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Abstract
The aim of this study was to develop an integrated pharmacokinetic and pharmacodynamic (PK/
PD) model and assess the comparability between epoetin alfa HEXAL/Binocrit (HX575) and a
comparator epoetin alfa by a model-based approach. PK/PD data—including serum drug
concentrations, reticulocyte counts, red blood cells, and hemoglobin levels—were obtained from 2
clinical studies. In sum, 149 healthy men received multiple intravenous or subcutaneous doses of
HX575 (100 IU/kg) and the comparator 3 times a week for 4 weeks. A population model based on
pharmacodynamics-mediated drug disposition and cell maturation processes was used to
characterize the PK/PD data for the 2 drugs. Simulations showed that due to target amount
changes, total clearance may increase up to 2.4-fold as compared with the baseline. Further
simulations suggested that once-weekly and thrice-weekly subcutaneous dosing regimens would
result in similar efficacy. The findings from the model-based analysis were consistent with
previous results using the standard noncompartmental approach demonstrating PK/PD
comparability between HX575 and comparator. However, due to complexity of the PK/PD model,
control of random effects was not straightforward. Whereas population PK/PD model-based
analyses are suited for studying complex biological systems, such models have their limitations
(statistical), and their comparability results should be interpreted carefully.
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Erythropoietin (EPO) is a 30.4-kDa glycoprotein hormone endogenously produced by fetal
liver and adult kidney.1 EPO stimulates red blood cell (RBC) production by binding to EPO
receptors (EPOR) on the surface of erythroid precursor cells in the human bone marrow and
triggering the activation of JAK2 kinase.2 This activation induces multiple signaling
pathways that act concertedly to prevent cell apoptosis and support erythroid proliferation
and differentiation.3 RBCs are continuously produced from pluripotent hematopoietic stem
cells. In the erythroid lineage, the earliest committed progenitors are burst-forming unit–
erythroid and colony-forming unit–erythroid (CFU-E).4 CFU-Es differentiate through
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several morphologically identifiable precursors before becoming circulating RBCs,
including proerythroblast, basophilic erythroblast, polychromatophilic erythroblast, and
orthochromatic erythroblast. Together, they are known as normoblasts.5 Reticulocytes
(RETs) are immature RBCs derived from normoblasts upon denucleation. They reside in the
bone marrow for 1 day and are released into the bloodstream, where they circulate for about
1 day before developing into mature RBCs.5 Erythroid cells respond to EPO in a lineage-
specific manner. CFU-E and proerythroblast have the most EPOR and are most sensitive to
EPO.4 EPOR is expressed maximally as 1000 receptors per cell at these stages.4,6 The
dissociation constant (KD) of EPO for its receptor in human, rat, and mice cells ranges from
0.1 to 0.2 nM, corresponding roughly to 400 to 800 mIU/mL.7-11 In humans, the normal
concentration of circulating EPO is between 5 and 30 mIU/mL (< 0.01 nM) and is sufficient
to maintain hemoglobin (HGB) within a normal range in healthy persons.3

Binding between EPO and EPOR leads to a receptor-mediated endocytosis and degradation
of EPO.9,12 This clearance pathway may be responsible for the nonlinear clearance of
rHuEPO in several species, including humans.12-15 Furthermore, the total clearance of
rHuEPO tends to increase in multiple-dosing regimens in anemic patients and healthy
subjects.15-18 This phenomenon has also been attributed to an increase in the receptor pool
and bone marrow expansion, which is the therapeutic effect of rHuEPO.15,19 Recently, a
pharmacodynamics-mediated drug disposition (PDMDD) model has been proposed to
quantify the effect of c-Mpl receptor agonist romiplostim on platelet counts in humans.20

PDMDD was coined by Wang et al to describe a class of target-mediated drug disposition
systems where pharmacodynamics (eg, cell count) affect the size of the receptor pool and
consequently influences the receptor-mediated clearance.20

EPO was first purified in 1977.21 The first human gene of EPO was cloned in 1983.22 In
1989, the first erythropoiesis stimulating agent, recombinant human EPO (rHuEPO, epoetin
alfa), received the approval of the Food and Drug Administration for treating anemia
associated with chronic renal failure. Epoetin alfa HEXAL/Binocrit (HX575) is the first
biosimilar product of epoetin alfa and was approved for use in Europe in 2007. However, the
Food and Drug Administration has not yet approved biosimilar products in United States.
Clinical studies confirmed pharmacokinetic and pharmacodynamic (PK/PD) comparability
between HX575 and the comparator epoetin alfa in three-times-a-week (TIW) intravenous
(IV) and subcutaneous (SC) regimens.23,24 In these studies, PK data and PD data were
evaluated and the comparability was established based upon metrics such as area under the
curve (AUC), maximum concentration (Cmax), and area under the effect curve (AUEC),
estimated from the standard noncompartmental analysis (NCA) approach. Another approach
using the population PK modeling has been suggested to evaluate the PK/PD comparability
as a supplement to the standard approach, although it is not a standard regulatory
practice.25-27 The advantages of the population modeling approach have been
discussed.25-27 One of the advantages is that the model-based approach can take into
account nonlinear pharmacokinetics. The interaction between pharmacokinetics and
pharmacodynamics of rHuEPO can result in nonlinear and nonstationary PK behavior in
multiple-dosing regimens. A population PK/PD model can mechanistically characterize this
interaction and assess the nonlinear and nonstationary PK properties. More important, it may
enable more meaningful estimates for parameters and metrics, assisting in comparability
evaluation.

A population PK/PD model based on the PDMDD concept was developed herein to
simultaneously fit HX575 and the comparator epoetin alfa data from the previous
comparability studies. This model mechanistically described the nonstationary clearance of
rHuEPO observed in the data. Monte Carlo simulations were conducted using final
parameter estimates to provide distributions of metrics (AUC, Cmax, and AUEC) for PK/PD
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comparability analysis. Comparability was evaluated by calculating the logarithmically
transformed mean difference of these metrics between the test (HX575) and reference (the
comparator) and the 90% confidence interval (CI) of the mean difference.28 The once-
weekly (QW) IV and SC dosing regimens for epoetin alfa were simulated to demonstrate the
efficacy of HX575 in a weekly dosing regimen.

