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Abstract. Neutropenia and febrile neutropenia (FN) are serious side effects of cytotoxic
chemotherapy which may be alleviated with the administration of recombinant granulocyte
colony-stimulating factor (GCSF) derivatives, such as pegfilgrastim (PG) which increases
absolute neutrophil count (ANC). In this work, a population pharmacokinetic-
pharmacodynamic (PKPD) model was developed based on data obtained from healthy
volunteers receiving multiple administrations of PG. The developed model was a
bidirectional PKPD model, where PG stimulated the proliferation, maturation, and
margination of neutrophils and where circulating neutrophils in turn increased the
elimination of PG. Simulations from the developed model show disproportionate changes
in response with changes in dose. A dose increase of 10% from the 6 mg therapeutic dose
taken as a reference leads to area under the curve (AUC) increases of ~50 and ~5% for PK
and PD, respectively. A full random effects covariate model showed that little of the
parameter variability could be explained by sex, age, body size, and race. As a consequence,
little of the secondary parameter variability (Cmax and AUC of PG and ANC) could be
explained by these covariates.

KEY WORDS: full random effects modeling; granulocyte colony-stimulating factor; pegfilgrastim;
population pharmacokinetic-pharmacodynamic model.

INTRODUCTION

Neutropenia and febrile neutropenia (FN) are serious
complications that can be induced by cytotoxic chemotherapy
in the treatment of cancer (1,2). During FN, patients are more
susceptible to opportunistic infections and sepsis, which may
result in hospitalization and, in some severe cases, death (3).
Additionally, if the neutropenia is severe enough or FN
occurs, the chemotherapy doses need to be lowered or the
treatment paused in order for the absolute neutrophil count
(ANC) to recover, reducing the effectiveness of the treatment
and thus potentially, overall survival (4).

Treatment guidelines for chemotherapy-induced neutro-
penia recommend the administration of granulocyte colony-
stimulating factors (GCSFs) if a patient’s risk for severe
neutropenia during chemotherapy is greater than 20% (3).
GCSFs are proteins which bind to receptors on hematopoietic
stem cells and neutrophil precursor cells, stimulating the
differentiation, survival, and proliferation of neutrophil
precursor cells (5,6). After administration of GCSF, ANC

production is increased, transit time of granulocytes through
the bone marrow is reduced, and the neutrophils are more
readily expelled from bone marrow. Inspired by these
properties, filgrastim (Neupogen®, Amgen), a recombinant
methionylated and non-glycosylated human GCSF, was
developed and approved by the US Food and Drug
Administration (FDA) in 1991 (7). Frequent administrations
of filgrastim due to the relatively short half-life (t1/2 ∼ 3.5 h)
of the protein results in a high patient burden added on the
already large burden of chemotherapy. During a 2-
week cycle, as many as 14 injections may be administered to
a patient (8). In order to reduce this burden, a pegylated
filgrastim, pegfilgrastim (PG), was developed and marketed
as Neulasta® (Amgen) (9). Pegylation (adding a polyethylene
glycol [PEG] molecule) of therapeutic proteins can lead to
increased resistance to enzymatic degradation and for smaller
proteins, it can increase the molar mass of the protein beyond
that which can be eliminated via the renal route (10). When
added to filgrastim (molar weight ∼20 kDa), pegylation
increased its hydrodynamic size by ∼2-fold, preventing the
drug from being filtered by the glomeruli, reducing its
elimination (11).

In order to understand the relationship between PG and
ANC, a pharmacokinetic-pharmacodynamic (PKPD) model
is of value. Various semi-mechanistic models for filgrastim
have been published and adequately describe the disposition
of filgrastim (12,13). Many of the principles explored by these
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models, such as dose-dependent bioavailability and
neutrophil-mediated elimination, may also be applicable to
PG and a model built on mechanistic principles, has
previously been published for PG. (14) However, for
addressing a number of questions related to PG therapy, it
is valuable to have a model where interindividual and
intraindividual aspects are captured. Also for a quantitative
assessment of the bidirectional nature of the PG-ANC
system, such a model may more precisely capture the
interaction. In this work, individual PG concentration and
ANC measurements were modeled using a population
approach, thereby characterizing the bidirectionality in the
system on an individual level. Further, the extent to which the
variability in parameters of the system could be explained by
demographic covariates was investigated.

