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Abstract: Background/Objectives: Palbociclib, an oral CDK 4/6 inhibitor, was evaluated in a
Pediatric Brain Tumor Consortium (PBTC) phase 1 (NCT02255461; PBTC-042) study to treat children
and young adults with recurrent, progressive, or refractory brain tumors. The objectives of this study
were to characterize the palbociclib population pharmacokinetics in children enrolled on PBTC-042,
to conduct a population pharmacodynamic analysis in this patient population, and to perform a
simulation study to assess the role of palbociclib exposure on neutropenia and thrombocytopenia.
Methods: The palbociclib population pharmacokinetics and pharmacodynamics were characterized
in this patient population (n = 34 patients; 4.9–21.6 years old). Population pharmacokinetics were
modeled using a one-compartment model with first-order absorption and elimination. Covariate
analysis was performed, evaluating demographics, laboratory values, and concomitant medications.
A pharmacodynamic model was used to describe the relation between palbociclib plasma exposure
and changes in the ANC and platelet counts. Results: The population estimates for the apparent
oral volume, apparent oral clearance, and absorption rate constant were 664.5 L/m2, 36.8 L/h/m2,
and 0.48 h−1, respectively. The palbociclib apparent oral clearance was decreased in patients with
higher AST values (p = 0.0066). The ANC and platelet pharmacodynamic models estimated that the
median (5th–95th percentile) time individuals had grade 3 or greater neutropenia was 4 (0, 21) days.
Simulations showed that given 75 mg/m2 palbociclib, 49% of the individuals were expected to have
grade 3 or greater neutropenia. Conclusions: Palbociclib pharmacokinetics and pharmacodynamics
were adequately characterized in this patient population, no unexpected adverse reactions were
noted, and the drug was well tolerated.

Keywords: palbociclib; CDK4/6; pharmacokinetics; pharmacodynamics; pediatrics; brain tumors;
special populations; PK/PD models; nonlinear mixed-effects modeling

1. Introduction

Approximately 4000 new cases of pediatric central nervous system (CNS) tumors
occur in the United States per year [1]. The current therapy for pediatric CNS tumors
such as medulloblastomas, high-grade gliomas, and ependymomas includes maximal
surgical resection and radiation alone or in combination with chemotherapy. Although this
approach will lead to excellent outcomes in these tumors, some of these patients will recur
or relapse, leading to poor overall survival. For these populations, alternative approaches
including molecularly targeted agents are needed [2].

Recent studies at the genomic level have revealed numerous specific molecular alter-
ations that drive the progression of these tumors, but these also may serve as the basis
for the design of molecularly targeted drugs, which can control tumor proliferation and
spread and, in contrast to cytotoxic therapy, cause less damage to normal tissues [3–5].
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Specifically, studies have shown that a significant subset of pediatric CNS tumors harbor
mutations in the cyclin-D cyclin-dependent kinase 4 and 6 (CDK4/6)-retinoblastoma (Rb)
pathway that is a key regulator of the cell cycle. CDK4/6 inhibitors prevent progression
from the G1 phase to the S phase of the cell cycle by inhibiting the phosphorylation of the
retinoblastoma protein (RB1), thereby preventing replication [6,7].

Palbociclib is an oral, potent, and highly selective reversible inhibitor of cyclin-
dependent kinases CDK4 and CDK6, which prevents RB1 phosphorylation and stops
abnormal cellular replication. In children with recurrent or refractory solid or primary
CNS tumors, the average time of the maximum observed concentration (Tmax) after oral
palbociclib administration was between 5 and 8 h, and the average half-life was 11.3 to
19.5 h. The palbociclib systemic exposure (i.e., the maximum plasma concentration (Cmax)
and area under the plasma concentration–time curve (AUC)) increased in a proportional
manner; however, a large inter-individual variability in pharmacokinetic parameters was
reported [8,9].

Myelosuppression, primarily neutropenia, has been the most common adverse event
associated with palbociclib administration in both adult breast cancer studies and the
pediatric literature [8,10]. This neutropenia is likely on-target since preclinical studies have
shown that palbociclib inhibits neutrophil maturation through an effect on early myeloid
progenitor cells [11]. The extent of neutropenia is associated with palbociclib systemic
exposure in clinical trials in adults and in children with relapsed brain tumors; higher
palbociclib systemic exposures (AUC and Cmax) were associated with severe (grade 3 or 4)
neutropenia [8].

Although numerous adult population pharmacokinetic and pharmacodynamic studies
have been published, no comprehensive analysis has been performed in children with
cancer. Thus, the objectives of this study were to characterize the palbociclib population
pharmacokinetics in children with recurrent, progressive, or refractory brain tumors en-
rolled on PBTC-042, to conduct a population pharmacodynamic analysis in this patient
population, and to perform a simulation study to assess the role of palbociclib exposure on
neutropenia and thrombocytopenia.

2. Patients and Methods
2.1. Clinical Trial Design

The patients included in this palbociclib population pharmacokinetic/pharmacodynamic
analysis were treated in the phase I clinical trial PBTC-042 (NCT02255461), which eval-
uated single-agent oral palbociclib therapy in children and young adults with recurrent,
progressive, or refractory brain tumors. Details of this clinical trial have been reported
elsewhere [8]. In adults treated with palbociclib, myelosuppression has been the main
dose-limiting toxicity (DLT) reported, and the toxicity is greater in more heavily pretreated
patients [12,13]. Thus, patients in this pediatric trial were divided into two strata: stratum
I included patients who were not heavily pretreated, while stratum II included heavily
pretreated patients [8]. The starting dosage for stratum I was 50 mg/m2, with planned
dose escalations to 75 mg/m2 and 95 mg/m2. The planned starting dosage for stratum
II was one dosage level below the MTD for stratum I. The Institutional Review Board
approved this trial and written informed consent was obtained from patients, parents,
or legal guardians before the onset of any study procedures. Assent was obtained from
patients as appropriate based on local institutional guidelines.

