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Abstract
Background Palbociclib is indicated for hormone receptor–positive, human epidermal growth factor receptor 2–negative 
advanced breast cancer (ABC).
Objective Exposure-response analyses were conducted to evaluate efficacy in Asian versus non-Asian patients and in patients 
with versus without dose reduction in PALOMA-2.
Patients and Methods PALOMA-2 compared palbociclib plus letrozole versus placebo plus letrozole in patients with ABC. 
Population pharmacokinetic analysis provided apparent palbociclib clearance (CL/F) for each patient. The time-varying 
exposure metric, Cavg,t, was calculated using average dose intensity and CL/F at the time of each progression-free survival 
(PFS) event. A Cox proportional model characterized PFS and palbociclib Cavg,t relationships. Significant prognostic factors 
for PFS were identified by univariate analysis, which were subsequently included in multivariate analyses, in addition to the 
Cavg,t effect on PFS. PFS profiles in Asian/non-Asian patients and patients with/without dose reduction were simulated and 
compared using observed palbociclib exposures and established exposure-response relationships.
Results Patients (n = 421) received palbociclib plus letrozole (Asian = 64, non-Asian = 357; no dose reduction = 272, dose reduc-
tion = 149). Based on univariate analyses, significant prognostic factors were Ki67 score, age, and baseline aspartate aminotransferase 
(BAST), tumor size, alkaline phosphatase, and albumin levels. In multivariate analysis, only Ki67 and BAST remained significant. 
Palbociclib exposure did not significantly affect PFS in either univariate (P = 0.12) or multivariate (P = 0.44) analyses.
Conclusions This analysis suggests that palbociclib exposure has no impact on PFS when the dose reduction algorithm from 
palbociclib clinical trials is used. There is no difference in efficacy between Asians and non-Asians, despite the higher level 
of dose reductions in Asians.
Pfizer NCT01740427.
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Key Points 

Palbociclib dose reduction does not affect efficacy of the 
drug.

Although Asian patients experienced greater dose reduc-
tion, palbociclib efficacy was not compromised.

1 Introduction

Breast cancer is the most common cancer among women 
worldwide, with ∼ 2.1 million cases reported in 2018 [1]. 
Treatment choice for breast cancer is decided based on sev-
eral factors, including the status of hormone (estrogen and 
progesterone) receptors and human epidermal growth fac-
tor receptor 2 (HER2) expression. Endocrine therapy is the 
backbone for initial management of patients with hormone 
receptor–positive (HR +) advanced breast cancer. How-
ever, patients eventually develop resistance to such treat-
ments [2–4]; therefore, new treatments are needed for those 
patients.

PALOMA-2 is a phase 3, international, multicenter, ran-
domized, double-blind, placebo-controlled trial designed to 
investigate whether palbociclib plus letrozole provides supe-
rior clinical benefit compared with letrozole plus placebo 
in postmenopausal women with estrogen receptor–positive, 
HER2– advanced breast cancer who had not received any 
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prior systemic therapy for their advanced disease [5]. The 
study results demonstrated a statistically significant, robust, 
and clinically meaningful 10-month increase in median 
progression-free survival (PFS), the primary endpoint, with 
palbociclib plus letrozole versus placebo plus letrozole (24.8 
vs. 14.5 months; hazard ratio, 0.58 [95% confidence interval 
(CI) 0.46–0.72]; one-sided P < 0.000001) [5].

The recommended palbociclib starting dose is 125 mg 
once daily (QD) taken with food for 21 days, followed by 
7 days off treatment. The palbociclib dose is recommended 
to be interrupted or reduced based on individual safety and 
tolerability. The trial showed that overall efficacy of palbo-
ciclib plus letrozole was superior to placebo plus letrozole, 
even though 36% of palbociclib-treated patients required 
dose interruption/reduction to manage toxicity [5]. How-
ever, the question remains whether patients who required a 
dose reduction had inferior efficacy compared with patients 
who did not have dose reduction. In addition, dose reduc-
tions were more common in Asian patients compared 
with non-Asian patients [6]. The impact on efficacy of the 
increased frequency of dose reduction in Asian compared 
with non-Asian patients needs to be evaluated. The objec-
tive of this exposure-response analysis is to evaluate the 
effect of palbociclib exposure changes (i.e., dose reduction) 
on PFS.