MATERIAL AND METHODS

Data

Data from a double-blind three-way cross-over study
where healthy subjects (n = 192) were treated with single 6 mg
doses of potentially biosimilar pegfilgrastim (BIOS_PG), US-
sourced Neulasta® (US_PG), and EU-sourced Neulasta®

(EU_PG) were used in this analysis. The study was conducted
in accordance with the ethical principles stated by the
Declaration of Helsinki, International Conference on
Harmonization, Technical Requirements for the Registration
of Pharmaceuticals for Human Use of Good Clinical Practice
and applicable drug and data protection laws in the USA. All
subjects were required to sign a subject information sheet before
any study-related procedures were performed. All documents
pertaining to the ethical conduct of the study were signed by an
Institutional Review Board. The study included a washout of at
least 5 weeks was observed between periods of single adminis-
tration of each PG formulation. Subjects were sampled for PG
concentrations and ANC. The primary aim of the study was to
compare the pharmacokinetics (PK) and pharmacodynamics
(PD) of the proposed biosimilar, BIOS_PG, to the reference
products US_PG and EU_PG. The secondary aim of the study
was to compare the safety, tolerability, and immunogenicity of
the three formulations. If an individual tested positive for either
anti-PEG antibodies or anti-drug antibodies (ADA) within an
occasion, all records for that individual for that particular
occasion were excluded in the analysis data set.

Pharmacokinetic/Pharmacodynamic Model Development

A one-compartment model with sequential absorption
processes was used as a starting point for the PK model
development. In this model, a zero-order input into the
absorption compartment was followed by first-order absorp-
tion dictating absorption into the central compartment. The
PK of pegfilgrastim has previously been described using a
one-compartment model with dual absorption processes (14).
The typical value of Frel in the model was fixed to one as no
intravenous data was available. Elimination of PG has
previously been described as consisting of a saturable
neutrophil-mediated and a linear non-specific pathway which
may indicate proteolysis or other elimination (15). Several
models for elimination were tested, including linear non-

specific elimination, saturable non-specific elimination, linear
ANC-dependent elimination, saturable ANC-dependent
elimination, and combinations of the aforementioned mech-
anisms (resulting in parallel elimination routes). Saturable
processes were described using a Michaelis-Menten equation:

V tð Þ ¼ Vmax⋅CPG tð Þ= KMþ CPG tð Þð Þ ð1Þ

where V(t) is the amount of drug being eliminated at time = t,
Vmax is the maximal elimination rate in amount per hour,
CPG(t) is the PG concentration at time = t, and KM is the
concentration of PG that elicits half the PG effect on the
elimination rate. To test whether saturable ANC-dependent
elimination was supported by the data, Vmax was multiplied
by ANC to scale the parameter.

The starting point for the PD model of ANC was a semi-
mechanistic indirect effect model with transit compartments
adapted from Quartino et al. (16) and Friberg et al. (17). The
PD model was linked to the PK model by testing linear and
maximum effect (Emax) drug effects on different parameters
in the PD model by multiplying the rates with (1 + Effect),
indicating stimulation of the rates by PG.

Model development was sequential; first, a PK model
was developed where linearly interpolated ANC observations
were used to investigate ANC-mediated effects, then a PD
model was developed where the linearly interpolated PG
observations were used to investigate the drug effects, and
thereafter, the models were combined without any interpola-
tion, refined, and finalized.

The stochastic portion of the model was divided into
interindividual variability (IIV), interoccasion variability
(IOV), and residual error. The distribution of parameters
associated with IIV and IOV was assumed to be log-normally
distributed. Other distributions were investigated as indi-
cated. Residual errors in the PK and PD models were
additive on the log scale, resulting in proportional residual
errors on a normal scale. Other residual models were
investigated as indicated.

Covariate relationships were evaluated in the model
using the full random effects model (FREM) approach
(18,19). FREM is a covariate modeling methodology which
reduces covariate selection bias by estimating all covariate
relationships simultaneously. In this approach, all covariates
are modeled as random effects (observations with a fixed
mean and estimated IIV) and are coupled to the parameters
through a full covariance matrix, including both the random
effects for the parameters and the covariates. The basic
workflow of the usage of FREM can be summarized as:

1. Pre-specify all potential covariates of interest for
explaining parameter variability.

2. Add covariates to a base model as observations and
estimate IIV and covariances between all parameters
and covariates.

3. Post-process the parameter-covariate covariance ma-
trix to obtain information of interest: correlation
coefficients, covariate-parameter relations for a tradi-
tional covariate model, etc.

The time constant covariates may explain parameter IIV,
while the time-varying covariates here may explain parameter
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IOV in the model. The FREM was developed by first
considering only time-constant covariates (race, sex, age, lean
body weight (LBW) calculated according to Janmahasatian
et al. (20), body mass index (BMI), and weight) and secondly
including also time-varying covariates (formulation and
period).