METHODS
Study Design

The PK/PD data for model development were obtained from 2 clinical studies assessing
comparability between HX575 and a comparator epoetin alfa after multiple IV and SC
administrations. The study design and clinical results have been published elsewhere.23,24

Both studies were open, randomized, parallel-group studies in which 74 and 75 healthy men
received HX575 and the comparator epoetin alfa. Multiple IV or SC doses of epoetin alfa
(100 IU/kg) were administered TIW for 4 weeks. An iron supplement (100 mg twice daily)
was administered to all subjects during the study. For the IV administration group, serial
blood samples for PK evaluation were collected at predose, during the 1st dose (at 5, 10, 15,
20, 30, 45 minutes and 1, 1.5, 2, 3, 4, 5, 6, 8, 10, and 12 hours), the 11th dose (at 5, 10, 15,
20, 30, 45 minutes and 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, 16, 24, and 36 hours), and 4 middle
troughs (at 168, 336, 432, and 504 hours). For SC administration group, serial blood samples
for PK evaluation were collected at predose, during the 1st dose (0.5, 1, 2, 3, 4, 5, 6, 8, 10,
12, 14, 16, 24, 36, and 48 hours), the 11th dose (0, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 24,
36, and 48 hours), and 4 middle troughs (at 168, 336, 432, and 504 hours). The
concentrations of epoetin alfa in human serum were determined with a validated enzyme
immunoassay kit (EPO-ELISA, Medac GmbH, Hamburg, Germany). The lower limit of
quantification was 2.5 mIU/mL.24 PD measurements included reticulocyte, RBC, and HGB
concentrations. The blood samples for PD assessment were drawn at predose and 3 times per
week for 1 month. After the first month, additional blood samples were drawn for the IV
administration group once a week until the end of 4 months. However, after the first month,
not all subjects in the IV group were sampled. The total number of PK observations was
5962, and the total number of PD observations was 8388. The demographic characteristics
of the subjects can be found in previous publications.23,24

These studies were conducted in accordance with the Declaration of Helsinki, good clinical
practice, and good laboratory practice. The study was approved by an independent ethics
committee, and all subjects gave their written informed consent.

Noncompartmental Data Analysis
The AUC from 0 to 12 hours (AUC0-12) after the 1st and 11th IV doses was calculated with
the NCA module of Phoenix WinNonlin 6.0 (Pharsight Corporation, Cary, North Carolina).
Statistical analysis, including descriptive statistics and a paired t test, was conducted in SAS
9.0 (SAS Institute Inc, Cary, North Carolina).

Population PK/PD Analysis
The model structure for population PK/PD analysis is presented in Figure 1. The absorption
of the drug after SC administration was described by a sequential absorption model. The
exogenous EPO was infused to a depot compartment (A1) during a period of time (D), then
absorbed into the central compartment (A2) by a first-order absorption rate constant (ka)
with bioavailability (F). The endogenous EPO was produced through a zero-order process
(KEPO). The EPO in the central compartments can distribute into the peripheral
compartment (A3) via distribution rate constants k23 and k32. A target-mediated drug
disposition (TMDD) model was applied to describe the disposition of EPO in the central
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compartment (A2).29 Briefly, EPO (A2) bound to free EPOR (Rtot-RC) at a second-order
rate constant (kon), forming the EPO-EPOR complex (RC). The EPO-EPOR complex can
either dissociate at a first-order rate (koff) or be internalized and degraded via a first-order
process (kint). EPO can also be removed from the central compartment by a first-order
elimination process (CL).

To characterize the time course of RETs, RBCs, and HGB, we applied a series of transit
compartments mimicking the various developmental stages of erythroid cells. As shown in
Figure 1, the first compartment (P1) represents the progenitor cells, burst-forming unit-
erythroid, which eventually develop into CFU-E (P2), normoblasts (P3), RETs, and mature
RBCs (RBCM). TP represents the average time required for progenitors to develop into the
next cell population. TR represents the mean residence time for RETs, and TB denotes the
mean residence time for mature RBCs. Examination of the PK/PD data revealed that the
RETs peaked at day 9 after the first dose and started to decrease afterward (see Model
Evaluation section). Since the last dose was not administered until day 25, this decrease of
RETs (starting from day 9) indicated a tolerance effect. The RETs further decreased below
the baseline value and reached a nadir at day 42, followed by a slow return to the baseline.
This demonstrated a rebound phenomenon. To describe the tolerance and rebound
phenomenon in the reticulocyte response, a precursor-dependent indirect response model
was used in which the EPO-EPOR complex stimulated the proliferation of CFU-E (P2) from
burst-forming unit-erythroid (P1).30 The observed nonstationary pharmacokinetics after
multiple-dosing regimens (shown later) have been suggested to be due to an increase in the
nonlinear clearance pathway induced by bone marrow expansion.12,17 The model employed
this mechanism and assumed that the total receptor number (Rtot) was proportional to the
number of the EPOR expressing progenitor cells (P2):

(1)

where ξ is a factor of proportionality. Under this relationship, the cell proliferation in the P2
compartment leads to an increase in the total receptor and consequently increases the
receptor-mediated EPO clearance.

The Michaelis-Menten (M-M) approximation of the TMDD model was used in the final
model, although the full TMDD model and the rapid binding approximation were also
tested.31 The differential equations for pharmacokinetics after SC (and IV) administrations
are as follows (equations 2-5):

(2)

(3)

(4)

(5)

where VC is the volume of distribution of the EPO. The differential equations for
pharmacodynamics are as follows (equations 6-10):
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(6)

(7)

(8)

(9)

(10)

where KIN0 is a zero-order rate constant for producing the erythroid progenitor cells and
S(RC) is the stimulatory function triggered by the EPO-EPOR complex. Mcfu represents the
average number of mitoses for CFU-E cells and was fixed at 5. The model assumed that the
transformation between each cell population was a first-order process, which was
parameterized as the reciprocal of the mean residence time for each cell population. The
EPO-EPOR complex is calculated as

(11)

where

(12)

and C2 represents the free drug concentration in the central compartment. The stimulation
was assumed to be nonlinearly induced by the EPO-EPOR complex32:

(13)

where Smax is the maximum stimulation of BUF-E to differentiate into CFU-E and where
SRC50 is the concentration of EPO-EPOR complex inducing 50% of Smax. The receptor-
stimulus relationship in equation 13 was introduced by Black and Leff as the operational
model of agonism.32 By the substitution of RC and Rtot in equation 13 with equations 11
and 1, respectively, the stimulation function (equation 13) can be expressed as a function of
free drug (C2):

(14)
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The above equation showed that SRC50 and ξ were convoluted. HGB concentrations were
derived from the mass of RBCs, which consists of mature RBCs and RETs. The expressions
of RBCs and HGB are as follows:

(15)

(16)

where MCH is the mean corpuscular HGB and was estimated directly from the data. The
numerator 10 converts the MCH unit to pg/cell.

