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ABSTRACT 

 

Population pharmacokinetic analysis of 

GX-E2,  

a novel erythropoiesis stimulating agent,  

in healthy male subjects 

 

 

Sumin Yoon 

Major in Biomedical Sciences,  

Department of Biomedical Sciences, 

The Graduate School 

Seoul National University  

 

Introduction: GX-E2 is a novel erythropoiesis stimulating agent which is human 

erythropoietin (EPO) fused with Fc region of the antibody. The pharmacokinetic 

(PK)/pharmacodynamic (PD) properties following a single intravenous (IV) and 

subcutaneous (SC) injection of GX-E2 have been revealed by the noncompartmental 

analysis of preclinical and clinical study. The SC injection of GX-E2 presented the 

extended mean residence time and duration of action than currently marketed EPO. 
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The objective of this study was to characterize the PK properties following a sin-gle 

IV and SC injection of GX-E2 by developing population PK models. 

 

Methods: For the model development, data were pooled from two phase I clinical 

trials. Two different approaches were applied for describing the disposition of GX-

E2: Simple disposition model in which describes the model with Michaelis-Menten 

enzyme kinetics were tested. Target-mediated drug disposition (TMDD) model was 

tested for mechanistic understanding of PK properties. Each model was numerically 

and graphically diagnosed to select the final model. Visual predictive check was per-

formed to validate the predictive performance of the final model.  

 

Results: A total of 1084 serum GX-E2 concentrations were obtained from 72 sub-

jects. The PK properties of GX-E2 were well described by the 2-compartment model 

with first-order absorption. Both Michaelis-Menten enzyme kinetic model and 

TMDD model could adequately explain the characteristic PK profiles of GX-E2. An 

acceptable predictive performance of each final model was validated by the visual 

predictive check. Approximately 50 – 70% of the SC injected dose was predicted to 

be absorbed into the systemic circulation with the first-order absorption constant of 

0.003 h-1. From the estimated clearances of free-form and bound form, majority of 

injected GX-E2 are predicted to be eliminated as a bound form. 

 

Conclusion: This study first described the PK of GX-E2 by developing population 

PK models. Both simple disposition model and TMDD model were fitted well with 

the observed data, how-ever, TMDD model had advantage in reflecting mechanistic 
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aspects of drug. Further assessments of absorption mechanism and inclusion of PD 

factors in current model will enable to assess the further in-depth understanding of 

GX-E2 PK profile. 

 

 

Keywords: Population pharmacokinetics; Michaelis-Menten; target-mediated drug 

disposition; NONMEM; GX-E2; erythropoietin stimulating agent 

Student number: 2015-23241  
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INTRODUCTION 

 

Erythropoietin (EPO) is a glycoprotein hormone which promotes and regu-

lates the red blood cell production. EPO is mainly produced in the kidney and stim-

ulates erythropoiesis by binding to the EPO receptor on the surface of erythroid 

progenitor cell in the bone marrow. (1) Because EPO is insufficiently produced in 

patient with chronic kidney disease, anemia is a common complication of chronic 

kidney disease. Therefore, initiating an erythropoiesis-stimulating agent such as re-

combinant human EPO (rhuEPO) is recommended for patients with anemia in 

chronic kidney disease after addressing all correctable causes of anemia including 

iron deficiency and inflammatory states. (2)  

Using recombinant DNA technology in cell culture, EPO could be produced 

ex vivo. It enabled the massive production of recombinant human EPO (rhuEPO). 

Number of rhuEPO such as epoetin alfa, epoetin beta and darbepoetin alfa were de-

veloped with a variety of glycosylation pattern. These rhuEPO formulations have 

been used in clinical settings for over 30 years for the treatment of anemia.  