Model Evaluation

Model evaluation was based on the inspection of
graphical diagnostics such as predictions, residuals, and visual
predictive checks (VPCs) (21), as well as parameter estimates
and parameter precision. Discrimination between models was
mainly based on approximations of -2·log(likelihood), re-
ferred to here as the objective function value (OFV). The
reported OFV was obtained using an importance sampling
assisted by mode a posteriori (IMPMAP) estimation method.
For nested models, the likelihood ratio test was used.

Simulations

The R-package ncappc was used to generate and plot
non-compartmental analysis (NCA) statistics based on both
the measured data and on model simulations using the same
design structure as the measured data (22). NCA statistics
calculated based on the model simulations were compared
with observed NCA statistics to measure general model
performance. Simulated NCA statistics with different admin-
istered doses using the base model before covariate inclusion
served as an indication of the sensitivity of the PK and PD to
changes in the administered dose. A 6 mg dose and increases
from it of 2, 4, 6, 8, and 10% were simulated. For each dose,
the geometric mean computed from 1000 simulated individ-
uals’ area under the curve (AUC) and maximum concentra-
tion (Cmax) were compared. Simulations with subsequent
NCA calculations (445,000 profiles each of PG and ANC)
were also performed from the final model with all covariate
relations to assess the correlation between NCA metrics and
parameters and covariates.

Data Analysis and Software Details

Data were analyzed using NONMEM version 7.3.0 (23)
installed on an Intel Xeon-based server. Perl-speaks-
NONMEM (PsN) version 4.7.0 (24,25) was used for
NONMEM run control. Data management, further process-
ing of NONMEM output, and goodness-of-fit evaluations
were performed using R version 3.2.3 (26). Parameter
estimation in NONMEM was performed using an expectation
maximization (EM) algorithm, IMPMAP, and the model was
MU-referenced. Standard errors of the parameter estimates
in the final model were computed by the $COVARIANCE
step in NONMEM.

RESULTS

Data

Profiles corresponding to dosing occasions were ADA
toward an identifiable part of the molecule (PEG and/or
filgrastim) have been detected where excluded from the

analysis. Although ADA are frequently identified as having
an effect on drug elimination, this could not be evaluated due
to the low frequency of ADA. Further, individuals (n = 15)
with measureable baseline concentrations of PG were ex-
cluded since being drug naive was an inclusion criteria for
participation in the study. The total number of individuals
included in the analysis was 174, of which 43% were females
and 86% were Caucasians. The administered doses deviated
from the nominal doses of 6 mg. Hence, the median doses of
remaining syringes analyzed per batch of drug administered
to the subject were used as individual dose amounts. This
constituted amounts of 6.6 and 6.7 mg for two different
batches of BIOS_PG, 6.3 mg for US_PG and 6.2 mg for
EU_PG. Observed concentrations of PG and ANC are
presented in Fig. 1.

Pharmacokinetic/Pharmacodynamic Model Development

The starting point for the PK model was a one-
compartment model with a depot compartment and sequen-
tial zero- and first-order absorption. Simpler absorption
models did not describe data as well as the starting model
and more complex models, for example incorporating ANC-
dependent elimination from a presystemic depot compart-
ment offered no better description of data. Therefore, the
starting absorption model was retained in the final model. An
elimination model using a linear ANC-dependent process and
a saturable non-specific process described the data as well as
having both processes as saturable. Also, any simplification of
the two-process elimination model made description of data
significantly (p < 0.05) worse.

The PD model included a transit chain of four transit
compartments followed by a compartment representing ANC
in circulation. The feedback mechanism that made the
original models from Quartino et al. (16) and Friberg et al.
(17) self-regulating was not found to be significant (p > 0.05)
during model development. Given our data, where concen-
trations of an exogenous GCSF analogue are expected to be
in a very large excess compared to endogenous GCSF
(moreover expected to be at low concentrations due to
suppression by high neutrophil counts), this mechanism,
which is based on endogenous levels, may not be identifiable,
and thus the self-regulating component was removed. A
baseline ANC (BASE) representing the baseline neutrophil
count was estimated. Other structural components of the PD
model were fixed to literature values as the estimation of their
values in the absence of exogenous GCSF was not sufficiently
informed by the present data. The typical value of circulating
neutrophil elimination was fixed to the frequently reported
half-life (∼7 h) (27). The baseline value of mean maturation
time (MMT) was fixed to 120 h, since 5 days has been
reported as the time it takes for the cells to mature and
migrate from the bone marrow to the blood stream (27). The
effect of fixing MMT to a certain value with this relatively low
number of transit compartments effectively reduced the
model to a turnover model with a maturation component
and an indirect drug response model (28,29).