The initial conditions for differential equations for pharmacokinetics (equations 2-5)
following an IV bolus dose are defined by the steady-state (baseline) value:

(17)

(18)

(19)

where C0 represents the baseline EPO concentration. The initial conditions for differential
equations for pharmacodynamics (equations 6-10) are defined by the steady-state (baseline)
value:

(20)

(21)

(22)

(23)

(24)

where RBC0 and RET0 represent the baseline RBC and reticulocyte concentrations. E(C0)
represents the stimulatory function at baseline condition and is defined as

(25)

Secondary parameters were calculated from the steady-state (baseline) relationships:
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(26)

(27)

(28)

Since ξ and kint, and SRC50 and ξ, were not separately identifiable, estimates of ξ · kint and
SRC50/ξ were reported. TP was assumed to be equal to TR, which further reduced the
number of model parameters by one.

To determine the difference between fixed effect parameters for the HX575 and the
comparator, the following parameterization is exemplified for the duration parameter (D):

(29)

where DRUG = 0 for HX575 and DRUG = 1 for the comparator. The parameters that are
different for HX575 and the comparator are listed in Table I. The interindividual
variabilities (IIVs) for fixed effect parameters were assumed same for the 2 drugs and were
modeled by the exponential error model:

(30)

where Pi is the ith individual's parameter, Ppop is the mean population parameter, and ηpi is
the normally distributed random variable with the mean of zero and the variance of ω2. The
residual variabilities were modeled using the proportional error model:

(31)

where YObs denotes the observed value, YPred is the model predicted value, and ε is the
normally distributed random variable, which has the mean of zero and the variance of σ2.
This error model was applied to pharmacokinetics, RET, RBC, and HGB data with random
variables εPK, εRET, εRBC, and εHGB. Since there was a correlation between RBC and HGB,
εRBC and εHGB were assumed to be equal.

The population PK/PD analysis was performed with NONMEM VI, level 2.0 (Icon
Development Solutions, Ellicott City, Maryland) installed on Microsoft Windows Server
2003 x64 Editions. The software worked with Fortran Compiler 11.0 (Intel Corporation,
Santa Clara, California). R33 was used to aid in graphic model assessment. The first-order
conditional estimation with interaction method was used.

A selection criterion for various TMDD models followed a previously published guideline
using a naïve pool approach.34 The inclusion criterion for IIV involved the likelihood ratio
test, precision of parameter estimates, inspection of overall fittings, and reduction in
interindividual and residual variabilities.
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Model Evaluation
A visual predictive check (VPC) was performed.35 The random and fixed effect parameters
estimated from the original data file were used in the simulation. Five hundred data sets
were simulated. The mean 5th, 50th, and 95th percentiles vs time profiles for drug
concentration, RET, RBC, and HGB and their 95% CIs were calculated from the percentiles
of 500 data sets. The 95% CIs were indicated as shaded area. These percentiles and their CIs
were plotted with the 5th, 50th, and 95th percentiles of the observed data. In addition, the
mean simulated EPO concentration vs time profiles after the 1st and 11th IV doses were also
produced and visually compared with the observed mean data. Goodness-of-fit plots,
including observed values vs individual and population predicted values, were produced and
are presented in the online supplementary material.

Shrinkage was calculated for individual predictions (ie, ε-shrinkage) and individual
parameter estimates (ie, η-shrinkage).36 The ε-shrinkage was calculated as 1 – SD(IWRES),
where SD(IWRES) is the standard deviation of the individual weighted residuals (IWRES).
The η-shrinkage was estimated as 1 – SD(EBEs)/ω, where the EBEs are the individual
parameters obtained from the empirical Bayes estimates and where ω is as previously
defined.

Monte Carlo Simulations and PK/PD Comparability Analysis
Monte Carlo simulations (without the residual variability) were conducted to derive metrics
for the PK/PD comparability analysis. These metrics include Cmax, AUC, and AUEC, where
AUEC represents the AUC for HGB concentration vs time curve. A new data file was
constructed for this simulation. The AUC and AUEC were obtained through the simulation
based on previous model equations and 2 additional equations:

(32)

(33)

The AUC from 552 to 588 hours was then calculated by

(34)

The residual variability was not accounted in the simulation. Cmax was obtained from each
simulated PK profile. To compare with previously published studies,23,24 the AUEC from 0
to 672 hours, Cmax, and AUC from 552 to 588 hours were used for the analysis. Due to the
complexity of the model and the related parameter uncertainties as well as computational
runtimes, only simplified statistical approaches for comparability were feasible. The final
parameter estimates were used to simulate 500 data sets. The PK/PD comparability
assessment was carried out by calculating the mean difference of the log-transformed Cmax,
AUC, and AUEC between test and reference drug.37 The 90% CI for the mean difference
was estimated from the distribution of the mean difference in the 500 replications.27 The
exponential transformation of the mean difference led to the ratios of Cmax, AUC, and
AUEC between test and reference. These ratios were reported.

The HGB and drug concentration vs time profiles used in the analysis were also simulated
(without the residual variability). The mean profiles for HX575 and the comparator were
calculated and presented together with observed data for the visual comparison.
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Model-Based Simulations
To illustrate the time-dependent clearance of rHuEPO, the total clearance (CLtot) and the
receptor pool (P2) vs time profiles (under current IV and SC dosing regimens) were
simulated for HX575 and the comparator. Total clearance was calculated on the basis of the
elimination terms in equation 4, as the sum of clearance by the linear elimination and
clearance by the internalization:

(35)

The HGB response in the QW IV and SC 40 000-IU dosing regimens was simulated for
HX575 and the comparator. The simulated profile was compared with the population
predicted HGB response in the TIW IV and SC 100-IU/kg dosing regimens in the current
study. The dose amount of 7800 IU was chosen for the TIW regimen based on the mean
weight (78 kg). Only fixed effect parameters were used in the simulation. No variability was
incorporated.

RESULTS
In this section, first, the nonstationarity in the PK profiles is demonstrated. Then, the results
from the population PK/PD analysis are presented, followed by the model evaluation. Next,
simulations are presented to illustrate the pharmacodynamics-mediated rHuEPO clearance
based on the current dosing regimens. Finally, results are shown from the PK/PD
comparability analysis and the HGB response in the QW IV and SC dosing regimens.
Results from HX575 and the comparator are displayed in parallel.

