparent peripheral volume of distribution.
a
%RSE given on the logit scale.

b
Residual and interindividual variability are shown as % coefficient of variation.

c
%RSE given on the (co)variance scale.

Multivariate stepwise covariate modeling identified
age and body weight as the 2 most statistically sig-
nificant covariates on V3/F. In a third forward ad-
dition step, the effect of age on CL/F was included
(P = .007); however, this parameter-covariate rela-
tionship was removed during backward elimination.
Accordingly, the final model only included age and
body weight as covariates on V3/F.

The PK parameter values estimated for the final
population PK model are presented in Table 1. Final
model parameters were estimated with good precision

with RSE <31% with the exception of F2, which
had an estimated RSE of 94%. The F2 parameter
represented a fraction and was implemented as a logit-
transformed parameter. Accordingly, a value of F2 = 0
for the transformed parameter corresponded to 50%
absorption through each route of absorption. In ad-
dition, for patients, the entire absorbed dose entered
the central compartment via the F1 route; there-
fore, the higher RSE on the F2 parameter was not
considered to impact the characterization of ponatinib
PK in patients. Shrinkage of random effects on CL/F,
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Figure 2. Diagnostic plots. (A) Goodness-of-fit plots of the final model based on population-predicted vs observed plasma ponatinib concentrations
(left) and individual-predicted vs observed plasma ponatinib concentrations (right). Circles represent individual data, black solid lines represent the
identity line, and blue solid lines are LOESS curves.The gray shaded areas represent the 95%CI of the LOESS curves. (B) Conditional weighted residuals
vs time since first dose. (C) Conditional weighted residuals vs predicted plasma ponatinib concentration. In (B) and (C), circles represent individual
data, and the blue solid line with a gray-shaded area shows a linear regression with 95%CI. (D) VPC of the final model for the overall analysis population.
Black circles (whiskers) represent the median (90% range) of observed plasma ponatinib concentrations, and the colored shaded regions represent
the 95%CIs of predicted 50th (blue), 5th (red), and 95th percentile (green) concentrations.CI, confidence interval; LOESS, locally estimated scatterplot
smoothing; VPC, visual predictive check.

V3/F, and Ka1 was <20%. Residual error was best
described as log additive with distinct terms describing
the unexplained variability for patients separately from
healthy volunteers. The residual variability expressed
as the coefficient of variation was ≈15% for healthy
volunteers and 39% for patients. The condition number,
a measure of collinearity between parameter estimates,
was acceptable at 29.32.

Ponatinib CL/F was estimated at 34.28 L/h with
an interindividual variability of 48.0%, indicating that
90% of the population would be expected to have a
ponatinib CL/F between 15.55 and 75.54 L/h. The V3/F
was estimated at 838.6 Lwith interindividual variability
of 42.3%, indicating that 90% of the population with
the same age and body weight would have a V3/F
between 418 and 1682 L.

Goodness-of-fit plots demonstrated close agreement
between the observed and individual predicted pona-
tinib concentrations (Figure 2A). Although some bias
was observed at the population level for the lowest and
highest concentrations, the majority of data points fell
along the line of unity. Conditional weighted residuals
over time plots supported that the residual error
model was appropriately specified and independent
of time (Figure 2B and C). In the bootstrap analysis
of the final covariate model, all of the 1000 bootstrap
replicates (100%) achieved successful convergence.
Parameter estimates based on the analysis data set
were in good agreement with the 95% confidence
interval of parameter values based on the bootstrap
analysis (Table 1). A prediction-corrected VPC of the
final model confirmed that the model was appropriately
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Table 2. Simulations of Steady-State Ponatinib Exposure Metrics for a Typical Patient and the Percentage of Patients Achieving Caverage Above
Reference Concentrations Associated With BCR-ABL1 Inhibition in Cell-Based Assays

Daily Ponatinib Dose

15 mg 30 mg 45 mg

AUCSS, μg · h/mL (90% PI) 0.438 (0.199-0.981) 0.875 (0.398-1.96) 1.31 (0.598-2.94)
CaverageSS, ng/mL (90% PI) 18.2 (8.3-40.9) 36.5 (16.6-81.7) 54.7 (24.9-123)
CmaxSS, ng/mL (90% PI) 24.6 (12.2-53) 49.3 (24.4-106) 73.9 (36.6-159)
CtroughSS, ng/mL (90% PI) 12.5 (4.06-31.4) 25 (8.12-62.9) 37.5 (12.2-94.3)
CaverageSS > 10.7 ng/mL,a % of patients 87.2 99.4 99.9
CaverageSS > 21.3 ng/mL,b % of patients 34.7 87.2 97.2