Unlike the currently marketed rhuEPO, GX-E2 (Genexine, Inc., Seongnam-si, 

Republic of Korea; formerly also known as GC1113) is a novel erythropoietin-

stimulating agent, which fused the fragment crystallizable (Fc) protein of antibody 

with EPO, in anticipation of longer acting time. (3) In general, the Fc region of the 

antibody binds to the Fc-γ receptor of the endothelial cell membrane surface and 

delays the degradation of the antibody. (4) Thus, the Fc-fused therapeutic protein is 

expected to have an increased half-life and prolonged duration of action. (5, 6) GX-

E2 is a long-acting erythropoietin stimulating agent containing two EPO molecules 
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fused with the hybrid Fc region of human IgD and IgG4. GX-E2 showed compara-

ble or longer serum terminal half-life than that of darbepoetin alfa in preclinical 

studies. (3) Furthermore, subcutaneous (SC) GX-E2 presented extended duration of 

increased reticulocyte counts than that of darbepoetin alfa in both preclinical and 

clinical studies, while intravenously (IV) administered GX-E2 presented compara-

ble duration with that of darbepoetin alfa. (3, 7) 

 

Figure 1. The protein structure of GX-E2 

(adopted from Im et al., 2011) 

 

Nowadays, thorough assessments of the drug properties are essential at the 

early stages of the new drug development. Pharmacokinetic (PK) assessment plays 

a pivotal role in early clinical phase of the drug development. (8) In the traditional 

approach of PK assessment, individual PK parameter values are generally obtained 

by noncompartmental analysis with sufficient number of samplings first. Then, 

population parameters are obtained by calculating the mean of individual parameter 

values without statistical concepts. The population PK approach using nonlinear 
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mixed effect modeling was established by Sheiner and Beal in 1970s. (9) The typi-

cal population PK parameters with inter-individual variability (IIV) and individual 

PK parameters with residual (inter-occasional) variability could be estimated with 

the population approach proposed by Sheiner and Beal. The original purpose of the 

population PK approach was to analyze the sparse data which was obtained rou-

tinely from the therapeutic drug monitoring process. (10) Population PK analysis 

using nonlinear mixed effect modeling approach have the number of advantages 

for the quantitative understanding of PK. First, it enables to obtain the population 

parameter values with individual parameter values with distributions of each varia-

bility. Besides, not only dense data but also sparse or unbalanced data can be 

pooled and integrated in a single model. It enabled the analysis of PK and/or PD 

from special populations such as pediatric and elderly populations that have diffi-

culties in dense sampling. (11) Lastly, significant covariates which can be sources 

of inter-individual variability can be identified. (12) Consequently, population PK 

modeling has a considerable role by supporting as a base for the pivotal regulatory 

approval decisions.  

PK analyses with population PK models have been reported for rhuEPO in-

cluding epoetin alfa and darbepoetin alfa (13-17). As observed in other therapeutic 

protein, the nonlinear disposition of rhuEPO has been consistently observed. The 

receptor-mediated endocytosis caused by the binding of drug to its receptor and ly-

sosomal degradation are reported for the cause of the characteristic PK properties 

(18). To deal with this nonlinear properties, two approaches are commonly incor-

porated. One is a saturable elimination pathway which is parameterized by Michae-

lis-Menten constant Km and Vmax and the other is a more mechanistic model that is 
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used to describe the target-mediated drug disposition (TMDD). (19) The TMDD 

corresponds to a case where a drug is bound with high affinity to its target, and this 

interaction affects the PK properties of the drug in a dose-dependent manner. 

TMDD uses saturable, high affinity receptor binding mechanism as a primary 

mechanism of nonlinear pharmacokinetics of EPO. Another key assumption of the 

model is that receptor-mediate endocytosis contributes to EPO elimination. (20) 

In cases of other rhuEPO, population PK/PD models have been developed 

without or with the concepts of TMDD. (21, 22) However, a population analysis of 

GX-E2 has not been conducted yet. Hence, the current study developed and com-

pared two population PK models – one with saturable elimination pathway and the 

other with TMDD – to support the description of PK following a single IV or SC 

injection of GX-E2.  
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METHODS 

Studies and subjects 

The GX-E2 data from two phase I clinical studies were included for the popu-

lation PK analysis. In the first study (study 1), the PK and PD characteristics of a 

single IV or SC dose of GX-E2 were assessed (Clinicaltrials.gov identifier: 

NCT01363934). The dose groups for each route of administration were as fol-

lows: 0.3, 1, 3, or 5 μg/kg IV GX-E2 and 1, 3, 5, or 8 μg/kg SC GX-E2. For the ac-

tive control, IV and SC doses of Nesp®  (darbepoietin alfa) 30 μg/kg were adminis-

tered. Ten subjects were assigned to each dose group; eight subjects received the 

test drug while two subjects received the placebo. The blood samplings for the PK 

and PD analysis were conducted before the drug administration and for up to 672 

hours after the drug administration (PK blood sampling: 0.25, 0.5, 1, 2, 3, 4, 6, 8, 

