
1 of 10Clinical and Translational Science, 2025; 18:e70175
https://doi.org/10.1111/cts.70175

Clinical and Translational Science

ARTICLE OPEN ACCESS

Population Pharmacokinetic and Exposure–Response 
Analyses for Ponatinib in the Phase 3 PhALLCON Study
Michael J. Hanley1   |  Thomas R. Larson1   |  Paul M. Diderichsen2   |  Anna Largajolli2   |  Katrina Hui2  |  
Jaydeep Srimani1  |  Bingxia Wang1  |  Alexander Vorog1  |  Neeraj Gupta1

1Takeda Development Center Americas, Inc., Cambridge, Massachusetts, USA  |  2Certara, Radnor, Pennsylvania, USA

Correspondence: Michael J. Hanley (michael.hanley@takeda.com)

Received: 15 November 2024  |  Revised: 31 January 2025  |  Accepted: 7 February 2025

Funding: This study was supported by Takeda Development Center Americas Inc.

Keywords: dose–response | oncology | pharmacokinetics | pharmacometrics | population PK-PD

ABSTRACT
In March 2024, ponatinib received accelerated FDA approval for the treatment of newly diagnosed Philadelphia chromosome-
positive acute lymphoblastic leukemia (Ph + ALL) in combination with chemotherapy based on the Phase 3 PhALLCON study 
(NCT03589326), which demonstrated a higher rate of minimal residual disease (MRD)-negative complete remission (CR) at the 
end of induction (EOI) with ponatinib (34.4%) versus imatinib (16.7%; p = 0.002). Patients received ponatinib (30 mg QD with 
reduction to 15 mg QD upon achievement of MRD-negative CR at EOI) or imatinib (600 mg QD) combined with 20 cycles of 
reduced-intensity chemotherapy (induction: 3 cycles; consolidation: 6 cycles; and maintenance: 11 cycles). Ponatinib pharmacoki-
netics (PK) were similar in patients in PhALLCON and patients in a previous population PK analysis. Bayesian re-estimation 
of the previously developed population PK model adequately described PhALLCON PK data. Exposure–efficacy analyses did 
not identify a significant relationship between ponatinib exposure and the probability of MRD-negative CR at EOI (p = 0.619), 
suggesting a consistent efficacy benefit across exposures. Ponatinib exposure was not a significant predictor of arterial occlusive 
events, venous thromboembolic events, thrombocytopenia, or lipase increase (p > 0.05). However, higher exposures were asso-
ciated with a higher probability of hypertension (p = 0.0340) and alanine aminotransferase (ALT) increase (p = 0.0034). Dose 
reduction from 30 to 15 mg was predicted to decrease the odds of experiencing hypertension by 37.7% and ALT increase by 44.2%. 
Collectively, exposure–response analyses support a favorable benefit–risk profile of the approved ponatinib dosage (30 mg QD 
reduced to 15 mg QD upon achievement of MRD-negative CR at EOI), combined with chemotherapy, for frontline treatment of 
Ph + ALL.

1   |   Introduction

Ponatinib is a next-generation BCR::ABL1 tyrosine kinase inhib-
itor (TKI) that potently inhibits BCR::ABL1, including variant 
forms of the protein with T315I and other single-point mutations 
that confer resistance to first- and second-generation BCR::ABL1 
TKIs [1, 2]. Several clinical studies have demonstrated a favorable 
benefit–risk profile for ponatinib as a single agent in patients with 
refractory chronic myeloid leukemia (CML) and Philadelphia 

chromosome-positive acute lymphoblastic leukemia (Ph + ALL) 
[2–7]. In 2012, ponatinib received its initial approval as a sin-
gle agent at a dosage of 45 mg once daily (QD) for the treatment 
of CML and Ph + ALL based on the results of the pivotal PACE 
trial (NCT01207440) [3, 6]. Subsequently, the randomized Phase 
2 OPTIC trial (NCT02467270) was conducted to evaluate the 
efficacy and safety of three ponatinib starting doses (45, 30, or 
15 mg) in patients with chronic-phase CML (CP-CML) resistant 
to ≥ 2 TKIs or with a T315I mutation [7]. Patients randomized 
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to the 45- or 30-mg starting dose cohorts in OPTIC under-
went a dose reduction to 15 mg QD upon achievement of ≤ 1% 
BCR::ABL1IS. All three ponatinib starting doses showed clinical 
benefit in patients with CP-CML. However, the 45 mg QD start-
ing dose with a dose reduction to 15 mg QD upon achievement of 
response was associated with optimal benefit–risk outcomes [7], 
resulting in this dosing regimen being approved in 2020 for the 
treatment of patients with CP-CML resistant or intolerant to ≥ 2 
prior TKIs [8]. Importantly, the prospective dosage adjustment 
for ponatinib upon response demonstrated a lower rate of arte-
rial occlusive events (AOEs) in OPTIC compared with the 45 mg 
QD continuous regimen evaluated in PACE [3, 6–8].