2  Materials and Methods

2.1  Study Design

The details of the PALOMA-2 study design, patient popula-
tion, and study assessments have been previously published 
[5]. Briefly, 666 patients were randomly assigned in a 2:1 
ratio to the palbociclib plus letrozole group or to the placebo 
plus letrozole group. Patients assigned to the palbociclib 
plus letrozole group received palbociclib 125 mg orally QD 
from day 1 to day 21, followed by 7 days off treatment, dur-
ing each 28-day cycle in combination with continuous oral 
letrozole 2.5 mg QD. Those assigned to the placebo plus 
letrozole group received placebo orally from day 1 to day 21, 
followed by 7 days off treatment, during each 28-day cycle 
in combination with matching letrozole.

The study was conducted in compliance with the ethical 
principles originating in or derived from the Declaration 
of Helsinki and in compliance with all International Coun-
cil on Harmonisation Good Clinical Practice guidelines. 
The final protocol, any amendments, and informed consent 
documentation were reviewed and approved by the Institu-
tional Review Board and/or Independent Ethics Committee 
at each of the investigational centers participating in the 
study.

2.2  Pharmacokinetic Assessments and the Exposure 
Variable

Pharmacokinetic (PK) samples were collected at hour 0 (pre-
dose) on day 14 of cycle 1 and cycle 2 from all patients. In a 
subset of patients participating in the intensive electrocardi-
ogram (ECG) assessment substudy, plasma PK samples were 
collected at 0 h (pre-dose) and 2, 4, 6, and 8 h after palboci-
clib plus placebo dosing on day 14 of cycle 1. Blood samples 
were processed, and plasma palbociclib concentrations were 
determined using high-performance liquid chromatography 
tandem mass spectrometry as described previously [7]. The 
linearity of the calibration curve for palbociclib was in the 
range of 1–250 ng/mL, and the lower limit of quantification 
for the palbociclib assay was 1.00 ng/mL.

Pharmacokinetic concentrations were analyzed using a 
population PK (PPK) approach, and the individual appar-
ent clearance (CL/F) values obtained from the PPK analysis 
were used to calculate the individual palbociclib exposures 
used in the exposure-response analysis. To account for 
changes in palbociclib exposure over time resulting from 
dose interruption or reduction, the individual time-varying 
average palbociclib concentration values (Cavg,t,i) were cal-
culated at the time of each PFS event (t) for all patients 
who were still at risk based on the corresponding daily dose 
intensity calculated as the cumulative dose in mg up to time 
t divided by treatment duration in days and individual CLi/F, 
using the following equation:

2.3  Efficacy Assessments and Response Variables

The primary efficacy endpoint, investigator-assessed PFS, 
was used in the exposure-response analysis. The efficacy 
assessment details have been published previously [5].

2.4  Palbociclib Exposure Versus Progression‑Free 
Survival

Data from only the palbociclib plus letrozole group were 
used in the exposure-response analysis. To graphically 
explore whether PFS is dependent on palbociclib concen-
tration, the distribution of palbociclib concentration, i.e., 
5th, 50th (median), and 95th percentiles of Cavg,t in all 
patients who were at risk and the palbociclib Cavg,t values 
in patients with PFS were compared at the time of each 
event. A trend that palbociclib Cavg,t in patients with PFS 
was below the median would suggest that PFS might be 
exposure dependent.