Nonstationary Clearance of rHuEPO
HX575 and the comparator epoetin alfa serum concentrations were measured after the 1st
and 11th IV administrations. The mean concentration vs time profiles (until 12 hours after
the 1st and 11th IV doses) were overlaid and shown in the first 2 panels in Figure 2. It can
be seen that when compared with the concentration vs time profile after the 1st IV dose, the
concentration vs time profile after the 11th dose decreased faster. The AUC0-12 after the
11th dose was significantly smaller (P = .0059) than that after the 1st dose for HX575. It was
reported that the mean half-life of the rHuEPO in healthy subjects ranged from 5 to 11 hours
after IV administration.1 Therefore, AUC0-12 in the current study did not approximate the
AUC from zero to infinity (AUC0-∞). However, with the smaller AUC0-12 and the faster
decrease associated with the PK profile after the 11th dose, the AUC0-∞ after the 11th dose
is expected to be smaller than that after the 1st IV dose. Predose EPO serum concentrations
indicated no dose accumulation when the 11th dose was administered. Consequently, it can
be concluded that the total clearance after the 11th dose was greater than that after the 1st
dose. A similar conclusion about the increased clearance during multiple-dosing regimens in
human was drawn in other studies.15,17

Population PK/PD Analysis
A mechanistic PK/PD model was developed to fit the PK/PD data simultaneously (Figure
1). The model structure of the pharmacodynamics was based on the mechanism that EPO
binds to EPOR to stimulate the proliferation and expansion of the EPOR-expressing
precursor cells. Nonstationary pharmacokinetics were explained by the expansion of the
receptor pool and the consequent increase in the receptor-mediated endocytosis and
elimination of EPO. The full model in Figure 1 did not lead to a successful minimization of
the objective function due to overparameterization. Therefore, the reduced models based on
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the rapid binding31 and M-M approximation34 were further evaluated. Only the M-M
approximation resulted in a successful minimization and produced standard errors for
parameter estimates. Both 1- and 2- compartment PK models were evaluated with the PK
data after the 1st IV dose. A dual-absorption model and a sequential-absorption model were
also evaluated using the PK data after the 1st IV and SC doses. Based on the goodness-of-fit
plots, changes in the objective function value, the likelihood ratio test, and Akaike
information criterion, a 2-compartment model with sequential absorption fit the data best.
This was confirmed after the establishment of the final population PK/PD model.

To assess the difference of disposition between 2 drugs, different fixed effect parameters
were introduced, and their estimates are listed in Table I. Statistical analysis indicated no
significant difference in these parameter values between 2 drugs. For the SC administration,
the zero-order absorption process was estimated with duration (D) of about 2.5 hours for
HX575 and the comparator. The first-order absorption (ka) was 0.0301 h-1 and 0.0269 h-1

for HX575 and the comparator. The bioavailability (F) was 0.501 and 0.513 for HX575 and
the comparator. A similar sequential model was applied to describe the absorption of
darbepoetin alfa,38 suggesting similar absorption process for darbepoetin alfa and epoetin
alfa. The zero-first-order absorption has been suggested to represent the direct absorption
from the injection site.39 The smaller ka and greater D values of the darbepoetin compared
with epoetin indicate that the absorption of darbepoetin is slower than that of epoetin. This is
consistent with previous observation and has been explained by the bigger molecular size of
darbepoetin (38.0 kD).40 Other parameters were assumed equal between 2 drugs and are
listed in Table II.

This mechanistic PK/PD model contains several system parameters that can be directly
compared with normal human physiologic values. For normal persons, the RBC baseline is
between 2.6 and 6.0 × 1012/L; RET is between 25 and 75 × 109/L; MCH is between 26 and
32 pg; and endogenous EPO baseline is between 5 and 30 mIU/mL.5 All of the above values
are comparable with the model estimated parameter values for RBC0, RET0, MCH, and C0
presented in Table II. The mean transit time for each cell population was 57.3 hours (TP).
Three times TP (171.9 hours) represents the mean time for a precursor cell to become a
mature cell that is ready to enter the bloodstream. This is also very close to the physiologic
values of 170 hours.41 The RBC lifespan was calculated to be 225 days, which is longer than
the reported lifespan of RBC (120 days). The KD value was originally estimated and
allowed to be different between 2 drugs. However, there was a high correlation (R2 > 0.9)
among KD, SRC50/ξ, and kint·ξ. The model was also ill-conditioned, and relative standard
errors of correlated parameter estimates were high (around 100%). This evidence indicated
that the model was overparameterized and KD could not be precisely estimated. Therefore,
KD was fixed for both drugs to the literature-reported value.7-11 Smax and SRC50/ξ was also
correlated for HX575 (R2 = 0.899) and the comparator (R2 = 0.815).

The correlations between the IIVs of some parameters were estimated and are listed in Table
II. The negative correlation between the IIVs of the duration and the absorption rate constant
was observed and can be explained by the fact that both parameters accounted for the
prolonged absorption process. Similarly, the negative correlation between the IIVs of CL
and C0, the positive correlation between the IIVs of CL and Smax, and the negative
correlation between C0 and Smax could be explained by the functional compensation of the
physiologic system. The positive correlation between the IIVs of RET0 and RBC0, the
negative correlations between the IIVs of RET0 and MCH, and the negative correlation
between the IIVs of RBC0 and MCH were also physiologically reasonable.

Due to the large number of parameters, the IIVs associated with bioavailability (F), tissue
distribution constant (k23 and k32), precursor cell mean lifespan (TP), and SRC50/ξ were not
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estimable. The η-shrinkage and ε-shrinkage were calculated (data not shown). Except for
the η-shrinkage for CL (11.8%), η-shrinkage and ε-shrinkage were all less than 10%. Age,
weight, height, and body mass index were included in the covariate analysis. No significant
covariates were identified.

Model Evaluation
The VPC plots are presented in Figures 3 and 4. For IV administration, it can be seen that
the earlier drug concentrations of several subjects after the first dose fell out of the lower
limit of 95% CI for the 5th percentile (Figure 3). These observations were confirmed in the
goodness-of-fit plots, which show that concentrations of these subjects for the IV group
(high values) were overpredicted (see Figure S1 in the online supplementary material). An
inspection of the PD predictions revealed that subjects’ PD responses were well predicted.
The VPC also showed that the 90% prediction interval of drug concentrations (ie, ranges
between the 5th and 95th percentiles) was wider than the 90% interval of the observed data
for both IV and SC routes (Figures 3 and 4), which reflected the discrepancies between the
5th and 95th percentiles from original data and the 5th and 95th percentiles from the
simulated data. For SC administration, it can be seen that the PK profiles were
underpredicted after the 1st dose and overpredicted after the 11th dose.