More recently, in March 2024, ponatinib received accelerated ap-
proval in the United States for the treatment of adults with newly 
diagnosed Ph + ALL in combination with chemotherapy [8]. 
This accelerated approval was based on the results of the global, 
Phase 3, open-label, randomized PhALLCON (NCT03589326) 
study comparing ponatinib versus imatinib, administered in 
combination with reduced-intensity chemotherapy, in patients 
with newly diagnosed Ph + ALL [9]. The primary endpoint of 
PhALLCON was met, with the rate of minimal residual disease 
(MRD)–negative complete remission (CR) at the end of induc-
tion being significantly higher in the ponatinib arm (34.4%) than 
in the imatinib arm (16.7%; p = 0.002) [9]. The safety profile of 
ponatinib was manageable and comparable to imatinib when 
combined with reduced-intensity chemotherapy [9]. AOEs were 

infrequent in PhALLCON, with similar incidences in the pona-
tinib and imatinib arms (2.5% and 1.2%, respectively).

The PhALLCON study included a secondary objective to collect 
sparse pharmacokinetic (PK) samples for population PK and ex-
posure–response analyses for ponatinib. As described herein, the 
results of these analyses support a favorable benefit–risk profile of 
the approved ponatinib dosage (starting dosage of 30 mg QD with 
a reduction to 15 mg QD upon achievement of MRD-negative CR 
at the end of induction), combined with chemotherapy, for the 
treatment of patients with newly diagnosed Ph + ALL.

2   |   Methods

The population PK and exposure–response analyses considered 
data obtained from patients treated with ponatinib in PhALLCON 
as of the final analysis for the primary endpoint of MRD-negative 
CR at the end of induction (data cutoff date of August 12, 2022). 
Full details and results of the PhALLCON study have been pre-
viously published [9]. In brief, 245 patients with newly diagnosed 
Ph + ALL were randomized 2:1 to ponatinib (n = 164) or imatinib 
(n = 81) in combination with twenty 28-day cycles of reduced-
intensity chemotherapy (including 3 cycles of induction therapy 
[vincristine and dexamethasone], 6 cycles of consolidation ther-
apy [alternating cytarabine and methotrexate], and 11 cycles of 
maintenance therapy [vincristine and prednisone]). The primary 
endpoint of the study was evaluated in the intent-to-treat popu-
lation with a baseline BCR::ABL1 dominant p190 or p210 variant 
identified by central laboratory assessments (N = 232; 154 patients 
in the ponatinib arm and 78 patients in the imatinib arm). An ad-
ditional eight patients were enrolled at sites in Japan and assigned 
to the ponatinib arm only as part of a country-specific protocol 
amendment; therefore, these patients did not contribute to the 
evaluation of the primary efficacy endpoint and were excluded 
from the exposure–efficacy analysis. However, patients enrolled 
in Japan were included in the population PK and exposure–
safety analyses. Ponatinib was administered at a starting dosage 
of 30 mg QD, and patients had their dose reduced to 15 mg QD 
if MRD-negative CR was achieved at the end of induction. Re-
escalation to ponatinib 30 mg QD was possible if MRD negativity 
was lost after the dose reduction, and stepwise dose reductions 
down to 10 mg QD were allowed to manage AEs. The selection 
of the 30-mg QD ponatinib starting dose for this study versus the 
higher 45-mg ponatinib dose was based on the expectation of a 
better benefit–risk profile at 30 mg in combination with chemo-
therapy due to the potential for overlapping toxicities.

The PhALLCON study protocol was approved by the insti-
tutional review boards or ethics committees of participating 
sites. The study was conducted in compliance with applica-
ble regulatory requirements and the International Council for 
Harmonisation Guideline for Good Clinical Practice. All pa-
tients provided written informed consent.