2.2. Pharmacokinetic Sampling and Bioanalysis

Pharmacokinetic studies of oral palbociclib (PD-0332991) were performed on course 1,
day 1 and day 21 to evaluate the population pharmacokinetics of palbociclib. On day 2
of course 1, the palbociclib dose was held. On day 1 of course 1, palbociclib single-dose
serial blood samples were drawn pre-dose and 0.5, 1, 2, 4, 8 (±1), 24 (±4), and 48 (±4)
hours (immediately prior to the day 3 dose) after the oral dose. On day 21 of course 1,
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palbociclib steady-state serial blood samples were collected pre-dose and 1, 2, 4, 8 (±1),
and 24 (±4) hours (immediately prior to the day 22 dose) after the dose.

At each time point, whole blood (2 mL) was collected in K2EDTA tubes, spun to
plasma within one hour of collection, and stored at −20 ◦C until analysis. Palbociclib
plasma concentrations were measured using a validated liquid chromatography–mass
spectrometric assay method with a lower limit of quantitation (LLOQ) of 1 ng/mL [14].

2.3. Population Pharmacokinetic Analysis

Palbociclib serum concentration–time data from course 1, day 1 and day 21 were ana-
lyzed using nonlinear mixed-effects modeling implemented in Monolix software version
2023R1 (Lixoft, Antony, France) using the Stochastic Approximation Expectation Maximiza-
tion (SAEM) algorithm. Inter-individual and inter-occasion variabilities were assumed to
be log-normally distributed. A proportional residual error model was used to quantify
the unexplained variability of the model. Error terms were assumed to be normally dis-
tributed. A one-compartment model with first-order absorption, the absorption lag time,
and first-order elimination was used [15,16]. Specifically, the PK parameters estimated
included the absorption lag time (Tlag), absorption rate constant (ka), apparent oral volume
(V/F), and apparent oral clearance (CL/F), where F was the bioavailability, which was not
identifiable given only oral dosing was used. The inter-individual variability was estimated
for all parameters. Additionally, the inter-occasion variability was estimated for the CL/F.
The palbociclib dosage (i.e., the palbociclib dosage normalized to the patient body surface
area (BSA)) was used as the model input. Data below the limit of quantitation (BLQ) were
censored according to the Beal method M3 [17], as implemented in Monolix.

2.3.1. Covariate Analysis

The following covariates were evaluated for their effects on the apparent oral palboci-
clib clearance: age, body weight, body surface area (BSA), gender, serum creatinine, serum
albumin, estimated glomerular filtration rate (eGFR), aspartate aminotransferase (AST),
total bilirubin, and concomitant medications reported in at least 10% of the total patients.
The eGFR was calculated using a simplified two-covariate equation based on the patient
height and serum creatinine, which was developed specifically for pediatric oncology pa-
tients [18]. Concomitant medications were tested as categorical variables (i.e., yes/no) and
included dexamethasone, ranitidine, famotidine, granisetron, ondansetron, levetiracetam,
lacosamide, lorazepam, levothyroxine, gabapentin, and trimethoprim/sulfamethoxazole.
Continuous covariates were modeled using a power model scaled to the population median
covariate value. Categorical covariates were modeled according to an exponential model.

A stepwise forward inclusion method was used to identify significant covariates. Each
covariate was added univariately to the parameter of interest and selected based upon
a decrease in the OFV by at least 3.84 units (corresponding to p < 0.05 based on the χ2

test), a decrease in the inter-individual variability, and improved model fits. The covariate
displaying the highest change in the OFV was retained in the model and the process was
repeated until no covariates were statistically significant.

2.3.2. Population Pharmacokinetic Model Evaluation

The population pharmacokinetic model fit was evaluated using various goodness-of-
fit plots including observed vs. population predicted, observed vs. individual predicted,
weighted residuals vs. time, and visual predictive checks. The predictive performance
of the final model was evaluated using approaches previously employed [19,20]. The
precision of the parameters estimated from the final population model was evaluated using
a non-parametric bootstrap resampling method. A total of 500 replicates of the original
dataset were generated using random sampling with replacement. The model was applied
to each replicate dataset. Summary statistics for each parameter were calculated based upon
the model runs (i.e., the mean and 90% bootstrap confidence interval). Non-parametric
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bootstrapping was performed with the MonolixSuite R-based package Rsmlx 2.0.4 package
(Lixoft, Antony, France).

2.4. Pharmacodynamic (PD) Methods

A complete blood count (CBC) with differential was performed pre-therapy, weekly
during course 1, and then weekly during courses 2 to 26. The CBC provided platelet and
absolute neutrophil counts (ANCs). If an individual only had a single platelet count or
ANC observation collected before palbociclib administration, the patient was not included
in the pharmacodynamic analysis.

2.4.1. Pharmacodynamic Model

The model describing the ANC and platelet dynamics has been previously described [21].
The model for the ANC consisted of a bone marrow compartment with proliferating
neutrophils, three transient compartments that represent the maturation process of the
neutrophils from blasts to circulating neutrophils, and a circulating neutrophil compart-
ment. The model included the negative feedback effects of endogenous G-CSF, which
affected the growth rate of proliferating cells in a manner inversely proportional to the
concentration of circulating neutrophils. We assumed that palbociclib only affected the
proliferating neutrophils in the bone marrow compartment. We used a similar structural
model for platelet dynamics. The model describing the neutrophil dynamics is shown in
Equations (1)–(5) and Figure S1.