An early decrease in ANC was observed after PG
administration, indicating the necessity of a margination
effect in the model. Margination describes the rapid expan-
sion of the volume of distribution in the ANC compartment,
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and was described using an Emax effect. Additionally, drug
effect was included as an Emax effect on changes in the
production rate (proliferation effect) and the transit rate
(maturation effect) from baseline (the inverse of the MMT).
Correlations between the Emax and EC50 parameters were
high and it was found that estimating a single EC50
parameter for these two effects did not worsen model fit as
indicated by the OFV. Further, high correlations between
both Emax,prol and EC50 parameters and the parameters
describing the margination effect were also identified. The
margination effect was therefore described by scaling both
Emax,prol and EC50 via multiplication by separate fixed effect
parameters. The final PD model included the following drug
effects:

Maturation ef fect ¼ Emax;mat⋅CPG tð Þ
EC50þ CPG tð Þ ð2Þ

Proli feration ef fect ¼ Emax;prol⋅CPG tð Þ
EC50þ CPG tð Þ ð3Þ

Margination ef fect ¼ Emax;prol⋅Emax;Scale⋅CPG tð Þ
EC50⋅EC50Scale þ CPG tð Þ ð4Þ

where Emax,mat is the maximal (proportional) effect of PG on
maturation rate (1/MMT) change, Emax,prol is the maximal
(proportional) effect of PG on proliferation rate change, and
Emax,Scale and EC50Scale are scaling parameters for the
margination effect.

The final structure of the PKPD model structure is
presented in Fig. 2. IIV was included as log-normal
distributions on all parameters in the PK model apart
from Vmax (unsupported) with a full variance-covariance
block (Ω). IOV was included between parameters associ-
ated with absorption, first-order absorption rate constant
(Ka), Frel, and the input rate. IIV in the PD model was
included on BASE, neutrophil half-life, EC50, Emax,mat,

and Emax,prol, the latter three in an Ω block. IOV in the
PD model was only included on neutrophil half-life. Final
estimates of the combined model before covariate inclu-
sion can be seen in Table I.

Model Evaluation

The predictive performance of the model without
covariates is presented in VPCs in Fig. 3. The median of the
PG concentration and ANC data (solid lines) falls within or
close to the 95% prediction interval of the median (dark
shaded area) resulting from 500 simulations from the model
indicating adequate model performance. However, the model
somewhat overpredicts the variability at the outer percentiles
of the ANC data.

Simulations

Model performance was also evaluated by comparing
observed NCA statistics to simulated NCA statistics across
all dosing occasions. Figure 4 demonstrates that the simu-
lated AUC and Cmax mimic the observed percentiles of the
data. The observed geometric means of PK and PD AUCs
were 4359 ng h/mL and 6214·109cells h/L, respectively, and
the corresponding simulated geometric means were 4523 and
6035. The model slightly overpredicts Cmax for both PG and
ANC.

The sensitivity of PK and PD to small changes in
administered dose from the reference (6 mg therapeutic
dose) can be seen in Fig. 5. In general, PK AUC increased
> 5 times more than the increase of dose while PD AUC
increased by ∼0.5 times the dose increase. A similar trend
was observed for Cmax where PK Cmax increased > 4 times
more than the increase in dose while PD Cmax increased by
∼0.4 times the dose increase.

Full Random Effects Modeling

The interindividual and interoccasion variability in
parameters are illustrated in Figs. 6 and 7, together with the

Fig. 1. Observed PG concentrations and ANC versus time after dose in study PG-01-003. Black dots and
lines show concentration-time profiles in individuals at each dosing occasion (one line per individual
administration)
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fraction of the total variability explained by individual
covariates or by all covariates jointly. The ability of covariates
to describe the parameter variability is clearly small; as a

consequence, no individual covariate could not explain more
than 2% of the variability in the derived metrics AUC and Cmax

(see Appendix 2). Forest plots showing the size of the effects
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Fig. 2. Pharmacokinetic-pharmacodynamic (PKPD) model structure of the final model. The system is bidirectional where
pegfilgrastim (PG) influences the absolute neutrophil count (ANC) by stimulating proliferation, maturation, and
margination. The margination effect increased the apparent volume of distribution of the ANC compartment