From the VPC for RETs, it can be seen that the model underpredicted the peak value and
overpredicted the nadir value after the IV administration (Figure 3). Consistent with this, the
goodness-of-fit plots for RET shows an underprediction for high RET values and an
overprediction for low RET values (Figure S1). This misfit also led to a wider 90%
prediction interval than the observed 90% interval for RET after both IV and SC
administrations (Figures 3 and 4). However, the model was capable of describing the overall
nonlinear trend for the tolerance and rebound of the RET response.

For HGB and RBC, the VPCs demonstrated a high agreement between the percentiles of
observed data and the percentiles from the predictive checks (Figures 3 and 4) until 672
hours (3 days after the last dose). For the IV treated group, the 90% prediction interval of
HGB and RBC was slightly wider than the observed 90% interval after the drug
administration stopped (Figure 3). The goodness-of-fit plots showed high symmetric
distributions around the line of identity for RBC and HGB (Figure S1).

The second 2 panels in Figure 2 show the mean model prediction of the PK profiles after the
1st and 11th doses produced from the VPC overlaid with the observed mean data. The
correspondence between the model-predicted mean values and the observed mean data
indicated that the model was capable of capturing the nonstationary pharmacokinetics.

Pharmacodynamics-Mediated rHuEPO Clearance
To illustrate the pharmacodynamics-mediated clearance of HX575 and the comparator, we
simulated the typical value of the total clearance vs time profiles (based on equation 35) and
P2 vs time profiles under current dosing regimens (Figure 2). P2 vs time profiles represent
the dynamics of the total receptor pool after multiple-dosing regimens. The total clearance
after each IV administration was instantly decreased due to the saturation of receptor-
mediated clearance. The nadirs on the total clearance profile after IV administrations
coincided with the dosing events. For both IV and SC multiple-dosing regimens, the total
clearance tended to increase, which resulted from the expansion of receptor-expressing
erythroid cells (P2). However, the increase in P2 and total clearance reached a maximum
after the third dose (the first week) and gradually returned. This was reflective of the
tolerance phenomena in the RET response. It can be seen that the total clearance after the
11th dose was still higher than that after the 1st dose, leading to the difference between the
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PK profiles after these 2 doses. Consistent with this result, the model was capable of
describing the non-stationary pharmacokinetics (Figure 2). Additionally, the fluctuation of
total clearance after SC administrations was less marked when compared with IV
administrations. This was due to the relatively stable serum concentrations (Figure 4) and
receptor pool response after SC administrations (Figure 2). The linear clearance was
estimated to be 0.407 L/h for HX575 and 0.359 L/h for the comparator, and the total
clearance at baseline value was about 1.04 L/h. It can be seen that the total clearance after
rHuEPO administration can be increased about 2.4-fold (compared with the baseline value).

PK/PD Comparability Analysis
The results of PK/PD comparability analysis are listed in Table III and compared with
previously published results.23,24 For 500 data sets simulated from the final parameter
estimates (without residual variability), the ratios between the test and reference drugs, and
their 90% CIs all fell within the 80%-125% range, except for lower limit of 90% CI (77.6%)
of the AUCIV ratio. There is general agreement between results obtained from the model-
based approach and previous results from the NCA approach, except for a widening of the
CI for the model-based approach. The mean concentration and HGB response were
calculated for the simulated data sets. Figure 5 shows the overlay of the mean concentration
and HGB vs time profiles for HX575 and the comparator from the simulated data sets as
well as the original observations. There is a good agreement between the simulated mean
data and the observations, except for the decreasing phase after SC administration.

Simulation of Weekly Dosing Regimen for HX575 and the Comparator
Besides the TIW IV and SC dosing, the Food and Drug Administration recommended the
QW SC dosing for epoetin alfa,42 although the QW IV dosing has been studied.43,44 The
current model was used to simulate the HGB response with the QW IV and SC 40 000-IU
dosing regimens until 4 weeks for HX575 and the comparator. The HGB response profiles
were compared with that after the TIW IV and SC 100-IU/kg dosing (Figure 6). It can be
seen that HGB responses were comparable for the TIW and QW SC dosing regimens.
Compared with the TIW IV regimen, the QW IV regimen was less efficacious.

DISCUSSION
Previous clinical studies have shown nonstationary PK profiles and the increase in rHuEPO
clearance in multiple-dosing regimens.15,17 This phenomenon has been attributed to the
increase of the receptor-mediated elimination due to the expansion of precursor cells in the
bone marrow.15,17,19 In addition, rHuEPO stimulates the proliferation of these cells. The
interaction between the rHuEPO pharmacokinetics and pharmacodynamics makes the
system nonlinear and nonstationary. The NCA approach used in the comparability test does
not fully consider the nonlinearity and nonstationarity of the system and has therefore been
restricted to analyzing steady-state parameters. The model-based approach may lead to more
elaborate physiologic parameter estimates and has been applied for comparability trial
analysis, although it has not been a standard regulatory practice.25-27,45-49 The model for
epoetin alfa in the current study was constructed on the basis of the PDMDD concept and
mechanistically explained the nonstationary pharmacokinetics. Based on the mechanism of
drug action, the operational model of agonism was used. In this framework, the Smax,
SRC50/ξ, and kint·ξ were system-specific parameters for the erythropoietic system and
therefore might be considered same for 2 drugs. However, given that the purpose of this
work was to assess the PK/PD comparability, we allowed these parameters to differ between
2 drugs. Although there was a correlation between Smax and SRC50/ξ, the results in Table I
suggested an agreement of these parameters between 2 drugs. Different stimulus to the
erythropoietic system may be caused by the different receptor binding affinity. An attempt
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was made to allow different KD values for these 2 drugs. However, this parameter was fixed
due to the insufficient information in the data for precise estimation. Even so, the different
Smax, SRC50/ξ, and kint·ξ should be able compensate for any difference in
pharmacodynamics caused by different receptor binding affinity. In addition, due to the PK/
PD interaction, the presence or absence of a difference in pharmacodynamics may affect and
reflect the presence or absence of a difference in pharmacokinetics. So, the developed model
provided a simultaneous evaluation of the PK/PD comparability between 2 drugs. The
incapability of estimating KD suggested that a different trial design, which is more
informative about the binding process, may be better suited for the model-based approach in
the current study.