A Cox proportional model was used to quantify the rela-
tionship between PFS and Cavg,t. The metastatic site (i.e., 

C
avg,t,i=

Daily dose intensity up to t

CLi∕F
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visceral and nonvisceral) was included in the model as a 
strata factor. Univariate analysis was used to screen and 
identify prognostic factors. The prespecified covariates, in 
addition to Cavg,t, were age; body weight; baseline tumor size 
(i.e., the sum of the longest diameters of non-nodal lesions 
and short axis for nodal lesions, per RECIST guidelines); 
Eastern Cooperative Oncology Group performance status; 
disease-free interval; baseline lab values, including albumin, 
alkaline phosphatase, aspartate aminotransferase (AST), 
total bilirubin, and absolute neutrophil count; biomarkers, 
including cyclin D1 amplification, p16 loss, retinoblastoma 
copies (Rb), estrogen receptor (ER), and Ki67 expression. 
Assessment of ER, Ki67, p16, and Rb scores was performed 
based on a protocol described previously [8]. Multivariate 
analysis was used to account for the potential confounding 
effects of the prognostic factors. Identified significant covari-
ates from the univariate analysis, in addition to Cavg,t, were 
simultaneously included in the multivariate analysis. The 
model that included all significant covariates in the multi-
variate analysis and Cavg,t was considered the final model. 
Likelihood ratio tests were used to examine the significance 
of the covariate, and a P value of ≤ 0.05 was used in both 
univariate and multivariate analyses.

2.5  Evaluation of the Effect of Dose Reduction 
on Progression‑Free Survival

The Cox proportional model of the multivariate analysis was 
used to simulate PFS profiles for a “typical” patient who 
would have received the full palbociclib dose and a “typical” 
patient who would have received the reduced dose; the PFS 
profiles were then compared. For concentration, the median 
Cavg,t versus time in each group of interest was calculated 
and used in the simulation. For all other prognostic factors, 
the median values of the prognostic factors were used.

Patients who had received a palbociclib dose < 125 mg at 
any time were assigned to the dose-reduction group. Other-
wise, patients were assigned to the no–dose-reduction group. 
In each group, the median palbociclib concentration values 
for patients still in the trial at the time of each event were 
calculated and used as Cavg,t for simulating PFS profiles in 
the “typical” patient in the group, while the other prognostic 
factors used in the simulation were fixed to be the median 
values of the prognostic factors obtained from the trial. The 
“typical” patients were assumed to have nonvisceral disease.

2.6  The Progression‑Free Survival Comparisons 
in Asian and Non‑Asian Patients

Patients were stratified into Asian and non-Asian groups; 
the median values of average dose intensity and Cavg,t 
for patients who were still in the trial at the time of each 
PFS event were calculated in both groups and presented 

graphically. The PFS profiles were simulated based on the 
median Cavg,t versus time in each group, while all other prog-
nostic factors were fixed as the median values of those prog-
nostic factors observed in the trial. A nonvisceral disease site 
was assumed for both Asian and non-Asian patients.

3  Results

3.1  Patient Disposition and Demographics

A total of 666 patients were randomly assigned in a 2:1 ratio 
to the palbociclib plus letrozole group (444 patients) or to 
the placebo plus letrozole group (222 patients). Among 
the 444 patients in the palbociclib plus letrozole group, 
23 patients did not have PK data and, therefore, were not 
included in the exposure-response analysis. The baseline 
demographic characteristics are presented in Table 1.

The 5th, 50th (median value), and 95th percentile of pal-
bociclib concentrations for all patients and the palbociclib 
concentrations for patients who had PFS at the time of each 
event are presented in Fig. 1. The red circles, which rep-
resent the Cavg,t for patients who had PFS, are distributed 
around the median concentration. It appeared there were 
slightly more red circles below the median concentration 
at the event times, suggesting a trend that patients who had 
PFS had lower palbociclib exposure. Univariate analysis 
showed that Cavg,t is not significantly associated with PFS. 
Ki67 score, age, baseline AST level, alkaline phosphatase 
level, and albumin value were significantly associated with 
PFS (Table 2).