2.1   |   Ponatinib PK Assessments and Population 
PK Analyses

Sparse blood samples were collected during Cycles 1 through 
12 of the study to measure plasma concentrations of ponatinib. 

Summary

•	 What is the current knowledge on the topic?
○	 Ponatinib, a tyrosine kinase inhibitor, received 

accelerated approval in March 2024 for newly di-
agnosed Philadelphia chromosome-positive acute 
lymphoblastic leukemia (Ph + ALL) in combination 
with chemotherapy based on the results of the Phase 
3 PhALLCON study.

•	 What question did this study address?
○	 Do exposure–response relationships for efficacy and 

safety endpoints in PhALLCON support the recom-
mended ponatinib dosage (30 mg QD with reduction 
to 15 mg QD upon achievement of minimal residual 
disease [MRD]-negative complete remission [CR] at 
end of induction [EOI]) combined with chemother-
apy for newly diagnosed Ph+ ALL?

•	 What does this study add to our knowledge?
○	 No significant relationship was identified between 

ponatinib exposure and efficacy (MRD-negative CR 
at EOI), suggesting a consistent benefit across the 
exposure range. Statistically significant exposure–
safety relationships were observed for hypertension 
and alanine aminotransferase increase, with higher 
exposures associated with a higher probability of ex-
periencing these adverse events.

•	 How might this change clinical pharmacology or 
translational science?
○	 The exposure–response analysis results support 

a favorable benefit–risk profile of the approved 
response-based dosage for ponatinib in combination 
with chemotherapy.
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Specifically, a predose sample was collected prior to dosing on 
Day 1 of Cycles 1, 2, 3, 4, 6, 9, and 12. On Day 1 of Cycle 2, samples 
were also collected at 1, 4, and 6 h postdose. Additional postdose 
PK samples were obtained on Day 14 of Cycles 1 and 2, with one 
sample collected before initiating the vincristine infusion and 
one sample collected after the vincristine infusion before the 
patient left the clinic. An unscheduled trough sample collection 
was also to be performed at the first scheduled visit following a 
dose reduction of at least 7-day duration prior to the visit. The 
PK sampling times were selected based on the known PK profile 
of ponatinib and feasibility for collection as part of the Phase 3 
study. Plasma concentrations of ponatinib were measured using 
a previously reported validated liquid chromatography/tandem 
mass spectrometry assay [10, 11].

A previous population PK analysis provided a robust and com-
prehensive characterization of ponatinib PK and sources of vari-
ability using data from both healthy participants and patients 
with cancer [12]. As a result, a Bayesian re-estimation approach 
was used to derive individual PK parameters of ponatinib for 
patients in PhALLCON using the previously developed popu-
lation PK model as a prior [12]. The population PK analysis was 
performed using NONMEM Version 7.4.3 for nonlinear mixed-
effects models.

In addition, the individual predicted exposure following 30 mg 
ponatinib was calculated based on the individual estimated ap-
parent oral clearance values (CL/F; i.e., area under the plasma 
concentration–time curve [AUC] = 30 mg/[CL/F]). To evaluate 
potential trends between covariates and individual predicted 
exposure, ponatinib AUC was then subsequently correlated 
with individual covariates based on linear regression models.

2.2   |   Exposure–Response Analyses

The individual PK parameters estimated from the population 
PK analysis were used to derive ponatinib systemic exposure 
metrics for the examination of exposure–response relationships 
for selected efficacy and safety outcomes from the PhALLCON 
study. Patients were considered for the exposure–response anal-
yses if they had both PK (i.e., exposure) and response (i.e., effi-
cacy or safety) information available. The ponatinib exposure 
metric used in the exposure–response analyses was the normal-
ized cumulative exposure (NCE) from the beginning of treat-
ment (i.e., Time 0) to a given time after the first dose and was 
calculated using the following equation:

In this equation, C(�) represented the individual predicted con-
centration of ponatinib exposure at time �, and tday i was the time 
indicating a particular study day. In the analysis of ponatinib 
efficacy, tday i represented the time of the last nonzero ponatinib 
dose before the response assessment at the end of induction was 
evaluated. For the time to first AE-related dose reduction or in-
terruption analyses, tday i represented the time of the last nonzero 
ponatinib dose before the first AE-related dose reduction or in-
terruption. For the analyses of ponatinib safety, tday i represented 
the time of the event for an AE occurring in the period of dosing 

and the time of the last nonzero ponatinib dose if the AE occurred 
later. For patients not experiencing an event, NCE was based on 
their entire period of dosing. As such, NCE was equivalent to the 
average ponatinib concentration from time 0 to tday i. This expo-
sure metric was selected because it accounted for any dose reduc-
tions or interruptions from the start of treatment to the time of the 
event, including the protocol-specified dose reduction to 15 mg for 
patients achieving MRD-negative CR at the end of induction.