12, 24, 36, 48, 60, 72, 96, 120, 168, 240, 336, 504, and 672 hours; PD blood sam-

pling: 4, 8, 12, 24, 48, 60, 72, 96, 120, 168, 240, 336, 504, and 672 hours). The PK 

blood samples were centrifuged at 4℃, 3,000 rpm for 10 minutes. The separated 

sera were stored under -70 ℃ until the bioanalysis.  

In the second study (study 2), the PK and PD characteristics of a single 8 

μg/kg IV dose of GX-E2 were assessed. (Clinicaltrials.gov identifier: 

NCT02291991) As in study 1, ten subjects were assigned to each dose group; 

eight subjects received the test drug while two subjects received the placebo. The 

blood sampling time points for the PK and PD analyses were same as the study 1.  

The collected PK samples went through same pretreatment procedures ahead of the 

bioanalysis as those of the study 1. 

file:///C:/Users/Sumin%20Yoon/Google%20드라이브/Sumin_Main/0.GX-E2/0.논문/clinicaltrials.gov/ct2/show/NCT01363934
https://clinicaltrials.gov/ct2/show/NCT02291991
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Data from subjects who were administered GX-E2 were utilized for the model 

development. That is, data from subjects who were administered NESP®  in study 1 

or placebo in study 2 were excluded from the analysis. 

Both studies were conducted at the Clinical Trials Center of Seoul National 

University Hospital (SNUH), Seoul, Republic of Korea. The study protocols and 

informed consent forms were approved by the Institutional Review Board of the 

SNUH. All subjects participated in the study voluntarily after providing their writ-

ten informed consent. These studies were performed in compliance with the Decla-

ration of Helsinki, and all study procedures were done in accordance with the 

Guideline for Good Clinical Practice of International Conference on Harmoniza-

tion. (23, 24)
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Table 1. Summary of pooled clinical trials 

 Study 1 Study 2 

Number of subjects 80 10 

Subject characteristics Healthy male subjects Healthy male subjects 

Study characteristics First-in-human, 

PK/PD study 

First-in-human, 

PK/PD study 

Drug administration 

(GX-E2) 

Single dose; 

(IV) 0.3, 1, 3 and 5 μg/kg  

(SC) 1, 3, 5 and 8 μg/kg 

Single dose; 

(IV) 8 μg/kg 

PK sampling time pre-dose, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 24, 

36, 48, 60, 72, 96, 120, 168, 240, 336, 504, 

and 672 hours post-dose 

pre-dose, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 24, 36, 

48, 60, 72, 96, 120, 168, 240, 336, 504, and 

672 hours post-dose 

Lower limit of  

quantification 

(IV) 0.3, 1, 3, 5, 8 μg/kg:  1.56 ng/mL 

(SC) 1, 3, 5 μg/kg: 156.25 pg/mL 

78.125 pg/mL 

ClinicalTrials.gov  

identifier 

NCT1363934 NCT02291991 

Abbreviations: PK, pharmacokinetics; PD, pharmacodynamics; IV, intravenous; SC, subcutaneous. 
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Bioanalytical methods 

The serum isolated from each blood sample was analyzed for GX-E2 concen-

trations by the Clinical Pharmacology Bioanalytical Research Team, Department of 

Clinical Pharmacology and Therapeutics, Seoul National University College of 

Medicine and Hospital. In study 1, the serum GX-E2 concentrations were deter-

mined by enzyme-linked immunosorbent assay (ELISA) with the human EPO Im-

munoassay kit (R&D Systems Inc., Minneapolis, MN, USA) using the microplate 

reader SpectraMax M2 (Molecular Devices, Sunnyvale, CA, USA). The inter-assay 

accuracy and precision of the quality control sample data were 91.03 – 114.9% and 

<6.641%, respectively. In study 2, the serum EPO concentrations were determined 

with the human EPO immunoassay kit using the SpectraMax 190 (Molecular De-

vices, Sunnyvale, CA, USA). The inter-assay accuracy and precision were 91.5 – 

94.4%, and <6.218%, respectively.  