PDMDD is typically observed for agents that are ligands for receptors that, upon activation,
can initiate a signaling pathway leading to an upregulation/downregulation or an increase/
decrease in the total receptor pool size. The latter applies to drugs regulating hematopoietic
cell population (eg, hematopoietic growth factors). PK/PD models have been proposed to
describe the stimulation of platelets50 and neutrophils,51 where the PDMDD was
implemented without recognizing its universal structure. Our model recognizes PDMDD as
a clearance pathway of rHuEPO that has been implicated in previous studies.12,13,15,19 For
the first time, the link between the erythroid precursor cells and receptor pool was
incorporated into a PK/PD model for rHuEPO. A proportional relationship between
precursor cells and receptor pool was assumed on the basis of a principle that more receptor-
expressing cells lead to more receptors. It has been suggested that the number of receptors
on the membrane of each cell at CFU-E and proerythroblast stages is also increased.19,52

The proportional relationship is the simplest that one can assume, and more complex models
accounting for change of receptor density on each cell are subject to future studies.

Different mechanisms have been proposed to explain the tolerance of the rHuEPO effect.
Among them, the feedback mechanism and the precursor pool depletion have been utilized
so far.53,54 The feedback mechanism is regulated through an oxygen-sensing mechanism in
the physiologic system.55 High oxygen levels in the blood inhibit the expression of the
endogenous EPO. Since the progenitor cells are EPO dependent, they cannot survive
without EPO.56,57 A high HGB level leads to an increased oxygen level and eventually
inhibits the RBC production. Differing from the feedback mechanism, the precursor pool
depletion is based on the observation of anemia after extensive rHuEPO treatment. It was
reported that cessation of intensive treatment with rHuEPO in rats was followed by
anemia.58 This anemia was not due to the low endogenous EPO but rather to the exhaustion
of the erythroid progenitors.58,59 Accordingly, a precursor-dependent indirect response with
an array of transit compartments was used to describe this phenomenon.30,53,59 In multiple-
dosing regimens, even though the endogenous EPO production might be suppressed, the
total concentration of EPO is still high (Figures 3 and 4), and the tolerance is likely due to
the precursor pool depletion. However, the feedback mechanism might be present.

A selection criterion for various TMDD and reduced models was introduced by our group.34

It suggested that the observation of parsimony should be sufficient. For a full TMDD model
that yields parameter estimates with poor precision, or divergence, various reduced models
should be tested.34 This algorithm was proven to be useful during the model development
process. Compared with the full TMDD model, the rapid binding approximation reduced the
number of the model parameter by 1, while the M-M model approximation further reduced
this number by 1. The full TMDD model did not produce successful parameter estimates.
This was likely due to the model overparameterization. The rapid binding approximation
produced imprecise parameters. Only the M-M approximation was able to produce
parameter estimates with standard errors. Due to the high correlation among KD, SRC50/ξ,
and kint·ξ, we further fixed the KD according to the literature-reported value.7-11 Additional
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PK/PD data collected from subjects receiving smaller IV doses would be more informative
about the binding and internalization processes and may permit estimation of these
parameters separately.34

The VPC and goodness-of-fit plots clearly showed that the prediction of RETs was biased.
This bias could be due to the fact that 3 transit compartments were used to describe the
development of RETs. It is known that this type of model is not capable of capturing the
high-peak profile due to the fast depletion of the compartment by the first-order process.60

For the similar reason, the TB was the reciprocal of the first-order process and was likely to
be overestimated on the basis of a very flat slope of the RBC declining profile. A lifespan–
based PD model may be physiologically more relevant and produce better fits for RETs.61

The current version of NONMEM does not have delay differential equitation solver for the
lifespan model, although a method of steps was developed to solve such equations in
NONMEM.62 However, the maximum number of compartments in NONMEM (99) hinders
the implementation of this method for the current model. Using a series of transit
compartments mimicking the lifespan model can improve the RETs fitting.60,63 However,
the running time for a larger number of transit compartments was prohibitively long. So, this
method was not applied. In addition, the misfit occurring in RETs also reflects the presence
of other mechanisms. It has been suggested that rHuEPO might shorten the transit time of
early erythroblasts to RETs.63,64 Modeling efforts have been made to evaluate the effect of
EPO on the lifespan of RETs and have shown that EPO increases the circulating RET
lifespan.63,65,66 It should be noted that the dynamics of the precursor pool was dependent on
the RETs profile. The model prediction missed the peak and nadir of the RETs profile after
IV multiple-dosing regimens, which suggested that the fluctuation of the P2 compartment
might be underpredicted. Therefore, the change of the total clearance may be more profound
than the simulated profile (Figure 2). The misfit of RET data may also lead to the
overestimation of the variability in the PK profiles, as well as the variability in the RBCs
and HGB for the IV-treated group, as demonstrated in the VPCs (Figures 3 and 4).

The pharmacokinetics and pharmacodynamics of various erythropoiesis-stimulating agents
have been extensively modeled in humans.53,54,59,67-69 Most of these models described the
pharmacokinetics using a 1- or 2-compartment model with the linear and/or M-M
disposition and used an array of compartments describing the pharmacodynamics. More
important, drug concentration has been used as the driving force for PD effects. This
approach assumed a proportional relationship between the effect and drug-receptor
complex.70 This assumption is in conflict with in vivo and in vitro evidence for EPO, which
suggested a nonlinear relationship between the effect and EPO-EPOR complex.71-73

Furthermore, it ignored the influence of the receptor dynamics on the drug effect. Therefore,
the estimations of Emax and EC50 from such models were likely neither consistent nor
system specific among different erythropoiesis-stimulating agents,38 where Emax represents
the maximum effect and EC50 represents the drug concentration producing 50% of Emax.
The incorporation of the operational model of agonism into the PK/PD modeling enabled us
to dissect the influence of receptor dynamics and receptor binding affinity on the PD effect
and unravel the intrinsic efficacy of the erythropoietic system from in vivo data. For
example, the developed model enables us to exam the required receptor occupancy to
achieve half maximum effect (FRO50). The model simulation shows that FRO50 was
dynamically changing between 3% and 12% during the dosing period (see Figure S2 in
online supplementary material). This is consistent with the conclusion drawn from the in
vitro observations, which suggested that only 6.8% of receptors were occupied to achieve
half maximum effect.1,71,74 These results demonstrated a correlation between the in vitro
and in vivo drug potency.
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There is still some debate about whether the nonlinear pathway plays an important role in
rHuEPO elimination.75 Most of the related studies involved the IV administration of
rHuEPO.12,13,19,75 From the simulation in Figure 2, it can be seen that the total clearance
was concentration (dose) and time dependent. At high concentrations, the total clearance
was decreased due to the saturation of the nonlinear pathway, while at low concentrations
the total clearance was increased. For IV administration, the peaks of total clearance could
be 4-fold greater than trough values. For SC administration, the total clearance could be
increased more than 2-fold compared with the trough values. The widely used NCA
(assuming linear pharmacokinetics) might be misleading, since it cannot differentiate the
nonlinear clearance from the total clearance. Additionally, conclusions based on studies with
the single-dose regimen might also be biased due to the time-varying behavior of the total
clearance. The observed nonstationary clearance in anemic patients and healthy subjects
suggested the importance of the nonlinear elimination pathways in humans.15-18 The
estimated internalization rate (kint) for the nonlinear elimination pathway was convoluted
with the factor of proportionality (ξ). We can assume an average of 500 receptors per cell.
The molar unit of the receptor is 500/(6.02 × 1023) = 83.06 × 10–14 nmol. Converting molar
unit to international unit (based on molecular weight of 30.4 kD and 130 000 IU/mg76)
results in the ξ value of 3.28 nIU/cell. Then, kint can be calculated as 1.07/3.28 = 0.33 (h-1).
This value is in agreement with the previously published value of 0.2216 (h-1) obtained by
the applying rapid binding TMDD model.69 This calculation demonstrates that the
parameter estimate for kint ·ξ is reasonable.