Covariate analysis based on an iterative forward addition pro-
cess followed by backward elimination was performed as part 
of the exposure–response analyses if ponatinib exposure was 
identified as a statistically significant predictor (p < 0.05). The 
likelihood ratio test was used to evaluate the significance of in-
corporating or removing covariate effects in the model. For for-
ward addition and backward elimination, significance levels 
of 0.01 and 0.001 were used, respectively. In the first forward 
addition step, the improvement relative to the base model was 
assessed when each of the covariates was added alone (i.e., uni-
variate analysis). The most statistically significant model was 
used in the subsequent forward addition step. Only covariates 
that resulted in a statistically significant improvement in the 
model fit in a given forward addition step were considered in 
the next step. During the backward elimination process, co-
variates were removed from the model one at a time if their 
deletion led to nonsignificant increases in the log-likelihood of 
the model. The least significant covariate was removed first, 
and the procedure was repeated until no more nonsignificant 
covariates were left in the model. The covariates examined 
in the exposure–response analyses are presented in Table S1. 
The derivation of exposure metrics and the exposure–response 
analyses were performed using R version 4.0.2.

As described subsequently, the exposure–response models esti-
mated the effect of a 1 ng/mL increase in ponatinib NCE on the 
log odds ratio of response/AE. The impact of reducing the pona-
tinib dose from 30 to 15 mg was calculated as the inverse logit of 
the difference in typical exposure predicted by the population 
PK model for 30 and 15 mg, multiplied by the exposure–response 
model effect estimate.

2.3   |   Exposure–Efficacy Analyses

The efficacy endpoint evaluated was the primary endpoint of the 
study, MRD-negative CR at the end of induction. The probabil-
ity of achieving MRD-negative CR at the end of induction was 
related to ponatinib exposure (NCE) using a logistic regression 
model taking the following general form:

In this equation, Pi was the probability of MRD-negative CR at 
the end of induction for patient i, �0 was an intercept that defined 
the logit of the probability of response in the absence of pona-
tinib exposure (and other potential covariates), and �1 was the 
slope for the effect of exposure such that the odds of response 
increased multiplicatively by e�1 for every unit increase in pona-
tinib exposure, considering all other effects (if any) in the model 

NCEday i = ∫
tday i
0

C(�)d�∕tday i

log

(

Pi
1 − Pi

)

= �0 + �1 ∙ NCE + �2 ∙ X2 + … �p ∙ Xp
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fixed. The parameters �2 to �p were included to capture the effect 
of other potential covariates X2 to Xp.

2.4   |   Exposure–Safety Analyses

Exposure–safety analyses were performed to examine the relation-
ship between ponatinib exposure and the following clinically rel-
evant AEs: AOEs, venous thromboembolic events (VTEs), lipase 
increase, hypertension, alanine aminotransferase (ALT) increase, 
and thrombocytopenia. In the PhALLCON study, AOEs and VTEs 
were adjudicated by an independent cardiovascular endpoint adju-
dication committee [9]. Adverse events (AEs) were considered for 
the exposure–safety analyses if they occurred from the first day 
of ponatinib dosing until 30 days after the last ponatinib dose. For 
an AE occurring more than once for a patient, the time to the first 
occurrence of the worst grade of the AE was used in the analysis.

The relationship between ponatinib exposure (NCE) and the 
probability of experiencing each AE was estimated by propor-
tional odds logistic regression models taking the following gen-
eral form:

In this equation, β0k represents the baseline logit for AE of grade 
k or lower, and �1 was the slope for the ponatinib exposure effect. 
The parameters �2 to �p relate to the effect of other potential co-
variates, X2 to Xp, in the same manner described above for the 
exposure–efficacy model.