NPBM
dt

=

[
kinKM

KM + Ncirc

ICn
50

ICn
50 + Cn

palblociclib
− kbp

]
NPBM (1)

dNT1

dt
= kbp(NPBM − NT1) (2)

dNT2

dt
= kbp(NT1 − NT2) (3)

dNT3

dt
= kbp(NT2 − NT3) (4)

dNcirc
dt

= kpbNT3 − koutNcirc (5)

The model parameters were as follows: NPBM: proliferating bone marrow stem cells;
NT1, NT2, and NT3: transient compartments describing the maturation phases of the
neutrophils; Ncirc: circulating neutrophils. Note that we were only able to observe this
compartment. The model parameters were defined as follows: kin (1/days): the stem cell
proliferation rate; kbp (1/days): the transition rate between transient compartments (the
mean transition time from the bone marrow to the circulating neutrophils is 4/kbp); kout

(1/days): the elimination rate of circulating neutrophils; KM (103/µL): the half-saturation
effect of the G-CSF negative feedback; IC50 (nM) and n; the half-saturation effect and
Hill coefficient of the palbociclib effects on the bone marrow; and Cpalbociclib (nM): the
concentration of palbociclib in the plasma. Prior to treatment, the system was assumed to
be steady-state, where Ncirc0 was the steady-state circulating neutrophil level. The following
relationship between the model parameters was needed for the system to maintain steady
state prior to treatment (Equation (6)).

KM =
kbp

kin − kbp
Ncirc0 (6)

For this relationship to be positive, kin > kpb. To ensure this requirement, we defined
kpb = fkbp·kin where fkbp ∈ [0, 1] and estimated fkbp. In addition, the initial conditions for
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the system at steady state (i.e., the steady-state solution to the system in the absence of the
drug) are (Equation (7))[

kout

kbp
Ncirc0,

kout

kbp
Ncirc0,

kout

kbp
Ncirc0,

kout

kbp
Ncirc0, Ncirc0

]
(7)

2.4.2. Parameter Estimation

The parameters for the pharmacodynamic model were estimated using nonlinear
mixed-effects modeling with the SAEM algorithm as implemented in the Monolix® software
version 2023R1 (Lixoft, Antony, France). The palbociclib pharmacokinetics were fixed
to each individual’s post hoc estimated parameters (as determined above). The inter-
individual and inter-occasion variability were assumed to be log-normally distributed for
all parameters except fkbp, which was assumed to be a logit distribution, so its value will be
between 0 and 1. A proportional residual error model was used to quantify the unexplained
variability of the model. Error terms were assumed to be normally distributed.

2.4.3. Pharmacodynamic Model Simulations

To assess the extent of neutropenia and thrombocytopenia expected at clinically rele-
vant dosages and the effect of prior myelosuppressive therapy on neutropenia and thrombo-
cytopenia, simulations were performed with three fixed dosages (50, 75, or 95 mg/m2/day
for 21 days) using the individual estimated PK (conditional mode) and PD parameters
(samples from the conditional distribution). The median and 5th–95th percentiles for the
measurements of neutropenia and thrombocytopenia were calculated using the individual
PD profiles (based on the individual estimated PD parameters sampled from the individual
conditional distribution) of the ANC and platelet dynamics. We evaluated bias in residuals
(measured vs. estimated ANC or platelets) between courses (1 and 2 vs. 3 and 4) using the
Kruskal–Wallis test. Comparisons of neutropenia and thrombocytopenia between strata
were evaluated using the Kruskal–Wallis test.

3. Results
3.1. Summary of Population Pharmacokinetic Data

Pharmacokinetic studies were conducted on the 34 participants enrolled in the study
who were assigned oral palbociclib at 50, 75, and 95 mg/m2/day. One patient who
deviated from the protocol by taking concomitant medications of phenytoin (a strong
CYP3A inducer) and omeprazole (a proton pump inhibitor) was excluded from the analysis.
The remaining 33 patients participated in course 1, day 1 pharmacokinetic studies, and
of them, 26 patients participated in course 1, day 21 studies. Among the seven patients
who did not participate in course 1, day 21 pharmacokinetic studies, one patient withdrew
consent, four patients went off study, one patient was taken off treatment due to progressive
disease, and samples from one patient were not collected because of that patient’s clinical
condition. Patients ranged from 4.9 to 21.6 years old, and over half were Caucasian. All the
patient characteristics, including the clinical covariates and concomitant medications of
interest, are summarized in Table 1.

This study included 397 samples from these 33 individuals. We excluded 10 samples
from three patients, so a total of 387 samples were included in the pharmacokinetic analysis.
The 10 samples were excluded for the following reasons: the 24 h sample was higher than
the 8 h in two individuals, suggesting that these patients may have taken a dose prior to the
sample at 24 h. Therefore, the 24 and following 48 h samples in these two individuals were
excluded. One patient had four course 1, day 21 samples that were BLQ (pre-dose and 1, 2,
and 4 h post-dose), followed by two samples well above BLQ at 7 and 24 h post-dose. These
samples BLQ were spurious given the individual received 21 days of dosing. Therefore,
these six samples on day 21 were excluded.
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Table 1. Characteristics of patients included in the pharmacokinetic study (n = 33).