The method used to evaluate comparability in the current study is similar to the method
previously applied by Pentikis et al.27 One difference is that AUC was calculated on the
basis of the actual drug concentrations over time (equation 32), whereas AUC was
previously calculated as dose/CL, which does not hold due to the nonlinearity in the system.
Therefore, AUC and AUEC were directly simulated for each individual without residual
errors. One may also use NCA to calculate the AUC and AUEC from each profile with
incorporating residual errors, in which case the accuracy of these metrics will be affected by
the intensity of the sampling and the residual errors. The method of getting these metrics
from modeling and simulation avoided the influence of these factors and may be considered
as a better approach. The comparison of these 2 approaches and the influence of residual
errors on our findings deserve additional studies and are beyond the scope of this article.
The other difference is that we used the parameter estimated from the original data set in
simulations. Therefore, the distribution (uncertainty) of the model parameters was not
considered, which was accounted by Pentikis et al through the random sampling based on
the variance-covariance matrix.27 The method using the variance-covariance matrix requires
a high precision of parameter estimates especially for the variance associated with IIV to
prohibit negative numbers for the variance.27 This approach was tested, and the relative low
precisions of parameter estimates did not permit the use of such an approach. Another tested
approach was using the nonparametric bootstrap to produce the distribution (uncertainty) of
the model parameters. Due to the long running time, the number of bootstrap replicates was
limited and inadequate to conduct meaningful analysis. Additionally, type I and type II
errors of the model-based assessment are not completely understood. The need to estimate
considerably more parameters than for the NCA (without the ability to characterize all their
correlations) could also have led to the widening of the CIs.

Previous studies using the NCA approach demonstrated the PK/PD comparability between
HX575 and the comparator in the AUC, Cmax, and AUEC, for both IV and SC routes after
multiple administrations.23,24 The model-based approach supported this conclusion but
showed slightly wider CIs resulting in AUCIV ratio slightly crossing the lower 80%
boundary, which was not found for the NCA-derived parameters. Nevertheless, in general

Yan et al. Page 15

J Clin Pharmacol. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



there seems to be fairly good agreement of the numeric values of these metrics between the
classical NCA approach and the above model-based approach (Table III).

It should be noted that due to the complexity of the PK/PD model, there are a number of
limitations that restrict the validity of the model-based approach. There is slight bias in the
simulated data, which makes the predicted data different from the observed data. For
instance, the model underpredicts the PK profile after the 1st SC dose and overpredicts after
the 11th SC dose, as shown by VPC and Figure 5. In addition, the model also overestimates
the variability associated with drug concentrations and reticulocyte counts. Finally, there are
small differences in quality of fits between the 2 compounds (eg, in Figures 2 and 4). These
3 aspects will lead to biased AUC and Cmax values as well as their variability and will
impact both the ratio and their CIs for the comparability analysis. This may account for the
difference between the model-based approach and the NCA approach. These biases are
likely due to the M-M approximation of the TMDD system and the misfit occurred to the
RETs. A full TMDD model may improve the model predictions but requires a different
approach as mentioned earlier. A lifespan model may improve the reticulocyte fittings and
requires more powerful tools. Nevertheless, the limitations of the comparability analysis
based on the modeling and simulation approach should be recognized, and their results
should be interpreted carefully.

The model-based simulation further supported similar efficacy of the 2 drugs using a QW
SC dosing regimen or a TIW SC dosing regimen (Figure 6). Very few clinical studies have
compared the QW IV and TIW IV dosing regimens for epoetin alfa.43,44 These studies
suggested that the QW IV schedule was less efficacious compared with TIW IV regimens,
which is consistent with the observation in the model-based simulation in Figure 6. The
greater HGB response of SC routes compared with IV routes was reported in early 1990s.77

This phenomenon has been explained by the longer duration of the concentration above
some threshold or minimum effective concentration after SC administration.71,73,77 The
FRO50 (Figure S2) was less than 10%, indicating that high concentration was not required to
sufficiently stimulate the system. Figure S2 also shows that the FRO50 for SC regimen was
lower than that for IV regimen. It indicates that the flip-flop kinetics after SC administration
resulted in a longer duration of drug concentration achieving the half maximum effect.
Therefore, SC administration induced a stronger stimulus to the erythropoietic system.

The overall results supported the use of model-based approach as supplement to the standard
approach in comparability evaluation. The advantage of the model-based approach in the
current study can be summarized as follows: First, it permitted mechanistic characterization
of the nonlinear and nonstationary pharmacokinetics. Compared with the NCA, which
assumes linear kinetics, the model-based approach may produce more physiologic parameter
estimates (eg, clearance and bioavailability). Second, additional information could be
obtained through model-base simulations. Third, the model-based approach uses all the
available information simultaneously, while the standard approach discards the data beyond
the first month. Therefore, the model-based approach can provide an assessment of the
comparability between 2 drugs in a wider scope.