In multivariate analysis, age, alkaline phosphatase level, 
and albumin values were no longer significant, but Ki67 
score and baseline AST level were found to be associated 
with PFS (Table 3). After accounting for the potential con-
founding effects of the prognostic factors identified from 
univariate analysis, palbociclib exposure remained unassoci-
ated with PFS (P = 0.44). The effect of Cavg,t on PFS was re-
evaluated when Ki67 and baseline AST level were included 
in the analysis, with the resultant findings indicating that 
palbociclib exposure is not associated with PFS (P = 0.69).

Among 421 patients included in the exposure–response 
analysis, 272 patients were in the no–dose-reduction group 
and 149 patients were in the dose-reduction group, including 
88 patients with doses reduced to 100 mg and 61 patients 
with doses reduced to 75 mg. Simulated PFS curves for the 
“typical” patients in both groups are presented in Fig. 2, with 
similar results observed between the two groups.

Among the 421 patients in the analysis, 64 were Asian 
and 357 were non-Asian. The median values of palbociclib 
average dose intensity and concentration over time for Asian 
and non-Asian patients are presented in Fig. 3. In Asians 
and non-Asians, mean ± SD average dose intensity was 
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75.9 ± 15.9 and 84.8 ± 14.3 mg/day, respectively. Despite 
the lower dose intensity in Asian patients as a result of 
more frequent dose reduction compared with non-Asian 
patients, the average palbociclib concentration was higher 
in Asian than in non-Asian patients (Cavg,t was 102.4 ± 36.7 
and 82.8 ± 31.6 ng/mL, respectively), which is attributed to 

the observation that Asian patients had lower plasma CL/F 
than non-Asian patients (33.6 vs. 48.0 L/h). Simulated PFS 
curves in Asian and non-Asian patients are presented in 
Fig. 4, with similar profiles observed for Asian and non-
Asian patients.

Table 1  Baseline covariates for patients in exposure–response analysis

AST aspartate aminotransferase, CCND1 cyclin D1, ECOG PS Eastern Cooperative Oncology Group performance status, ER estrogen receptor, 
Max maximal value, Min minimal value, Rb retinoblastoma, RECIST Response Evaluation Criteria in Solid Tumors
a n values reflect the number of patients for whom the corresponding covariate was available for analysis
b Baseline tumor size was defined as the sum of the longest diameters of non-nodal lesions and short axis for nodal lesions, per RECIST guide-
lines
c ER, Ki67, p16, and Rb scores were assessed following a protocol that was described previously [8]

Variables na Mean (SD) Median (min–max)

Age, years 421 61.70 (10.68) 62.00 (30.00–89.00)
Baseline albumin, mg/dL 421 4.07 (0.41) 4.10 (2.80–5.20)
Baseline alkaline phosphatase, U/L 421 125.72 (109.44) 94.00 (17.00–1125.00)
Baseline absolute neutrophil count,  106/mL 421 3.97 (1.66) 3.66 (1.45–12.31)
Baseline AST, U/L 421 28.69 (15.95) 25.00 (3.00–153.00)
Baseline total bilirubin, mg/dL 421 0.50 (0.20) 0.50 (0.07–1.40)
Baseline tumor size,  mmb 322 53.44 (40.93) 42.00 (10.00–258.00)
Body weight, kg 421 70.47 (16.65) 67.95 (34.50–156.80)
CCND1 score, % 358 110.84 (59.44) 120.00 (0.00–275.00)
ER score, %c 361 111.14 (75.88) 120.00 (0.00–290.00)
Ki67 score, %c 351 24.98 (23.12) 20.00 (0.00–95.00)
P16 score, %c 348 55.47 (63.23) 30.00 (0.00–295.00)
Rb score, %c 357 73.25 (56.40) 65.00 (0.00–270.00)