Female/male n (%) 12 (36)/21 (64)
† Race n (%)

Caucasian 19 (58)
Black 4 (12)
Other 10 (30)

Stratum I/II n (%) 21 (64)/12 (36)

Palbociclib dosage n (%)
50 mg/m2 6 (18)
75 mg/m2 21 (64)
95 mg/m2 6 (18)

Age (y) 12.8 (4.9–21.6)
Height (cm) 147.8 (109–185.1)
Weight (kg) 52.5 (23.8–110.4)
Body surface area (m2) 1.5 (0.8–2.4)
Albumin (g/dL) 4.2 (3.2–4.9)
Aspartate aminotransferase (AST; U/L) 25 (11–93)
Bilirubin (mg/dL) 0.4 (0.1–1.2)
Creatinine (mg/dL) 0.5 (0.2–1.2)
Concomitant medication: Day 1 n (%); Day 21 n (%)

Ranitidine 3 (9); 2 (8)
Famotidine 1(3); 1(4)
HT-3 inhibitors (ondansetron/granisetron) 5 (15)/2 (6); 3 (12)/2 (8)
Dexamethasone 8 (24); 5 (19)

Data are reported as the frequency or median (range). † Self-declared ethnicity. Other includes Asian (n = 3),
Hispanic (4), American Indian/Alaskan (1), and unknown (n = 2).

3.2. Population Pharmacokinetic and Covariate Analysis

The base population pharmacokinetic estimates for the Tlag, ka, V/F, and CL/F were
0.8 h, 0.48/h, 664.5 L/m2, and 36.8 L/h/m2, respectively. A summary of all the population
parameters and measures of variability is shown in Table 2. Covariate analysis showed that
the palbociclib CL/F was significantly decreased with increasing AST (from 48.2 L/h/m2

at AST = 10 U/L to 24.1 L/h/m2 at AST = 100 U/L; p = 0.0066; Table S1; Figure 1). With
the inclusion of AST, the inter-patient variability of the palbociclib CL/F decreased by 10%
(from 0.29 to 0.26) (Table 2). None of the concomitant drugs considered as covariates were
significant (Table S1).
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Table 2. Final pharmacokinetic population parameter estimates.

Parameters *
Base Model Est.
(RSE%) *

Non-Parametric Bootstrap
AST Mean 90% CI

Population estimates
Absorption lag time Tlag (h) 0.8 (12.3) 0.8 (12.1) 0.81 0.65; 0.97
Absorption rate constant ka (/h) 0.48 (17.9) 0.46 (17.6) 0.51 0.39; 0.70
Volume V/F (L/m2) 664.5 (4.1) 653 (3.5) 668.5 617.1; 757.1
Clearance CL/F (L/h/m2) 36.8 (5.8) 36.5 (5.2) 33.5 30.5; 37.9

Covariates
AST on CL/F −0.3 (39.3) −0.24 −0.12; −0.36

Inter-patient variabilities (IIV) *
Absorption lag time Tlag 0.68 (14.4) 0.67 (14.1) 0.69 0.54; 0.88
Absorption rate constant ka 0.88 (16) 0.87 (14.8) 0.86 0.34; 1.19
Volume V/F 0.076 (58) 0.04 (86) 0.06 0.02; 0.26
Clearance CL/F 0.29 (16.7) 0.26 (16.3) 0.24 0.15; 0.30

Inter-occasion variabilities (IOV)
Clearance CL/F 0.13 (28) 0.12 (25.4) 0.13 0.09; 0.18
Residual proportional error 0.32 (4.7) 0.32 (4.7) 0.32 0.26; 0.39
2 × Log-likelihood value (OFV) 3198 3191.6

* RSE%, relative standard error; IIV and IOV are reported as a standard deviation.

The diagnostic plots of the final pharmacokinetic model are shown in Figure 2. The
goodness-of-fit plots based on the model observations and predictions did not show any
significant bias or model misfits (Figure 2a–d). In addition, the prediction-corrected visual
predictive checks based on model simulations showed that the central tendency and the
variability of the palbociclib data both after a single dose and at steady state were accurately
described by the final population pharmacokinetic model (Figure 2e,f).

The precision of the population parameter estimates for the final model was further
assessed using non-parametric bootstraps. The estimated population parameters were
close to the mean of the bootstrap estimates, and none of the 90% confidence intervals
included a value of zero (Table 2).
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Figure 2. Diagnostic plots for the population pharmacokinetic model. (a) Observed concentration–
time data vs. population, (b) individual model predictions, (c) individual weighted residuals (IWRES)
vs. time, and (d) model predictions. In panels (a,b), solid lines represent the unity line and red crosses
are data below the limit of quantification. The bottom plots show (e) the prediction-corrected visual
predictive checks for single-dose and (f) steady-state data. Circles are observed data, stars in a red
color are data below the limit of quantification, the solid lines depict the model-predicted 5th, 50th,
and 95th percentiles, respectively, and the shaded areas represent the 90th confidence interval around
the model-predicted percentiles.

3.3. Summary of Pharmacodynamic Data

Of the 33 patients used for the population PK model, 2 individuals were not included
in the pharmacodynamic analysis as they only had a single ANC and PLT observation
collected before the administration of the palbociclib dose. A total of 190 ANCs and 189 PLT
observations from 31 individuals were available during course 1 (until the beginning of
course 2, day 1). A total of 99 ANCs and PLT observations from 21 individuals were
available during course 2 (until the beginning of course 3, day 1). A total of 54 ANCs
and 55 PLT observations from six individuals were available during courses 3 and 4. An
average of 11 ANC and PLT data points were collected for each patient over all courses.

3.4. Population Pharmacodynamic Parameter Estimation—ANC

We used the ANC data for the first two courses of palbociclib to evaluate the popu-
lation pharmacodynamic parameters. A summary of the population pharmacodynamic
parameters is shown in Table 3A, the goodness-of-fit plots are shown in Figure 3a,b, and
individual ANC vs. time plots of the model fits are shown in Figure S2. Based on the
individual model estimates, the estimated median (5th–95th percentile) time below an ANC
of 1.5 × 103/µL (i.e., grade 2 neutropenia), 1.0 × 103/µL (i.e., grade 3 neutropenia), and
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0.5 × 103/µL (i.e., grade 4 neutropenia) was 15 (0, 35), 4 (0, 21), and 0 (0, 11) days/course for
the first two courses, respectively. In addition, the estimated median (5th–95th percentile)
nadir based on data from the first two courses was 1.0 (0.4, 3.3) × 103/µL.