Table I. Parameter Estimates in the PKPD Model

Parameter (unita) Value %RSE Description

Ka (h
−1) 0.0114 2.78 First-order absorption rate constant

R1 (mg/h) 2.84 23.8 Zero-order input rate
Frel 1 Fixed Relative bioavailability
MMT (h) 120 Fixed Mean maturation time
Vc/F (L) 1.81 7.31 Central volume
Vmax/F (mg/h) 0.0467 0.726 Maximum saturable elimination rate
Km (ng/mL) 2.05 3.38 Michaelis-menten constant
CL/F (106cells L/h) 2.80 13.0 Baseline ANC-dependent clearance
BASE (109cells/L) 2.70 3.75 Base neutrophil count
T1/2 (h) 7 Fixed Neutrophil half-life
EC50 (ng/mL) 9.24 7.57 Concentration eliciting half of the maximum effect
EC50Scale 0.477 5.78 Scaling parameter for EC50 for the margination effect
Emax,mat 102 8.78 Maximum effect of PG on ANC maturation rate
Emax,prol 109 7.64 Maximum effect of PG on ANC production rate
Emax, Scale 0.0622 1.23 Scaling parameter for Emax, prol for the margination effect
IIVb Ka 0.231 41.9
IIV Vc 0.531 42.4
IIV CL 0.505 71.4
IIV Km 0.521 95.0
IIV R1 0.323 87.0
IIV Frel 0.214 95.9
IIV BASE 0.252 127
IIV T1/2 0.274 98.8
IIV EC50 0.817 11.6
IIV Emax,mat 0.417 50.0
IIV Emax,prol 0.892 84.4
IOVc Ka 0.113 103
IOV R1 0.537 42.4
IOV Frel 0.0897 45.1
IOV T1/2 0.0883 47.2
RUVd PK 0.272 3.98
RUV PD 0.255 2.75

aThe relative standard error (RSE) for IIV and residual unexplained variability (RUV) parameters are reported on the approximate SD scale
b IIV interinvidiual variability (SD)
c IOV inter-occasion variability (SD)
d RUV residual unexplained variability (SD)

Page 5 of 14 91The AAPS Journal (2018) 20: 91



Fig. 3. Visual predictive check for the combined model stratified by observation type. Pegfilgrastim (PG)
concentration and absolute neutrophil count (ANC) are presented in the left and right panels, respectively.
Then, 500 simulated dataset were generated. The black lines are the 2.5th, 50th (solid) and 97.5th
percentiles based on the observed data. The shaded areas are 95% confidence intervals for the 2.5th, 50th
(dark gray), and 97.5th percentile prediction intervals based on the simulated data

Fig. 4. Simulated individual area under the curve (AUC) and maximum concentration (Cmax) (shown as
histograms, solid gray lines for geometric mean and dashed gray lines for 2.5th and 97.5th quantiles)
compared with the same observed non-compartmental analysis metrics (solid black lines for geometric
mean and dashed black lines for 2.5th and 97.5th quantiles) for pegfilgrastim (PG) and absolute neutrophil
count (ANC). One hundred simulations of the reference data set were performed. AUCs were calculated
from time = 0 to the last observed time point in each individual and occasion
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(including uncertainty) of the covariates on the different
parameters in the model are presented in Appendix 1.

DISCUSSION

The disposition of non-pegylated and pegylated exoge-
nous GCSF products has been described using PKPD
models previously (12–14). These models, in general, describe
the impact of GCSF administration on ANC, and the effects
of ANC on the elimination of the administered product in
turn. This self-regulating mechanism is important to charac-
terize in order to perform realistic simulations using the
models. For PG, the previously published PKPD analysis was
based on mean data ignoring the bidirectional feedback
mechanisms that operate at the individual level (14). The
present model is developed recognizing the individual, and
occasion-specific, bidirectional feedback. This is not only
important for respecting the nature of the system but also to
allow us to inspect the quality of the model using simulations
as well as performing simulations to learn about properties of
the therapy.

There are many similarities between the presently
developed model and the previously developed model for
PG concentrations (14). Both models have a dual pro-
cesses PG absorption model, one-compartment PG distri-
bution, parallel ANC-dependent, and non-specific PG
elimination pathways, and in both models PG has a triple
effect on ANC: proliferation, maturation rate, and mar-
gination. There are also differences between the models
as further discussed below. These differences may have
their origin in the data, where the previous model was
developed based on data from fewer individuals (n = 32 vs
n = 174) and fewer occasions (n = 32 vs n = 445), but with
four dose levels compared to the single dose level in the
present study. Also, the previous model incorporated data
on immature precursors to neutrophils which were not
available in the present analysis.