AUCSS, area under the plasma concentration–time curve at steady state; CaverageSS, average concentration at steady state; CmaxSS, maximum concentration at
steady state; CtroughSS, predose concentration at steady state; PI, prediction interval.
90% PI, 5th to 95th percentile prediction interval.
aConcentration associated with inhibition of BCR-ABL1 in cell-based assays.
b
Concentration associated with inhibition of BCR-ABL1 T315I mutants in cell-based assays.

specified (Figure 2D). Stratification of theVPCby dose,
study, and population (ie, patient vs healthy volunteers)
indicated the absence of readily apparent sources of
heterogeneity in ponatinib PK by these factors.

Based on the final model, the individual predicted
steady-state AUC of ponatinib for a 45-mg dose,
calculated as AUCi = 45 mg/(CL/Fi), was evaluated
vs relevant covariates using linear regression analyses.
Figure 3 shows the correlations between individual
predicted exposure and the continuous covariates of
age (Figure 3A), body weight (Figure 3B), albumin
(Figure 3C), total bilirubin (Figure 3D), CrCL (Fig-
ure 3E), and ALT values (Figure 3F). Across the entire
analysis population, the 5th and 95th percentiles of in-
dividual predicted exposures were −51.8% and +113%
relative to the median AUC, respectively. The AUC at
the 5th and 95th percentiles of continuous covariates
relative to the AUC at the median covariate value was
at most 14.5% for any covariate, which was well below
the variability in individual predicted AUC across the
entire analysis population. Similarly, for categorical
covariates of sex (Figure 3G), population (ie, healthy
volunteer or patient; Figure 3H) and race (Figure
3I), the magnitude of relative difference in predicted
AUC for each category was at most 15.1% compared
to the most common category, which was below the
total variability in individual predicted AUC across the
entire analysis population. Additionally, these differ-
ences are substantially lower than the reported overall
variability for ponatinib PK (coefficient of variation
of 73% for AUC).4 Figure 4 illustrates the magnitude
of covariate effects relative to the overall population
of ponatinib exposures. Taken together, these analyses
confirmed the absence of clinically meaningful effects
of the covariates of interest on the systemic exposure
(AUC) of ponatinib and were consistent with these
covariates not having clinically meaningful effects on
CL/F.

Model-Based Simulations
Simulated ponatinib concentration-time profiles for the
typical patient and the 5th to 95th percentile ranges
across 1000 virtual patients following once-daily ad-
ministration of 15, 30, or 45 mg ponatinib over the
first week of treatment and on day 28 are shown in
Figure 5. Steady-state ponatinib PK parameters for
a typical patient and the associated 90% prediction
interval for the simulated population are summarized
in Table 2. Based on the model simulations, the AUC
and Caverage at steady state following treatment with
45 mg of ponatinib once daily in the typical patient
(90% prediction interval) were 1.31 μg·h/mL (0.598-
2.94) and 54.7 ng/mL (24.9-123), respectively. For 30mg
once daily and 15 mg once daily, the correspond-
ing values for AUC were 0.875 μg·h/mL (0.398-1.96)
and 0.438 μg·h/mL (0.199-0.981), respectively, and for
Caverage were 36.5 ng/mL (16.6-81.7) and 18.2 ng/mL
(8.3-40.9), respectively. Over the 15- to 45-mg dose
range, there was an increase in the percentage of simu-
lated patients achieving Caverage values associated with
inhibition of BCR-ABL1 (>10.7 ng/mL) and T315I
mutants (>21.3 ng/mL) in cell-based assays.