Using the six individuals who also had course 3 and 4 ANC data, we determined
the ability to predict these next two courses of treatment given the PKs from course 1 and
the PD estimates based on data from courses 1 and 2. Figure S2 shows the individual
ANC vs. time plots for all four courses for these six individuals, visually indicating that
courses 3 and 4 are described well by the individual model fits to the first two courses.
Additionally, we evaluated the residuals (the percent difference between the observed
and estimated ANC) during courses 1 and 2 vs. 3 and 4. We observed no bias in the
residuals in either group (median [5th–95th percentile]: −1.5% [−41%, 38%], p = 0.16, and
−6.1% [−69%, 55%], p = 0.22, respectively), and the difference in the bias between the two
groups was not significant (p = 0.1).
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Table 3. (A) Population PD parameter estimates for ANC model. (B) Population PD parameter
estimates for PLT model.

(A)

Parameter Population
Estimate

RSE
(%)

IIV
(CV%)

RSE
(%)

IOV
(CV%)

RSE
(%)

Ncirc0 (103/µL) 3.95 8.7 47.0 13.9
kin (1/days) 0.90 8.6 29.4 50.2 14.3 54.3
kbp (1/days) 0.78 3.5 1.5 203.4 5.8 123.7
kout (1/days) 4.80 Fixed Fixed
IC50 (nM) 383.5 17.8 25.6 53.0 24.2 149.4
n 1 Fixed Fixed
Residual error
b 0.29 6.0

(B)

Parameter Population
Estimate

RSE
(%)

IIV
(CV%)

RSE
(%)

IOV
(CV%)

RSE
(%)

Ncirc0 (109/L) 267.40 4.2 21.4 14.4
kin (1/days) 0.93 3.3 7.6 39.4 4.1 43.8
kbp (1/days) 0.52 5.9 7.6 99.1 5.9 57.2
kout (1/days) 4.80 Fixed Fixed
IC50 (nM) 559.14 11.2 33.0 33.6 19.6 72.8
n 1 Fixed Fixed
Residual error
b 0.20 6.0

3.5. Population Pharmacodynamic Parameter Estimation—Platelets

We then used the PLT data for the first two courses of palbociclib to evaluate the
population pharmacodynamic parameters. A summary of the population parameters is
shown in Table 3B, goodness-of-fit plots are shown in Figure 3c,d, and individual PLT vs.
time plots of the model fits are shown in Figure S3. Based on the individual model estimates,
only three individuals had grade 1 (<100 × 109/µL) or greater thrombocytopenia (one grade
1, one grade 2, and one grade 3). In addition, the estimated median (5th–95th percentile)
nadir was 169 (59, 240) × 109/µL.

Using the six patients who also had course 3 and 4 PLT data, we determined the ability
to predict these next two courses of treatment given the PKs from course 1 and the PD
estimates based on data from courses 1 and 2. Figure S3 shows the individual PLT vs. time
plots for all four courses in these six individuals, visually indicating that courses 3 and 4
are described well by the individual model fits to the first two courses. Additionally, we
evaluated the residuals (the percent difference between the observed and estimated PLT)
during courses 1 and 2 vs. 3 and 4. We observed no bias in the residuals in courses 1 and 2
(median [5th–95th percentile]: −1.9% [−26%, 28%], p = 0.08), though there was some bias
(over-predicting the PLT depletion) in courses 3 and 4 (−8.0% [−37%, 18%], p = 4 × 10−4).
The difference in the bias between the two groups was also significant (p = 0.006).

3.6. Pharmacodynamic Simulations

To assess the extent of myelosuppression expected at clinically relevant dosages, we
simulated the effects of a fixed palbociclib dosage of either 50, 75, or 95 mg/m2/day for
21 days on the duration and extent of ANC and PLT depletion. In these simulations, we used
PD parameters sampled from each patient’s conditional distribution (n = 10 per individual).
These results are summarized in Figure 4 and Table 4. These simulations show that given a
50 mg/m2 dose, 19% of the individuals are expected to have grade 3 or greater neutropenia
and none are expected to have grade 3 or greater thrombocytopenia. Furthermore, the
median (5th–95th percentile) duration of grade 3 or greater neutropenia was 0 (0, 16) and
12 (0, 30) days for a 50 and 95 mg/m2 dose, respectively. In addition, given a 95 mg/m2
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dose, 69% of the individuals are expected to have grade 3 or greater neutropenia and 6% of
the individuals are expected to have grade 3 or greater thrombocytopenia, and the median
(5th–95th percentile) duration of grade 3 or greater thrombocytopenia was 0 (0, 0) and
0 (0, 11) days for a 50 and 95 mg/m2 dose, respectively.

To assess the effect of prior myelosuppressive therapy on myelosuppression, we
simulated patients subdivided by stratum, and our simulations show that given a dosage
of 75 mg/m2, more grade 3 neutropenia would be expected in a heavily pretreated patient
(i.e., stratum 2) than a patient who was not heavily pretreated (i.e., stratum 1) (75% vs.
35%; p = 2 × 10−18; Figure S4) and more grade 3 thrombocytopenia would be expected in
stratum 2 vs. 1 (15% vs. 0%; p = 3 × 10−13; Figure S5).

Table 4. Estimated nadir and duration of ANC and PLT depletion when given palbociclib 50, 75, or
95 mg/m2/day for 21 days.