The absorption of PG was described by a sequential
zero- and first-order absorption, whereas the previous
model used a first-order absorption model with lag time

equivalent to an alternative parametrization of a sequen-
tial first-order transit compartment model. For the model
described in this work, the mean absorption time was
3.7 days when estimated across the different absorption
processes compared to 1.84 days estimated in the previous
model. However, this difference could be attributed to
differences in the administration site, method, or other
unspecified reasons. Similar in both models was that the
first-order absorption contributed to a majority of the
mean absorption time. The observed time of maximum
concentration Tmax of PG profiles in the previous study
was dose dependent with increasing Tmax for increased
dose. The observed Tmax, calculated with NCA, for similar
doses (0.1 mg/kg and 6 mg) were comparable for the two
studies (16 and 20 h). The present model predicts a dose-
dependent increase in Tmax similar to the one previously
observed. The dose-dependency in Tmax can be under-
stood both from the zero-order absorption process as well
as the saturable elimination. Mechanistic models account-
ing for distribution of drug to lymph before reaching
plasma can be used to describe absorption of subcutane-
ously administered large molecules but require extensive
data in the absorption phase for parameter estimation
(30).

The distribution volume of PG was estimated to be
small, 1.8 L, in this analysis. In the previous model, the
volume was estimated to be approximately 5 L. The value
of 1.8 L is lower than the expected plasma volume of
approximately 3 L. This discrepancy may indicate that
some aspect of the model is misspecified; however, the
distribution volume of PG was similar to a reported
distribution volume for filgrastim (~2 L) (12). As absorp-
tion process parameters and distribution volume often
have high correlation, any misspecification is most likely
in the nature of the absorption process. For this reason,
different absorption models were investigated, but none
better than the present one was identified.

The elimination of PG was, in the present model,
dominated by the saturable non-specific process, and the
ANC-dependent elimination played more than a marginal

Fig. 5. The percent increase in area under the curve (AUC) and maximum concentration
(Cmax) of simulated pegfilgrastim (PG) concentrations (PK) and absolute neutrophil count
(ANC) (PD) versus percent increase in administered dose. A nominal dose of 6 mg was
used as the reference baseline. The dotted line is the identity line
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role only at the highest PG concentrations where it could
account for up to around 50% of the elimination rate. In the
model by Roskos et al. (14), the dominating route of
elimination varied over time and depended on the concen-
tration of PG and ANC. In these determinations of
elimination pathways, there is a benefit with multiple dose
levels, as in Roskos et al., but also individual-based analysis,
as in the present work. Presently, the issue of which
elimination pathway is dominating, and when, is difficult to
fully resolve. Additional data obtained at low ANC could
assist such an analysis via an increased fraction of non-ANC-
dependent elimination.

The impact of PG on ANC was predominantly an
increase in ANC levels. However, for the first hours after
the PG administration, there was a clear decrease in ANC
levels. A similar decrease was observed by Roskos et al.
(14) in both cases; this was modeled as a margination

effect where the apparent distribution of the ANC
compartment increased resulting in a sudden drop in
ANC. This Bparadoxical^ drop has been reported before
and the authors speculate that this may be due to
increased adhesion to tissue after GCSF administration
(31). The second noticeable effect of PG on ANC is the
increase in estimated proliferation rate whereby the
number of neutrophils entering the maturation chain
increased. The third effect of PG on ANC, included in
both the present model and that by Roskos et al. (14), is
the decrease in maturation time with administration of
PG. Such a decrease has been well documented by for
example flash labeling studies (32). There is good
agreement between the two models in the potency of
PG, where the estimated values of EC50 were 9.86 and
9.24 ng/mL. In this analysis, a high correlation was
identified between the drug effect on proliferation

Fig. 6. Parameter standard deviation after inclusion of covariates in the FREM interindividual variability
(IIV) component (colored bars), with the explained part of the variation visible at the top (gray bands)

Fig. 7. Parameter standard deviation after inclusion of formulation and period in the
FREM interoccasion variability (IOV) component (colored bars), with the explained part
of the variation visible at the top (gray bands)
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(Emax,prol) and a margination effect. Therefore, to achieve
a parsimonious model, a scaling parameter was estimated
to scale both Emax,prol and EC50.

In this work, MMT in the absence of exogenous
GCSF was fixed to a physiologically plausible value
(120 h) which should be appropriate given that neutrophil
kinetics in health should be relatively stable and that
variability in neutrophil kinetics may be due to GCSF
influence (29). Further, since the rates in the system are
derived from MMT, this allowed for the estimation of
separate drug effects on the maturation and proliferation
features. Thus, the only fixed effect parameter estimated
for the PD model, disregarding drug effects, was the ANC
baseline.

The present PKPD model described and predicted the
observed concentration data well. Although the central trend
was well captured in both PG and ANC, there was a slight
overprediction of ANC variability. Due to the bidirectional
nature of the system where PK influences PD and PD
influences the elimination of the drug, it is difficult to pinpoint
whether misspecifications in the PK or PD models were
responsible.