Allometric Scaling of the Population PK Model for
Pediatric Dose Selection
The developed population PK model was subsequently
adapted using allometric scaling to inform pediatric
dose selection. Simulations were performed to identify
pediatric doses that would result in systemic exposures
comparable to those observed at an adult reference dose
of 30mg. Results of the pediatric simulations (Figure 6)
indicated that ponatinib doses of 5 mg, 10 mg, 20 mg,
or 30 mg for patients weighing≥5 and<15 kg,≥15 and
<30 kg,≥30 and<45 kg, and≥45 kg are anticipated to
result in systemic exposures that approximately match
adult exposures following a 30-mg dose.
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Figure 3. (A-F). Individual predicted ponatinib steady-state exposures (45 mg once daily) vs continuous covariates: age (A), body weight (B), serum
albumin (C), bilirubin (D), CrCL (E), and ALT (F). Small black circles represent individual ponatinib exposures; black line (gray-shaded area) represents
a linear regression (95%CI) of individual exposures vs covariate; numbers [ranges] at the top of the plots are changes in percent [95%CI] in ponatinib
exposure predicted by the linear regression at the 5th or 95th percentile of individual covariate values (large black circles) relative to the predicted
AUC at the median of individual covariate values (red circle and horizontal line). (G-I) Individual predicted exposures vs categorical covariates: sex (G),
disease status (H), and race (I). Boxplots represent distributions of individual ponatinib exposures vs covariates; numbers [ranges] at the top of the
plots are changes in percent [95%CI] in ponatinib mean exposure at categorical covariate values (large black circles) relative to the predicted AUC
in the most common covariate category (red circle and horizontal line); numbers below each box represent the sample size within each category.
ALT, alanine aminotransferase; AUC, area under the plasma concentration–time curve; CI, confidence interval; CrCL, creatinine clearance; HV, healthy
volunteers; Pts, patients.
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Figure 3. Continued

Discussion
This population PK analysis of the oral TKI ponatinib
provides a comprehensive model-based integration of
data from 260 participants (174 patients and 86 healthy
volunteers) enrolled across 7 clinical trials, including
5 phase 1 studies,8–11,13 1 phase 1/2 study,12 and 1
phase 3 study.14 The PK of ponatinib was adequately
described by a 2-compartment model with linear first-
order elimination from the central compartment. The
absorption component of the model consisted of 2
routes of absorption where the first route of absorption
was described by 2 discrete transit compartments, and
the second route was described by a delayed first-order
absorption process. While the absorption in patients
could be described solely by the first absorption route,
absorption in healthy volunteers necessitated a split of
the absorbed dose between the 2 routes. The need for
the complex absorption profile in the healthy volunteer
group appeared to be driven in part by differences in
the study designs and PK sampling schemes employed
across the clinical program. Data obtained from the
studies in patients with hematologic malignancies12–14

was based on a heterogeneous mix of patients with

varying degrees of comorbidities and concomitant
medications, and PK samples were obtained predom-
inantly following repeated doses. In contrast, PK sam-
ples in the healthy volunteer trials were obtained fol-
lowing single doses of ponatinib under a strict serial
sampling schedule. The final population PK model
included individual random effects on CL/F, V3/F, and
Ka1. The correlation between random effects for CL/F
and V3/F was estimated in the model to improve fit and
allow the model to reproduce the observed correlation
in simulations.

Multivariate stepwise covariate modeling did not
identify significant effects of any covariates on CL/F.
Age and body weight were the only covariates that had
statistically significant effects on V3/F. The effects of
these covariates on V3/F did not influence overall sys-
temic exposure (AUC), were small relative to the overall
variability of ponatinib V3/F in the patient population,
and were therefore not considered to be of clinical
significance. To further confirm the selected covariate
model and the lack of an impact on total systemic
exposure of ponatinib (AUC), relationships between
individual model-predicted ponatinib AUC and covari-
ates were explored. For continuous and categorical
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Body weight: 54.6 kg

Body weight: 111 kg
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Albumin: 48 g/L
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Race: Black vs White

Race: Other vs White

Formulation: Capsule vs Tablet

Race: Asian vs Non-Asian

Relative change in ponatinib exposure (95% CI)
-50 500 100

Figure 4. Magnitude of covariate effects relative to the overall population on individual predicted estimates of ponatinib exposure.The horizontal blue
bar shows the 5th to 95th percentile range of ponatinib exposures relative to the median of individual predicted exposures. Red circles (error bars)
show exposures (95%CI) at the 5th and 95th percentile of a covariate compared with exposure at the median (continuous covariates) or exposures
for a covariate category relative to the reference (most common) category. ALT, alanine aminotransferase; CI, confidence interval; CrCL, creatinine
clearance; HV, healthy volunteers; Pts, patients.

covariates, the model-predicted exposure at the 5th and
95th percentiles of the covariate fell within –13.9% and
15.1% of the exposure at the median covariate value,
respectively. Based on these findings, it was concluded
that patient-specific factors, including albumin (23-52.5
g/L), sex, age (19-85 years), body weight (40.7-152 kg),
total bilirubin (0.1-3.16mg/dL),ALT (6-188U/L), crea-
tinine clearance (27.8-296mL/min), and race (including
Asian race), did not contribute to clinically important
differences in ponatinib exposure. Of note, a common
global dose without adjustment for any baseline covari-
ates was used during the clinical development of pona-
tinib. The lack of an effect of mild and moderate renal
impairment (ie, creatinine clearance ≥30 mL/min) is
consistent with metabolism being the primary route of
clearance for ponatinib as there was negligible urinary
excretion of ponatinib in the radiolabeled mass balance
study.7