Nadir of ANC 50 mg/m2/day 75 mg/m2/day 95 mg/m2/day

% <1.5 × 103/µL 45 72 79

% <1.0 × 103/µL 19 49 69

% <0.5 × 103/µL 3.1 13 32

Duration of ANC depletion (days); median (5th–95th percentile)

Days < 1.5 × 103/µL 0 (0, 28) 15 (0, 34) 20 (0, 39)

Days < 1.0 × 103/µL 0 (0, 16) 0 (0, 24) 12 (0, 30)

Days < 0.5 × 103/µL 0 (0, 0) 0 (0, 11) 0 (0, 19)

Nadir of PLT 50 mg/m2/day 75 mg/m2/day 95 mg/m2/day

% <100 × 109/L 6 8 12

% <50 × 109/L 0 6 6

% <25 × 109/L 0 0 3

Duration of PLT depletion (days); median (5th–95th percentile)

Days < 100 × 109/L 0 (0, 1) 0 (0, 13) 0 (0, 16)

Days < 50 × 109/L 0 (0, 0) 0 (0, 6) 0 (0, 11)

Days < 25 × 109/L 0 (0, 0) 0 (0, 0) 0 (0, 0)
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Figure 4. Pharmacodynamic simulations: (A): Simulated ANC vs. time for 50 mg/m2/day palbociclib
for 21 days. (B): Simulated ANC vs. time for 75 mg/m2/day palbociclib for 21 days. (C): Simu-
lated ANC vs. time for 95 mg/m2/day palbociclib for 21 days. (D): Simulated PLT vs. time for
50 mg/m2/day palbociclib for 21 days. (E): Simulated PLT vs. time for 75 mg/m2/day palbociclib
for 21 days. (F): Simulated PLT vs. time for 95 mg/m2/day palbociclib for 21 days. For all panels
of Figure 4—blue bar: dosing interval; black solid line, green dashed line, and red dotted line: mild
neutropenia or thrombocytopenia (100 × 109/L), moderate neutropenia (1.0 × 103/µL) or thrombo-
cytopenia (50 × 109/L), and severe neutropenia (0.5 × 103/µL) or thrombocytopenia (25 × 109/L);
black curve: median ANC or PLT; blue shaded region: 25th–75th percentiles; gray shaded region:
5th–95th percentiles.

4. Discussion

The population pharmacokinetics and pharmacodynamics of palbociclib, a CDK4/6
inhibitor, were characterized for the first time in children and young adults with recurrent,
progressive, and refractory brain tumors. The results of the covariate analysis showed
that the apparent oral clearance of palbociclib was influenced by baseline AST values.
Specifically, a 2.5-fold increase in the baseline AST was associated with a 2-fold lower
apparent oral palbociclib clearance. Additionally, the ANC and PLT data during the first
two courses were well described. Based on the individual model estimates for the ANC
and PLT for the first two courses, we predicted the ANC data for six patients for courses 3
and 4 without bias, but the PLT data were biased and slightly over-predicted.
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Prior to the current report, only one study had published pharmacokinetic data for
palbociclib in pediatric oncology patients. Raetz and colleagues studied the disposition of
palbociclib in 12 children with acute lymphoblastic leukemia or lymphoma enrolled in a
phase I study [22]. They obtained serial samples on days 1 and 11 for up to 24 h after the
oral dose. Both capsule (n = 3) and liquid formulations (n = 9) were used in this study, and
a noncompartmental pharmacokinetic analysis approach was used. They reported a mean
(range) steady state apparent oral clearance of 40.4 (21.1–102.0) L/h/m2 and a half-life of
27.9 (4.5–86.8) hours [22].

In adult patients, the results of several population pharmacokinetic studies have been
published. Royer and colleagues published the first population pharmacokinetic study of
palbociclib utilizing retrospective data collected from therapeutic drug monitoring [15].
Although they studied 124 patients, they only had 151 samples for model building. A
one-compartment model with a first-order absorption (Ka), an absorption lag time, and
a combined error model was used to describe their data. The noise in the real-world
data limited their ability to estimate the parameters of their model (e.g., the absorption);
however, their estimate of a palbociclib apparent oral clearance of 58 L/h (34 L/h/m2)
compares well with the one from the present study. They found that the creatinine clearance
(CrCl) estimated using the Cockcroft–Gault method, which includes the variables of age,
gender, weight, and serum creatinine, was a significant covariate. As the CrCl decreased,
the palbociclib apparent oral clearance decreased, and the AUC increased.

That same group conducted a population pharmacokinetic/pharmacodynamic study
of palbociclib using therapeutic drug monitoring data for 143 patients, which were retrieved
retrospectively from the patient record management software [16]. Similarly to Royer, these
authors used a one-compartment model with a first-order absorption (Ka), an absorption
lag time, and a combined error model to describe their data. They estimated the palbociclib
apparent oral clearance as 57 L/h (34 L/h/m2), which is remarkably similar to that of
Royer and not unexpectedly compares to the one from the present study. As with the study
by Royer, these authors also found that CrCl was a significant covariate for the palbociclib
apparent oral clearance. However, these authors also found that a hepatic biomarker
(alkaline phosphatase; ALP) was a significant covariate for the palbociclib apparent oral
clearance with increasing ALP associated with a decreasing palbociclib clearance and
increased systemic exposure.

Lastly, Courlet and colleagues conducted a population pharmacokinetic study in
adults using data from a clinical trial aimed at optimizing oral targeted anticancer therapies
(OpTAT; NCT04484064) [23]. The authors obtained blood samples at routine visits and
serial sampling up to 12 h in 45 women with metastatic breast cancer receiving palbociclib.
Differently from the Royer analysis, these authors used a two-compartment model with
first-order absorption, a lag-time, and a proportional error model to describe their data.
The palbociclib apparent oral clearance from their analysis was 67 L/h (39 L/h/m2), which
was similar to both Royer and the current analysis. In this analysis, the palbociclib apparent
oral clearance was increased by 56% when taken under fasting conditions along with
concomitant proton pump inhibitors; however, the authors never specify exactly which
PPIs these patients were administered nor the exact palbociclib formulation used.