The simulated AUC and Cmax for both the PG
concentrations and ANC demonstrated good model per-
formance, although there was a slight overprediction in
Cmax of both the PG and ANC. For complex systems,
such as the present one (due to its bidirectionality),
simulations can also be a way to learn about its
properties. Below we illustrate this with examples of
how AUC and Cmax depend on model parameters,
covariates, and PG dose. Other aspects not explored here,
but possible to assess based on simulations from the
model include for example how the ANC response to PG
would depend on the baseline ANC value, as in neutro-
penic patients, and/or with more frequent dosing, as may
be therapeutically required.

The potential for demographic covariates to explain
inter- and intraindividual variability in parameters was
explored using a FREM approach. This makes covariate
model building superfluous and avoids selection bias in
the final model covariate relations by simultaneous
estimation of all parameter relations with covariates of
interest. Time constant covariates can only explain inter-
individual variability, whereas time-varying covariates can
explain intraindividual variability in parameter values. In
the present analysis, covariates explained little of either
type of parameter variability. Sex, followed by lean body
weight, was the most influential covariates, but even these
did not explain more than a minority of the variability in
any parameter. Given the complexity of the system, it is
also of interest to assess how much covariates can
influence secondary metrics such as AUC and Cmax. A
simulation-based assessment revealed that only about 2%
of the variability could, at most, be explained by
covariates.

It may not be surprising that little variability is
explained by demographic covariates in healthy volun-
teers, but it is also possible that the interactive nature of
the system further makes impact of individual parameter

deviations (due to covariate effects) less pronounced when
assessed on AUC and Cmax. Through simulations, the
relationship between parameter values in the model and
AUC and Cmax were assessed. ANC baseline was, not
surprisingly, the most influential parameter on AUC and
Cmax of ANC, explaining 46 and 39% of the interindivid-
ual variability. For PG, it was Ka that explained most
variability in both peak concentration (Cmax) and AUC,
although the explained portion was only ca 10%.

Simulations where small changes in dose of PG (from the
6 mg reference dose) were made illustrate the sensitivity of
the system. Exposure to PG increased five times more than
the dose. This high sensitivity does not depend on the
bidirectional nature of the system as increased concentrations
of PG will drive an increase in ANC, which in turn will
decrease PG concentrations. Instead, it is the saturable nature
of the non-specific elimination that is responsible. For
saturable systems, e.g., characterized by a Michaelis-Menten
elimination, the exposure will increase more than proportion-
ally with dose. An additional consideration here is that slow
absorption contributes to the magnitude of disproportionality.
For a drug with Michaelis-Menten elimination, and one-
compartment distribution kinetics, the AUC changes maxi-
mally with the squared dose size if it is administered as an
intravenous bolus dose. It is the relatively slow input to the
system that is responsible for the even more disproportionate
change in AUC observed in this situation. Also, this link
between rate of input and AUC can also explain why Ka was
the most influential parameter not only for Cmax but also
AUC of PG.

The less than proportional increase in ANC metrics
with increasing doses can be understood from the
saturable relation with concentration of PG of the ANC
proliferation and maturation. With an EC50 of 9 ng/mL
and peak concentration approximately ten times higher,
increased PG exposure will result in much less than
proportional increase in ANC. Further, the bidirectionality
of the system may limit the effect of increasing dose by
limiting the prolongation in the period of maximum
neutrophil production induced by increasing doses due to
increased PG clearance by the quicker initial increase in
ANC.

CONCLUSIONS

In conclusion, a population PKPD model for PG and
ANC following PG administration that well describes PG
and ANC profiles has been developed. The mechanistic
components of the model are similar to the model of
Roskos et al. (14), but also with some differences.
Primarily, by including individual and occasion parameter
variability, the new model is able to quantify the influence
of PK on PD and vice-versa on an individual level.
Thereby, it can serve as a tool to understand the system,
identify covariates, and through simulations investigate the
consequences of for example dosing strategies, patient
population characteristics, and trial designs. A sensitive
dependence of PG AUC and Cmax on PG dose was
identified through such simulations.
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APPENDIX 1 COVARIATE-PARAMETER EFFECT
SIZES

Forest plots showing the size of the effect of the
covariates on the parameters of the model are shown in
Figs. 8 and 9.

Fig. 8. Effect size of covariate-parameter interactions from the IIV FREM, with uncertainty.
First and second line of continuous covariates show the effect of the covariate’s 5th and 95th
percentile, respectively. For categorical covariates (sex and race), the effect of the presented
category is compared to the other category
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APPENDIX 2 CORRELATION MATRICES

Correlations in the simulations implementing the covar-
iate effects characterized with FREM are shown in Table II.
In Tables III and IV, the correlation coefficients of the IIV
and IOV components of FREM are displayed, respectively.