2.5   |   Exposure–Dose Adjustment Analyses

The relationship between ponatinib exposure and the time to 
first AE-related ponatinib dose reduction or interruption was 
assessed in two separate time-to-event (TTE) models reflecting 
the protocol-specified dose reduction to 15 mg for patients who 
achieved MRD-negative CR at the end of the induction phase of 
the study (i.e., Day 1 of Cycle 4). The first TTE analysis evalu-
ated the time to first AE-related dose reduction or interruption 
from Day 1 of Cycle 1 to the end of induction. The second TTE 
analysis considered the time to first AE-related dose reduction 
or interruption after induction (i.e., after Day 1 of Cycle 4). 
Only efficacy responders who achieved MRD-negative CR at 
the end of induction and who did not undergo AE-related dose 
reductions or interruptions during induction were included in 
this second TTE analysis of the time to first AE-related dose 
reduction or interruption after Day 1 of Cycle 4.

Cox proportional hazards TTE models were developed to de-
scribe the time to first AE-related dose reduction or interrup-
tion. The basic form of the Cox proportional hazards model 
was the following equation that related the probability of being 
event-free (i.e., no dose reduction or interruption) up to time t, 
S(t), to the hazard function h(t):

The hazard function was modeled according to the following 
equation:

where h0(t) represented a nonparametric baseline hazard, the 
general function, f, was the effect of ponatinib exposure (NCE) 
as a predictor of dose reductions or interruptions, and parame-
ters �2 to �p described the effect of other potential covariates, X2 
to Xp, in the same manner described above.

3   |   Results

3.1   |   Population PK Analyses

Ponatinib PK data from 166 patients in PhALLCON contrib-
uted to the Bayesian re-estimation. Goodness-of-fit plots of the 
final Bayesian re-estimation model demonstrated that the final 
model adequately described the observed PK data (Figure S1). A 
prediction-corrected visual predictive check was also performed 
to evaluate if the previously developed population PK model [12] 
with parameter values (fixed effects and random effects vari-
ances) fixed to the final estimates would be able to adequately pre-
dict ponatinib plasma concentration–time data from PhALLCON. 
Overall, the previously developed population PK model ade-
quately described the PK of ponatinib in PhALLCON (Figure 1).

Compared with the overall variability in exposure, the relative 
changes in individual-predicted ponatinib exposures at the 
5th and 95th percentiles for continuous covariates or between 
groups for categorical covariates were not clinically meaningful 
(Figure 2). These post hoc analysis results are consistent with 
the findings from the previously reported covariate evaluation in 
the original population PK analysis that demonstrated no clin-
ically relevant effects of these covariates on ponatinib PK [12].

3.2   |   Exposure–Efficacy Analyses

The exposure–efficacy analysis dataset included 150 pa-
tients randomized to the ponatinib arm of the study who had 
BCR::ABL1 dominant variants of p190 or p210 confirmed by 
central laboratory assessments and adequate PK information 
available. No statistically significant relationship was identified 
between ponatinib exposure and the probability of achieving 
MRD-negative CR at the end of induction (odds ratio [OR]: 1.01 
[95% confidence interval (CI): 0.982–1.03]; p = 0.619). Therefore, 
no additional covariate analysis was performed. Figure 3 shows 
the observed and model-predicted probability of achieving MRD-
negative CR at the end of induction versus ponatinib exposure.

3.3   |   Exposure–Safety Analyses

The analysis dataset for the exposure–safety analyses included 
166 patients treated with ponatinib with adequate safety and 
PK data available. No statistically significant relationship was 
identified between ponatinib exposure and the probability of 
experiencing an AOE, VTE, thrombocytopenia, or lipase in-
crease (Table 1). Accordingly, no additional covariate analysis 
was conducted. The observed and model-predicted proportion 

logit
(

Pik,AE
)

= log

(

Pik,AE

1 − Pik,AE

)

= �0k + �1 ∙ NCE + �2 ∙ X2 + … �p ∙ Xp,

𝛽01 > 𝛽02 > 𝛽03 > 𝛽04

S(t) = e−∫
t

0 h(�)d�

h(t) = h0(t) × f
(

NCE, βX
)

× exp
{

�2 ∙ X2 + … �p ∙ Xp
}
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FIGURE 1    |    Prediction-corrected visual predictive check of the final Bayesian re-estimation PK model for the PhALLCON study. The black circles 
(lines) represent the median (90th percentile range) of observed ponatinib plasma concentrations. The colored shaded regions represent the 95% CIs 
of predicted 5th (pink), 50th (blue), and 95th (green) percentiles of ponatinib plasma concentrations. CI, confidence interval; PK, pharmacokinetic; 
VPC, visual predictive check.
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of patients with grade ≥ 1 AOEs, VTEs, thrombocytopenia, or 
lipase increase is shown in Figure 4a–d.