The results of our covariate analysis showed that aspartate aminotransferase (AST) was
a significant covariate for the palbociclib apparent oral clearance. Our covariate analysis
included a measure of renal function (i.e., the estimated GFR) as well as age and BW, but
none of these covariates had a significant impact on the palbociclib apparent oral clearance
as found by Royer or Marouille in their analyses [15,16]. We did find that a marker of
hepatic function, AST, was associated with the palbociclib apparent oral clearance, similarly
to that of Royer. Moreover, as reported by those authors, an increase in AST was associated
with a decrease in the palbociclib apparent oral clearance and an increase in the palbociclib
systemic exposure.

The results of the first phase I studies in adults showed that myelosuppression
was the primary dose-limiting toxicity for palbociclib. Thus, investigators performed
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exploratory pharmacokinetic and pharmacodynamic analyses of the relation between pal-
bociclib systemic exposure and the ANC and platelet levels during the first two courses
of treatment [24,25]. Using a simple Emax model, they established a relationship be-
tween the change in the ANC and platelet levels versus the palbociclib plasma exposure
with increasing exposures resulting in a saturable decrease from the baseline for both
the ANC and platelets. Subsequent studies used a more mechanistic population pharma-
cokinetic/pharmacodynamic modeling approach based on a previously described semi-
mechanistic physiological model developed to describe the effects of cytotoxic chemother-
apy agents on neutrophils but not platelets [26]. Although the Friberg approach initially
was intended to model the neutropenic effects of cytotoxic chemotherapy, these investiga-
tors found that it performed well at modeling the cytostatic effects of palbociclib [16,27,28].
This model has also been used to model the cytostatic effects of other CDK4/6 inhibitors
such as ribociclib [29] and trilaciclib [30].

Similarly to the results observed in the adult phase I studies, the recent pediatric phase
I study of palbociclib also reported myelosuppression as the most common dose-limiting
toxicity [8]. A preliminary regression analysis demonstrated that higher values of the pal-
bociclib Cmax and AUC were associated with more severe (grade 3 or 4) neutropenia and
leukopenia [8]. These observations prompted this more thorough analysis of the relation
between palbociclib systemic exposure and the ANC and platelet levels. We modeled both
the ANC and PLT data in the current study using our previously developed mechanistic
mathematical model originally developed to quantify temozolomide myelosuppression [31]
and later modified to quantify topotecan neutropenia and thrombocytopenia in neuroblas-
toma [21]. The results of our current analysis compare closely to several other studies. For
example, the baseline ANC (CIRC0) for our model was 3.95 × 103/µL, which compares
favorably with 3.63 × 103/µL from Sun [27], 2.94 × 103/µL from Marouille [16], and
3.36 × 103/µL from Jian [28]. In addition, the MTT (the time for committed stem cells to
pass through the maturation compartments before entering the circulation) in the three
published adult PK/PD studies ranged from 4.33 to 8.25 days, which was similar to the
5.12 days estimated from our current study.

Since six patients had ANC data from the third and fourth courses, we determined
the ability of our pharmacodynamic model to use course 1 and 2 individual PD and PK
estimates to predict the PD profile for courses 3 and 4. The lack of bias in the residuals
indicated that our model was capable of predicting course 3 and 4 ANC values well and
that the decreases in ANCs were not cumulative. This observation was consistent with that
made in the early phase I study of Schwartz and colleagues [24]. In a larger population
PK/PD analysis, Sun and his group also noted neutropenia associated with palbociclib
administration was reversible and not cumulative [27].

Using our pharmacodynamic model, we simulated the extent of myelosuppression
expected at clinically relevant palbociclib dosages (between 50 and 95 mg/m2). The
simulations provide a quantitative and mechanistic approach to predict the ANC and PLT
concentrations expected at any clinically relevant palbociclib dosage. For example, the
model predicted that given a palbociclib dosage of 75 mg/m2, approximately half the
patients would have grade 3 or greater neutropenia.

The present study had several limitations. First, as with many pediatric population
pharmacokinetic and pharmacodynamic studies, the number of patients studied was
relatively small on course 1, day 1, and the number of patients with repeat studies on
course 1, day 21 was even smaller. Another limitation of our study is the lack of external
model validation. Due to the small patient population, the sample size was not large
enough to derive an external validation group to further validate the model. Regardless,
our pharmacokinetic and pharmacodynamic findings for this patient population agree
with previously published adult results, and our PK/PD model could be very useful for
predicting expected ANC- and PLT-related toxicities at relevant doses with the caveat that
it will require prospective validation in an independent patient population.
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5. Conclusions