The final model was then used to simulate pona-
tinib plasma concentrations at varying doses in a
patient population. In cell-based assays, a ponatinib
concentration of 20 nM (10.7 ng/mL) was sufficient
to suppress most BCR-ABL1 mutant clones and a
concentration of 40 nM (21.3 ng/mL) completely sup-
pressed T315I mutant clones.1 In the simulations using
the final population PK model, ponatinib doses of
15 to 45 mg once daily were predicted to result in
steady-state Caverage values that approximated or ex-
ceeded these concentrations associated with in vitro
pharmacological activity of ponatinib. The comparison
of total plasma concentrations to in vitro potency esti-
mates without corrections for plasma protein binding
is supported by data demonstrating that the presence
of physiologically relevant concentrations of albumin
had no meaningful impact on the cellular potency of
ponatinib.22
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Figure 5. Simulated ponatinib concentrations vs time in the first week (left panels) and over the day 28 dosing interval (right panels) of once-
daily dosing with 15 mg, 30 mg, or 45 mg. Solid black lines show the ponatinib plasma concentration–time profile predicted for the typical patient;
shaded areas show the 5th to 95th percentiles of concentration-time profiles predicted for 1000 virtual patients; horizontal dashed lines represent
concentrations of ponatinib associated with inhibition of BCR-ABL1 (10.7 ng/mL) and T315I mutants (21.3 ng/mL) in cell-based assays.

Ponatinib was initially approved in 2012. However,
subsequent to its approval, a dose-optimization study
(NCT02467270; OPTIC) was initiated due to long-
term safety data indicating a risk for arterial occlusive
events. The OPTIC (Optimizing Ponatinib Treatment
in Chronic Myeloid Leukemia) study was designed to
evaluate starting doses of ponatinib 45 mg, 30 mg,
and 15 mg once daily with a mandatory dose re-
duction to 15 mg once daily upon achievement of
≤1% BCR-ABL1/ABL1IS for patients receiving 45 mg
or 30 mg of ponatinib.23 The results of the cur-
rent population PK analysis indicate that exposures
achieved with doses of 15 to 45 mg are within the
pharmacologically active range for BCR-ABL1 inhibi-
tion, thereby supporting the selection of these doses
for evaluation of dose-response for efficacy and safety
in OPTIC.

Because no pediatric clinical PK data are currently
available for ponatinib, an allometric scaling approach
was used to project pediatric PK using the developed
adult population PK model. The use of allometry
was supported by knowledge of clearance mecha-

nisms for ponatinib and their corresponding ontogeny.
Specifically, ponatinib is metabolized predominantly
by CYP3A with additional contributions by esterases
and/or amidases. These clearance mechanisms are ex-
pected to approach adult levels within the first year
of life.24–27 The results of these simulations using the
allometrically adapted model supported the selection
of weight-binned posology for pediatric development
(ClinicalTrials.gov Identifier: NCT04501614).

Conclusions
Ponatinib PKwas described by a 2-compartmentmodel
with linear first-order elimination. Covariates of inter-
est, including sex, age, race, bodyweight, total bilirubin,
ALT, albumin, and CrCL did not have clinically mean-
ingful effects on the PKof ponatinib, suggesting that no
dose adjustment is required based on these covariates.
Doses of 15 to 45 mg resulted in exposures within
the pharmacologically active range for BCR-ABL1
inhibition. Simulations from the final model were used
to inform dose selection for pediatric development.
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Figure 6. Predicted pediatric exposures of ponatinib in patients receiving 30 mg (body weight ≥45 kg), 20 mg (≥30 and <45 kg), 10 mg (≥15 and
<30 kg), or 5 mg (≥5 and <15 kg) compared with adult exposures at 30 mg. Circles (error bars) denote the median (5th to 95th percentile) of
AUC for pediatric patients in each 5-kg body weight bin. The solid black line represents the median of AUC for adult patients as estimated from the
population PK analysis; dotted lines represent the 5th and 95th percentiles and dashed lines represent the range for adult patients. AUC, area under
the plasma concentration–time curve; PK, pharmacokinetic.
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