Fig. 9. Effect size of covariate-parameter interactions from the IIV FREM, with uncertainty.
First and second line of continuous covariates show the effect of the covariate’s 5th and 95th
percentile, respectively. For categorical covariates (sex and race) the effect of the presented
category is compared to the other category

Table II. Correlations Coefficients

ANCa Cmaxb ANC AUCc PGd Cmax PG AUC Description

Ka 0.20 0.22 0.38 0.30 First-order absorption rate constant
Vc/F − 0.04 0.04 − 0.33 − 0.29 Central volume
CL/F − 0.18 − 0.13 − 0.24 − 0.21 Baseline ANC-dependent clearance
Km 0.12 0.16 0.19 0.15 Michaelis-menten constant
R1 − 0.06 − 0.09 0.08 0.11 Zero-order input rate
Frel − 0.17 − 0.17 0.11 0.22 Relative bioavailability
BASE 0.68 0.62 − 0.06 − 0.12 Base neutrophil count
T1/2 0.36 0.35 0.19 0.18 Neutrophil half-life
EC50 0.23 0.19 0.21 0.18 Concentration eliciting half of the maximum effect
Emax,mat 0.25 0.24 − 0.24 − 0.23 Maximum effect of PG on ANC maturation rate
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Table III. FREM IIV Correlation Coefficients

Ka
a

0.37 VC/F
b

0.32 0.88 CL/Fc

0.93 0.40 0.26 Km
d

− 0.51 − 0.33 − 0.12 − 0.58 R1
e

− 0.87 − 0.52 − 0.38 − 0.83 0.64 Frel
f

0.19 0.07 − 0.21 0.19 − 0.29 − 0.33 BASEg

0.14 0.13 0.05 0.12 − 0.04 0.06 0.48 T1/2
h

0.17 − 0.23 − 0.21 0.26 0.20 0.08 − 0.06 − 0.17 EC50i

− 0.09 0.11 0.03 − 0.01 − 0.14 0.11 0.24 0.18 0.27 Emax,mat
j

0.02 − 0.17 − 0.11 0.00 0.46 0.13 − 0.32 − 0.43 0.58 0.24 Emax,prol
k

0.19 0.48 0.44 0.16 − 0.12 − 0.34 0.24 0.37 − 0.56 − 0.31 − 0.65 Sex
0.11 − 0.06 − 0.07 0.15 0.15 0.11 − 0.05 0.24 0.39 0.20 0.31 − 0.11 Race
0.02 − 0.06 − 0.03 0.00 − 0.22 0.03 − 0.06 0.00 0.10 0.12 0.14 − 0.59 0.18 WTl

0.20 0.13 0.02 0.16 − 0.43 − 0.20 0.22 0.33 − 0.24 − 0.09 − 0.33 − 0.10 0.17 0.67 BMIm

− 0.12 − 0.31 − 0.24 − 0.11 − 0.01 0.23 − 0.21 − 0.25 0.41 0.27 0.50 − 0.90 0.15 0.86 0.31 LBWn

0.02 0.11 − 0.03 0.16 − 0.60 − 0.06 0.04 0.04 − 0.19 − 0.06 − 0.34 − 0.02 − 0.03 0.14 0.17 0.07 Age

a Ka: first-order absorption rate constant
b Vc/F: central volume
cCL/F: baseline ANC-dependent clearance
d Km: Michaelis-menten constant
eR1: zero-order input rate
f Frel: relative bioavailability
gBASE: base neutrophil count
h T1/2: neutrophil half-life
iEC50: concentration eliciting half of the maximum effect
j Emax,mat: maximum effect of PG on ANC maturation rate
k Emax,prol: maximum effect of PG on ANC production rate
lWT: weight
mBMI: body mass index
nLBW: lean body weight

Table II. (continued)

ANCa Cmaxb ANC AUCc PGd Cmax PG AUC Description
Emax,prol 0.06 0.22 − 0.06 − 0.07 Maximum effect of PG on ANC production rate
Sex − 0.04 − 0.07 − 0.14 − 0.14
Race 0.01 0.01 0.06 0.07
Weight 0.01 0.04 0.06 0.06
Body mass index 0.00 0.01 − 0.00 0.00
Lean body weight 0.03 0.06 0.11 0.12
Age − 0.03 − 0.01 − 0.01 0.00

a ANC absolute neutrophil count
b Cmax maximum concentration/count
c AUC area under the curve
d PG pegfilgrastim
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