This is the first population pharmacokinetic and pharmacodynamic study of palbo-
ciclib in children and adolescents with progressive brain tumors. Significant covariates
associated with palbociclib disposition identified in our analysis included a decreased
apparent oral clearance in patients with increased AST values. The ANC and PLT data
during the first two courses were well described. Based on their individual model estimates
for the ANC and PLT for the first two courses, we estimated the ANC data for six patients
for courses 3 and 4 without bias, but the PLT data were biased and slightly over-predicted.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics16121528/s1, Table S1: Comparison of the base
pharmacokinetic model’s objective function value (OFV) with models including single covariates on
apparent clearance (Cl/F); Figure S1: Depicted below is the pharmacodynamic model scheme describ-
ing the ANC and platelet dynamics. The model for ANC consists of a bone marrow compartment
with proliferating neutrophils, three transient compartments that represent the maturation process
of the neutrophils from blasts to circulating neutrophils, and a circulating neutrophil compartment.
The model included the negative feedback effects of endogenous G-CSF, which affected the growth
rate of proliferating cells in a manner inversely proportional to the concentration of circulating
neutrophils. We assumed that palbociclib only affected the proliferating neutrophils in the bone
marrow compartment. We used a similar structural model for platelet dynamics; Figure S2_1: ANC
vs Time Plots for patient #1. Right Axis: ANC (103/µL), black curve, model estimated curve; black
dots measured ANC levels. Left Axis: palbociclib concentration (nM), red dotted curve, model
estimated concentration. Horizontal black solid, green dashed, and red dotted lines: ANC thresholds
of 1.5, 1.0, and 0.5 × 103/µL, respectively; Figure S2_5: ANC vs Time Plots for patient #5. Right
Axis: ANC (103/µL), black curve, model estimated curve; black dots measured ANC levels. Left
Axis: palbociclib concentration (nM), red dotted curve, model estimated concentration. Horizontal
black solid, green dashed, and red dotted lines: ANC thresholds of 1.5, 1.0, and 0.5 × 103/µL,
respectively; Figure S2_14: ANC vs Time Plots for patient #14. Right Axis: ANC (103/µL), black
curve, model estimated curve; black dots measured ANC levels. Left Axis: palbociclib concentration
(nM), red dotted curve, model estimated concentration. Horizontal black solid, green dashed, and
red dotted lines: ANC thresholds of 1.5, 1.0, and 0.5 × 103/µL, respectively; Figure S2_21: ANC vs
Time Plots for patient #21. Right Axis: ANC (103/µL), black curve, model estimated curve; black dots
measured ANC levels. Left Axis: palbociclib concentration (nM), red dotted curve, model estimated
concentration. Horizontal black solid, green dashed, and red dotted lines: ANC thresholds of 1.5,
1.0, and 0.5 × 103/µL, respectively; Figure S2_22: ANC vs Time Plots for patient #22. Right Axis:
ANC (103/µL), black curve, model estimated curve; black dots measured ANC levels. Left Axis:
palbociclib concentration (nM), red dotted curve, model estimated concentration. Horizontal black
solid, green dashed, and red dotted lines: ANC thresholds of 1.5, 1.0, and 0.5 × 103/µL, respectively;
Figure S2_25: ANC vs Time Plots for patient #25. Right Axis: ANC (103/µL), black curve, model
estimated curve; black dots measured ANC levels. Left Axis: palbociclib concentration (nM), red
dotted curve, model estimated concentration. Horizontal black solid, green dashed, and red dotted
lines: ANC thresholds of 1.5, 1.0, and 0.5 × 103/µL, respectively; Figure S3_1: PLT vs Time Plots for
patient #1. Right Axis: PLT (109/L), black curve, model estimated curve; black dots measured PLT
levels. Left Axis: palbociclib concentration (nM), red dotted curve, model estimated concentration.
Horizontal black solid, green dashed, and red dotted lines: PLT thresholds of 100, 50, and 25 × 109/L,
respectively; Figure S3_5: PLT vs Time Plots for patient #5. Right Axis: PLT (109/L), black curve,
model estimated curve; black dots measured PLT levels. Left Axis: palbociclib concentration (nM),
red dotted curve, model estimated concentration. Horizontal black solid, green dashed, and red
dotted lines: PLT thresholds of 100, 50, and 25 × 109/L, respectively; Figure S3_14: PLT vs Time
Plots for patient #14. Right Axis: PLT (109/L), black curve, model estimated curve; black dots
measured PLT levels. Left Axis: palbociclib concentration (nM), red dotted curve, model estimated
concentration. Horizontal black solid, green dashed, and red dotted lines: PLT thresholds of 100,
50, and 25 × 109/L, respectively; Figure S3_21: PLT vs Time Plots for patient #21. Right Axis: PLT
(109/L), black curve, model estimated curve; black dots measured PLT levels. Left Axis: palbociclib
concentration (nM), red dotted curve, model estimated concentration. Horizontal black solid, green
dashed, and red dotted lines: PLT thresholds of 100, 50, and 25 × 109/L, respectively; Figure S3_22:
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PLT vs Time Plots for patient #22. Right Axis: PLT (109/L), black curve, model estimated curve;
black dots measured PLT levels. Left Axis: palbociclib concentration (nM), red dotted curve, model
estimated concentration. Horizontal black solid, green dashed, and red dotted lines: PLT thresholds
of 100, 50, and 25 × 109/L, respectively; Figure S3_25: PLT vs Time Plots for patient #25. Right
Axis: PLT (109/L), black curve, model estimated curve; black dots measured PLT levels. Left Axis:
palbociclib concentration (nM), red dotted curve, model estimated concentration. Horizontal black
solid, green dashed, and red dotted lines: PLT thresholds of 100, 50, and 25 × 109/L, respectively;
Figure S4: Simulated ANC vs time given palbociclib dosages of 50, 75, and 95 mg/m2/day for 21 days
for Stratum 1 and 2. Horizontal black solid, green dashed, and red dotted lines: ANC thresholds of
1.5, 1.0, and 0.5 × 103/µL, respectively. Black curve: median ANC; Blue shaded region: 25–75th per-
centiles; Grey shaded region: 5–95th percentiles; Figure S5: Simulated PLT vs time given palbociclib
dosages of 50, 75, and 95 mg/m2/day for 21 days for Stratum 1 and 2. Horizontal black solid, green
dashed, and red dotted lines: PLT thresholds of 100, 50, and 25 × 109/L, respectively. Black curve:
median PLT; Blue shaded region: 25–75th percentiles; Grey shaded region: 5–95th percentiles.
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