A statistically significant relationship was identified between 
ponatinib exposure and the probability of experiencing hyper-
tension or ALT increase, with higher exposures associated with 
a higher probability of experiencing these AEs (Table 1). No ad-
ditional covariates were identified as statistically significant in 
the subsequent covariate analyses. Based on the final exposure–
safety models, a ponatinib dose reduction from 30 to 15 mg was 
predicted to decrease the odds of hypertension by 37.7% (OR: 
0.623 [95% CI: 0.403–0.963]) and ALT increase by 44.2% (OR: 
0.558 [95% CI: 0.376–0.828]). This finding supports the prospec-
tive dose reduction to 15 mg for ponatinib upon response, as well 

as the current dose reduction recommendations for patients ex-
periencing treatment-emergent toxicities. Figure  5a,b presents 
the observed and model-predicted proportion of patients with 
grade ≥ 1 hypertension or ALT increase.

3.4   |   Exposure–Dose Adjustment Analyses

The analysis dataset for the time to first AE-related dose reduc-
tion or interruption from Day 1 of Cycle 1 to the end of induction 
included 164 patients treated with ponatinib, with both PK and 
dosing information available, and the analysis dataset for the 
time to first AE-related dose reduction or interruption after Day 
1 of Cycle 4 included 51 patients treated with ponatinib.

In the analysis of time to first AE-related dose reduction or in-
terruption from Day 1 of Cycle 1 to the end of induction, pona-
tinib exposure was not identified as a statistically significant 
predictor (Table 2). As a result, no additional covariate analysis 
was performed. In contrast, a statistically significant relation-
ship was identified between ponatinib exposure and the time to 
first AE-related ponatinib dose reduction or interruption after 
Day 1 of Cycle 4, with higher exposures associated with an in-
crease in the hazard (Table 2). A subsequent covariate analysis 
was performed, and no additional covariates were identified as 
statistically significant.

4   |   Discussion

In the pivotal Phase 3 PhALLCON study, ponatinib demon-
strated a statistically significant and clinically meaningful 

FIGURE 3    |    Observed and model-predicted probability of achieving MRD-negative CR at the end of induction versus ponatinib exposure. The 
solid (dashed) black lines represent the model-predicted probability of being a responder (95% CI). The filled black circles (error bars) represent the 
observed proportion of responders (95% CI) for each ponatinib exposure quartile and the imatinib arm (filled circle at 0 exposure). The gray open cir-
cles indicate data from individual patients. n/N is the number of patients with an event/total number of patients in each ponatinib exposure quartile 
or the imatinib arm. CI, confidence interval; CR, complete remission; MRD, minimal residual disease.
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TABLE 1    |    Estimated odds ratios for ponatinib exposure in the final 
exposure–safety models.

Adverse event Odds ratio (95% CI)a p

AOE 0.933 (0.824–1.06) 0.202

VTE 0.992 (0.954–1.03) 0.689

Lipase increase 1.00 (0.979–1.03) 0.766

Hypertension 1.02 (1.00–1.05) 0.0340

ALT increase 1.03 (1.01–1.05) 0.0034

Thrombocytopenia 0.997 (0.974–1.02) 0.788

Abbreviations: ALT, alanine aminotransferase; AOE, arterial occlusive event; 
CI, confidence interval; VTE, venous thromboembolic event.
aEstimated odds ratio corresponding to a 1 ng/mL increase in  
ponatinib normalized cumulative exposure.
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higher rate of MRD-negative CR at the end of induction com-
pared with imatinib when combined with a reduced-intensity 
chemotherapy backbone for patients with newly diagnosed 
Ph + ALL [9]. Based on the results from this Phase 3 study, 
ponatinib received accelerated approval in the United States 
in March 2024 for newly diagnosed Ph + ALL in combination 
with chemotherapy [8]. Sparse PK samples were collected in 
the PhALLCON study to contribute to population PK and expo-
sure–response analyses for ponatinib.