Variable name and group Number of patients

Progression-free survival
 Event 180
 Censored 241

Disease site
 Visceral 208
 Non-visceral 213

Disease interval
 De novo advanced disease 139
 ≤ 12 months since completion of prior (neo)adjuvant therapy 83
 > 12 months since completion of prior (neo)adjuvant therapy 199

ECOG PS
 0 243
 1 169
 2 9

Race
 Caucasian 323
 Black 8
 Asian 64
 Other 26
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4  Discussion

Exposure-response analyses have been routinely conducted 
for oncology drugs as a way to evaluate doses used in clini-
cal trials [9, 10]. The findings from the analysis can be used 
to inform dose selection in clinical trials and to evaluate 
efficacy in situations in which drug exposures are changed 
(e.g., in special populations or owing to drug-drug interac-
tions). Palbociclib is approved for treatment of adult patients 
with HR+, HER2− advanced or metastatic breast cancer 
in combination with either an aromatase inhibitor as initial 
endocrine-based therapy in postmenopausal women or in 
men, or fulvestrant in patients with disease progression fol-
lowing endocrine therapy [11, 12]. To better manage the 
safety of the drug, palbociclib doses were reduced as neces-
sary in the clinical trial setting [5, 13]. The current exposure-
response analyses evaluate the potential impact on efficacy 
due to differences in palbociclib exposure between patients 
with dose reduction and those with no dose reduction, and 
between Asian and non-Asian patients.
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Fig. 1  Palbociclib concentration distribution at time of each event. 
Cavg,t time-varying average concentration. PFS progression-free sur-
vival

Table 2  Significant covariates from univariate analysis of Cox proportional model

AST aspartate aminotransferase, Cavg,t time-varying average concentration, RECIST Response Evaluation Criteria in Solid Tumors
a n values reflect the number of patients for whom the corresponding covariate was available for analysis
b Baseline tumor size was defined as the sum of the longest diameters of non-nodal lesions and short axis for nodal lesions, per RECIST guide-
lines

na Coefficient Hazard ratio P value

Cavg,t, ng/mL 421 − 0.00377 0.996355 0.1175
Ki67 score, % 351 0.0123 1.012 0.0002
Age, years 421 − 0.0195 0.981 0.004
Baseline AST, U/L 421 0.0101 1.010 0.0233
Baseline tumor size,  mmb 322 0.0048 1.005 0.024
Baseline alkaline phosphatase, U/L 421 0.0013 1.001 0.0307
Baseline albumin, mg/dL 421 − 0.3820 0.682 0.0483

Table 3  Multivariate analysis of Cox proportional model (N = 277)

AST aspartate aminotransferase, Cavg,t time-varying average concentration, RECIST Response Evaluation Criteria in Solid Tumors
a Baseline tumor size was defined as the sum of the longest diameters of non-nodal lesions and short axis for nodal lesions, per RECIST guide-
lines

Variable Coefficient Hazard ratio (95% CI) P value

Cavg,t, ng/mL − 0.00224 0.998 (0.992–1.003) 0.440
Ki67 expression, % 0.00889 1.009 (1.002–1.016) 0.013
Age, years − 0.01334 0.987 (0.971–1.002) 0.097
Baseline AST, U/L 0.01102 1.011 (1.002–1.02) 0.016
Baseline tumor size,  mma 0.00369 1.004 (0.999–1.008) 0.111
Baseline albumin, mg/dL − 0.17757 0.837 (0.532–1.318) 0.443
Baseline alkaline phosphatase, U/L 0.00048 1.000 (0.999–1.002) 0.490



74 J. Zheng et al.

The most intuitive way of evaluating the effect of dose 
reduction during treatment is to compare PFS in patients 
who had dose reduction versus those who did not. However, 
such a direct comparison could be biased owing to the con-
founding effect between dose reduction and time to PFS, that 
is, patients who had longer PFS time would have a higher 
probability of having dose reduction [14–16]. Similarly, 

a single palbociclib exposure during the entire treatment 
duration, Cavg, for each individual was not an appropriate 
exposure metric in this exposure-response analysis because 
Cavg is calculated based on time to PFS: patients who had 
longer PFS would have a higher probability of having dose 
reduction, and thus lower Cavg. To account for the changes 
in palbociclib exposure over time, the time-varying exposure 
metric Cavg,t was correlated with PFS. In this time-varying 
covariate analysis, the correlation between PFS and palboci-
clib exposure was evaluated at the time of each event based 
on individual average palbociclib exposure and the covariate 
values for all patients who were at risk at the time.