In summary, a population PK/PD model was developed to account for the PDMDD of
rHuEPO. This model attributed the increased total clearance to the receptor pool expansion.
Monte Carlo simulations based on the final parameters were subsequently conducted to
obtain Cmax, AUC, and AUEC for PK/PD comparability analysis. The findings were
consistent with previous results using the standard approach and conform with the PK/PD
comparability between HX575 and the comparator epoetin alfa. These results demonstrate
the applicability but also the limitations of model-based methods to assess the comparability
of drugs with nonlinear pharmacokinetics. Further simulations supported the efficacy of
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HX575 in a weekly SC dosing regimen for epoetin alfa. The overall findings supported the
use of model-based approach as a supplement to the standard approach in comparability
evaluation. However, due to the complexity of the fixed effect structure in the PK/PD model
with the need to describe effects in many compartments, necessitating many parameters and
various approximations, control of fixed and random effects was not straightforward.
Whereas population PK/PD model-based analyses enable one to learn much about the
nuances in rich data and, hence, the structure of a biological system, complex models have
their limitations, statistically; comparability results from such models should therefore be
interpreted carefully.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PDMDD model for HX575 and the comparator epoetin alfa in healthy subjects, with the
diagram for pharmacokinetics on the upper half and the diagram for pharmacodynamics
below.
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Figure 2.
First 2 panels: mean observed concentrations vs time since last dose profiles after the 1st IV
dose and 11th IV dose with standard deviation bars for HX575 (left) and the comparator
epoetin alfa (right). One-tailed paired t test was applied to compare the mean observed
AUC0-12 after the 1st and 11th IV doses. P = .0059 for HX575 and P = .13 for the
comparator. Second 2 panels: mean concentrations vs time since the last dose profiles after
the 1st IV dose and 11th IV dose generated from the visual predictive check for HX575
(left) and the comparator epoetin alfa (right). Black and gray circles represent the observed
mean data. Third 2 panels: simulation of the total clearance vs time profiles after multiple IV
and SC administrations of HX575 (left) and the comparator (right). Fourth 2 panels:
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simulation of P2 vs time profiles after multiple IV and SC administrations of HX575 (left)
and the comparator (right). Arrows represent dosing events.
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Figure 3.
Visual predictive checks for serum drug concentrations (after the 1st and 11th doses),
reticulocytes, red blood cells, and hemoglobin after IV dosing of HX575 and the
comparator. Open circles represent observed data. Dashed lines represent the 5th, 50th, and
95th percentiles of observed data. Solid lines represent the 5th, 50th, and 95th percentiles of
simulated data. Shaded area represents the 95% confidence interval for each mean percentile
of simulated data.
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Figure 4.
Visual predictive checks for serum drug concentrations (after the 1st and 11th doses),
reticulocytes, red blood cells, and hemoglobin after SC dosing of HX575 and the
comparator. Open circles represent observed data. Dashed lines represent the 5th, 50th, and
95th percentiles of observed data. Solid lines represent the 5th, 50th, and 95th percentiles of
simulated data. Shaded area represents the 95% confidence interval for each mean percentile
of simulated data.
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Figure 5.
Mean profiles generated from Monte Carlo simulations for PK/PD comparability analysis,
including drug concentration vs time after the 11th IV dose (upper left) and 11th SC dose
(upper right) and hemoglobin vs time after multiple IV (lower left) and SC (lower right)
administrations. Mean profiles were overlaid with mean observations with SD bars.
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Figure 6.
Simulated hemoglobin vs time profile for the TIW and QW IV and SC dosing regimens for
HX575 and the comparator. Fixed effect model parameters for HX575 and the comparator
were used in the simulation.
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Table I

Parameter Estimates That Were Allowed to Vary Between HX575 and the Comparator Epoetin Alfa

HX575 Comparator

Parameter Parameter Estimate RSE,% Parameter Estimate RSE,%

D (h) 2.61 10.4 2.4 10.2

ka (h-1) 0.0301 5.9 0.0269 6.4

VC (L) 4.47 4.1 4.43 2.9

CL (L/h) 0.407 12.2 0.359 13.8

F 0.501 8.5 0.513 8.4

k23 (h-1) 0.0631 35.7 0.0275 16.2

k32 (h-1) 0.161 26.0 0.0979 11.2

SRC50/ξ (×103 cells/μL) 6.11 17 5.41 11.3

Smax 0.0766 32.8 0.0445 30.3

kint·ξ (nIU/h/cell) 1.26 9.4 1.07 9.7

RSE, relative standard error.

Unpaired t test for parameters specific for 2 drugs based on parameter estimates and standard error from NONMEM.45 For all parameter estimates,
HX575 vs comparator, P > 05.
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Table II

Parameter Estimates That Are Assumed to Be the Same for HX575 and the Comparator

Parameter Parameter Estimates RSE, %

C0 (IU/L) 11.6 6.2

RET0 (× 103 cells/μL) 50.6 2.3

TP
a
 (h)

57.3 2.2

KD (IU/L)
418

b N/A

RBC0 (× 106 cells/μL) 4.66 0.5

MCH (pg/cell) 30.2 0.4

Interindividual variability, %

    ωD 55.6
26.9

c

    ωka 31.4
15.3

c

    ωVc 24.5
36.8

c

    ωCL 49.8
34.1

c

    ωC0 21.8
17.4

c

    ωRET0 27.2
15.7

c

    ωSmax 117
28.0

c

    ωkint·ξ 36.1
32.8

c

    ωRBC0 5.66
13.3

c

    ωMCH 4.52
13.1

c

Interindividual variability correlation coefficient

    ηD, ηka –0.396 N/A

    ηD, ηVc 0.560 N/A

    ηka, ηVc –0.403 N/A

    ηCL, ηC0 –0.380 N/A

    ηCL, ηSmax 0.646 N/A

    ηC0, ηSmax –0.695 N/A

    ηRET0, ηRBC0 0.264 N/A

    ηRET0, ηMCH –0.208 N/A

    ηMCH, ηRBC0 –0.728 N/A

Residual variability, %

    σPK 22.8
9.9

c

    σRET 28.5
5.5

c

    σRBC, HGB 3.38
4.3

c

RSE, relative standard error; N/A, not available

a
TP = TR.
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b
Fixed.

c
The RSE is given for the variance of the parameter and not the standard deviation.
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Table III

Metrics Estimates for PK/PD Comparability Analysis Based on 500 Data Sets Simulated From the Model
Parameters Compared to the Standard NCA Results (in Percentages)

Model-Based Method NCA Method
a

Metrics T/R Ratio 90% CI T/R Ratio 90% CI

AUCIV 87.1 77.6-97.8 89.2 82.5-96.2

CmaxIV 98.6 89.9-108.2 97.5 91.5-104.5

AUECIV 99.7 98.2-101.2 99.9 98.5-101.2

AUCSC 93.7 82.7-106.2 96.9 88.2-106.5

CmaxSC 95.8 83.4-110.0 97.6 84.2-113.1

AUECSC 99.6 98.0-101.2 98.9 97.7-100.2

R, reference; T, test; CI, confidence interval.

a
Results were adapted from 2 publications by Sorgel et al.23,24
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