Ponatinib was administered in PhALLCON using a dosing regi-
men consisting of a 30 mg QD starting dosage with a reduction to 
15 mg QD upon achievement of MRD-negative CR at the end of 
induction. This posology was supported by previous population 
PK analyses that showed that ponatinib dosages of 15 to 45 mg 
QD are associated with steady-state average concentrations in 
the pharmacologically active range for inhibition of BCR::ABL1 
and that approximate or exceed concentrations shown to sup-
press T315I mutants in preclinical studies [12]. In addition, pre-
vious dose intensity analyses indicated that higher ponatinib 

dose intensities were associated with higher response rates in 
patients with CP-CML in the PACE study [13], as well as with 
an increased risk for certain AEs (including AOEs) based on a 
pooled analysis of data from three clinical studies [14]. Thus, a 
30 mg QD ponatinib starting dosage was expected to provide 
systemic exposures in the efficacious range while still main-
taining an acceptable safety profile when ponatinib was admin-
istered in combination with reduced-intensity chemotherapy. 
Furthermore, the prospective dose reduction to 15 mg QD upon 
achievement of MRD-negative CR at the end of induction was 
anticipated to further reduce the risk for AEs during longer-term 
treatment with ponatinib.

The Bayesian re-estimation of ponatinib PK using data from 
the PhALLCON study showed that the PK profile of ponatinib 
was similar when administered in combination with chemo-
therapy in patients with newly diagnosed Ph + ALL compared 
with single-agent ponatinib in patients included in a previous 
population PK analysis [12]. Additionally, an evaluation of the 
relationships between individual-predicted ponatinib exposures 

FIGURE 4    |    Observed and model-predicted proportion of patients with grade ≥ 1 (a) AOEs, (b) VTEs, (c) thrombocytopenia, or (d) lipase increase. 
The solid (dashed) black lines represent the model-predicted probability of the AE (95% CI). The filled black circles (error bars) represent the observed 
proportion of patients with the AE (95% CI) for each ponatinib exposure quartile and the imatinib arm (filled circle at 0 exposure). The gray open cir-
cles indicate data from individual patients. n/N is the number of patients with an event/total number of patients in each ponatinib exposure quartile 
or the imatinib arm. AE, adverse event; AOEs, arterial occlusive events; CI, confidence interval; VTEs, venous thromboembolic events.
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and covariates for patients in PhALLCON did not identify any 
clinically meaningful relationships when considering the over-
all variability in exposures. These findings are consistent with 
the results of the previous population PK analysis, where none 
of the covariates evaluated were found to have clinically mean-
ingful effects on ponatinib CL/F [12].

In the exposure–efficacy analysis, no statistically significant re-
lationship was identified between ponatinib exposure and the 
probability of achieving MRD-negative CR at the end of induc-
tion. This suggests that the efficacy benefit of ponatinib was con-
sistent across the range of exposures achieved in the study with 
the dosing regimen (30 mg QD starting dosage with a reduction 
to 15 mg QD upon achievement of MRD-negative CR at the end 
of induction) [8]. In the exposure–safety analyses evaluating the 
relationships between ponatinib exposure and the incidence of 
AEs, no statistically significant relationship was identified for 
AOEs, VTEs, thrombocytopenia, or lipase increase. In contrast, 
statistically significant relationships were identified between 
ponatinib exposure and the AEs of hypertension and ALT 

increase, with higher exposures associated with a higher prob-
ability of experiencing these AEs. A ponatinib dose reduction 
from 30 to 15 mg QD was predicted to decrease the odds of ex-
periencing hypertension by 37.7% and ALT increase by 44.2%. 
These exposure–safety results support both the prospective 
dose reduction to 15 mg QD upon achievement of response, as 
well as the dose reduction recommendations for safety-related 
AEs occurring during treatment. Of note, ALT was selected for 
the exposure–safety analyses instead of aspartate aminotrans-
ferase (AST) because increased ALT was reported in a higher 
percentage of patients in the ponatinib arm of the study than 
increased AST.

Several factors may have contributed to the inability to dis-
cern statistically significant relationships for efficacy and some 
safety events in the present exposure–response analyses. A 
limited number of patients experienced certain AEs (e.g., only 
four patients [2.4%] with AOEs), and there was a potential for 
confounding for toxicities that overlapped with the agents in the 
reduced-intensity chemotherapy backbone (e.g., thrombocyto-
penia). Moreover, several VTEs were assessed as being related to 
the use of peripherally inserted central catheter lines or central 
venous catheters for the administration of the reduced-intensity 
chemotherapy backbone [9]. Finally, only one starting dose was 
evaluated in PhALLCON, which may have limited the available 
exposure range for the exposure–response analyses. Previous 
exposure–response analyses of the single-agent, randomized, 
Phase 2, dose-ranging OPTIC study that evaluated three pona-
tinib starting doses demonstrated that ponatinib exposure was 
a significant predictor of molecular response, AOEs, and grade 
≥ 3 thrombocytopenia [15]. In that analysis, higher ponatinib 
exposures were associated with deeper molecular responses and 
an increased risk of experiencing AOEs and grade ≥ 3 thrombo-
cytopenia [15].