Because the study was randomized at the treatment 
level instead of the exposure level, drug exposure could 
be confounded with other prognostic factors. It is critical 
that the potential confounding effects of other prognostic 
factors with palbociclib exposure be accounted for in the 
exposure-response analysis. Univariate analyses were used 
to identify prognostic factors, and multivariate analysis was 
used to estimate palbociclib exposure effect when the other 
prognostic factors were accounted for. The analyses showed 
that even after accounting for the effects of other prognostic 
factors, such as age, Ki67 score, baseline AST level, baseline 
alkaline phosphatase level, baseline tumor size, and base-
line albumin level, PFS was not associated with palbociclib 
exposure. Subsequently, the model was used in a simulation 
to evaluate whether PFS differences resulted from palboci-
clib exposure changes alone. The findings suggested that the 
PFS profiles are similar in patients with and without dose 
reduction. The advantage of the approach is that the effect 
of dose reduction on PFS can be evaluated after removing 
the effect of other potential confounding factors, assuming 
the exposure-response relationship has been reasonably well 
defined.

It is important to understand the assumptions of this anal-
ysis. First, a linear relationship was assumed between covari-
ates, including palbociclib exposure, and the log (hazard) 
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based on the equation, log(�) = log(�0) + �1 ∗ Cavg,t + �2
∗ Cov,1 + ⋯ + �

n
∗ Cov,

n
 . This assumption is reasonable 

because we often do not have sufficient data to quantify a 
nonlinear relationship. However, we must be cautious not to 
extrapolate the relationship. Second, the treatment effect of 
palbociclib does not change over time; that is, the effect of 
dose reduction is the same regardless of when dose reduction 
occurred. Third, since letrozole exposure was not measured 
in this trial, the impact of letrozole on PFS and its interac-
tion with palbociclib were not assessed. Finally, this is a post 
hoc exploratory analysis; the study design was not ideal for 
identifying a robust exposure-response relationship.

It has been reported that the neutrophil response to 
palbociclib treatment is exposure related [17]. Assuming 
that time to PFS is also related to palbociclib exposure, 
a patient who has low clearance and therefore high drug 
exposure would have a longer PFS but would be more likely 
to develop neutropenia, which may lead to dose reduction. 
The dose-reduction algorithm would narrow the exposure 
range, thereby reducing the power to identify the exposure-
response relationship. The robustness of the evaluation of 
the impact on efficacy due to exposure difference, estimated 
via simulation, depends on the robustness of the original 
exposure-response relationship. The effect of dose reduc-
tion on the evaluation of the exposure-response relationship 
remains to be studied.

Even though dose reduction was more common in Asian 
than non-Asian patients in the PALOMA-2 study [6], the 
palbociclib exposures in Asian patients were higher, not 
lower, than in non-Asian patients because Asian patients 
had lower palbociclib CL/F. The simulation showed similar 
PFS for Asian and non-Asian patients.

In summary, exposure-response analysis can be used to 
evaluate the effect of exposure changes on efficacy. Our anal-
ysis suggests that the dose-reduction algorithm implemented 
in the palbociclib trial would not have a significant effect 
on PFS in patients with dose reduction. Moreover, the PFS 
outcome between Asian and non-Asian patients was similar 
even though Asian patients had a higher incidence of dose 
reduction [6]. It is important to note that the palbociclib 
dose-modification algorithms should not be changed beyond 
what the product label suggests.
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