In the exposure–dose adjustment TTE analyses, ponatinib expo-
sure was not a statistically significant predictor of the time to first 

FIGURE 5    |    Observed and model-predicted proportion of patients with grade ≥ 1 (a) hypertension or (b) ALT increase. The solid (dashed) black 
lines represent the model-predicted probability of the AE (95% CI). The filled black circles (error bars) represent the observed proportion of patients 
with the AE (95% CI) for each ponatinib exposure quartile and the imatinib arm (filled circle at 0 exposure). The gray open circles indicate data from 
individual patients. n/N is the number of patients with an event/total number of patients in each ponatinib exposure quartile or the imatinib arm. 
AE, adverse event; ALT, alanine aminotransferase; CI, confidence interval.
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TABLE 2    |    Estimated hazard ratios for ponatinib exposure in the 
final time-to-event models describing first AE-related ponatinib dose 
reduction or interruption.

Endpoint Hazard ratio (95% CI)a p

Dose reduction or 
interruption from Day 
1 of Cycle 1 to the end 
of induction

0.992 (0.975–1.01) 0.321

Dose reduction or 
interruption after Day 
1 of Cycle 4

1.06 (1.00–1.12) 0.0454

Abbreviations: AE, adverse event; CI, confidence interval.
aEstimated hazard ratio corresponding to a 1 ng/mL increase in  
ponatinib normalized cumulative exposure.
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AE-related dose reduction or interruption from Day 1 of Cycle 1 
to the end of induction. In the post-induction phase (i.e., after 
Day 1 of Cycle 4) TTE analysis that considered only patients who 
achieved MRD-negative CR at the end of induction, ponatinib 
exposure was a statistically significant predictor of the time to 
first AE-related ponatinib dose reduction or interruption, with 
higher exposures associated with an increased risk. However, 
the percentage of patients in the analysis dataset experiencing 
an AE-related dose reduction or interruption after Day 1 of Cycle 
4 was low and similar between the ponatinib arm (7.8%) and the 
imatinib arm (9.1%), thereby supporting the tolerability of pona-
tinib during extended dosing in the PhALLCON study.

It has been recognized that a poorly characterized dose and 
schedule during clinical development may result in the selection 
of a dosing regimen that increases toxicity without enhancing 
efficacy, potentially leading to severe toxicities that require a 
high rate of dose reductions or treatment discontinuations and 
a lost opportunity for continued clinical benefit from the drug 
[16]. A patient-focused approach using model-based analyses to 
inform dosing regimens, sometimes involving nonstatic posol-
ogy, and patient-response or outcome-based dose adaptations 
can allow for individualized dosing that maximizes benefit 
versus risk [16, 17]. However, the inclusion of response-based 
dosing strategies in product labeling has been relatively lim-
ited to date [18]. For ponatinib, the value of a prospective dose 
reduction upon response to optimize benefit–risk was initially 
established for patients with CP-CML in the OPTIC study and 
its associated exposure–response analyses [7, 15]. The observed 
data and exposure–response analyses from the PhALLCON 
study further support the benefit of response-based dosing 
for ponatinib, specifically when administered in combination 
with reduced-intensity chemotherapy for patients with newly 
diagnosed Ph + ALL [8, 9]. This dosing approach for ponatinib 
provides patients with the opportunity for maximum clinical 
benefit while reducing the risk for AEs.

5   |   Conclusions

Collectively, the results of the exposure–efficacy and exposure–
safety analyses for ponatinib in the Phase 3 PhALLCON study 
support a favorable benefit–risk profile for the approved ponati-
nib dosing regimen of a 30 mg QD starting dosage with a reduc-
tion to 15 mg QD upon achievement of MRD-negative CR at the 
end of induction, in combination with reduced-intensity chemo-
therapy, for patients with newly diagnosed Ph + ALL.
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