The lower limits of quantification (LLOQ) of the serum EPO differed by the 

dose groups and studies. In study 1, the LLOQ for the IV group was 1.56 ng/mL, 

while the LLOQ was 156.25 and 78.13 pg/mL for the 1, 3, and 5 μg/kg doses and 8 

μg/kg dose for the SC group, respectively. In study 2, the LLOQ was 78.13 pg/mL 

(8 μg/kg dose for the IV group). 
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Population pharmacokinetic analysis 

Parameter estimation method 

For the population PK analysis, nonlinear mixed effect modeling was per-

formed using the NONMEM software version 7.4 (ICON Development Solutions, 

Ellicott City, MD, USA) with the Perl-speaks-NONMEM version 4.7.0. The Pirana 

software version 2.9.6 (Pirana Software & Consulting BV) was utilized as a work-

bench for NONMEM. (25) R version 3.4.2 (R Foundation for Statistical Compu-

ting, Vienna, Austria) was used for the data processing including graphical analy-

sis. The expectation-maximization (EM) method aided by the MU-referencing 

were used for the parameter estimation. (26, 27) The EM method has reported to 

have an advantage in relatively fast estimation runtime for the complex models and 

the rate of successful convergence. (28) In addition, MU-referencing enables the 

effective application of method. (29)  

 

Simple disposition model 

To describe the disposition of serum EPO following the IV or SC injection of 

GX-E2, one and two compartment base structural models with saturable elimina-

tion pathway were developed and compared (Table 2).  

Saturable elimination pathway was described with Michaelis-Menten enzyme 

kinetics, which parameterize the model by the maximum rate of elimination (Vm) 

and the serum EPO concentration giving 50% of the maximum rate (Km). (30) The 

initial estimate of each PK parameter was determined by referring the non-com-

partmental analysis results and the previously reported population PK/PD models 

for rhuEPO. (13, 15, 21, 31) 
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Table 2. Description of tested models (simple disposition model) 

Model Description Subroutines 
Pharmacokinetic  

Parameters 

1-compartment model with nonlinear elimination ADVAN13 TRANS1 V
C, 

V
m
, K

m, 
k

a, 
F

 
 

2-compartment model with nonlinear elimination ADVAN13 TRANS1 V
C
, V

P
, V

m
, K

m
, Q, k

a, 
F 

Abbreviations: VC, volume of central compartment; CL, total clearance; ka, absorption rate constant Vm, maximum rate of elimi-

nation; Km, the serum EPO concentration giving 50% of the maximum rate; VP, volume of peripheral compartment; Q, inter-

compartmental flow rate.
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Assuming that PK parameters follow the log-normal distribution, an exponen-

tial error model was used to describe the IIV of each PK parameter: 

 𝑃𝑖 = 𝜃𝑃 ∙ exp(𝜂𝑖) (1) 

where Pi denotes the individual estimated value of parameter of ith subject, θp 

is the typical value of parameter (population value) and ηi is IIV of parameter of ith 

subject. ηi is assumed to follow a normal distribution with a mean of zero and a 

variance of ωi
2 (ηi ~ N (0, ωi

2)). 

A combined additive and proportional error model was used to estimate the 

residual variability. (32) 

 
𝑌𝑖𝑗 = 𝐼𝑃𝑅𝐸𝐷𝑖𝑗 + √(𝜀𝑃𝑅𝑂𝑃,𝑖𝑗 × 𝐼𝑃𝑅𝐸𝐷𝑖𝑗)

2 + 𝜀𝐴𝐷𝐷,𝑖𝑗
2  (2) 

where Yij is a observed value for jth occasion of ith subject, IPREDij is the cor-

responding individual predicted value, εprop,ij is proportional residual error and εadd,ij 

is an additive residual error for the corresponding occasion and subject. εij is as-

sumed to follow a normal distribution with a mean of zero and a variance of σij
2 (εij 

~ N (0, σij
2)).  

 

 

Target-mediated drug disposition model 

A target-mediated disposition (TMDD) model was developed together to in-

clude the effect of the EPO and EPO receptor binding and receptor-mediated endo-

cytosis on PK properties. The two-compartment, target-on-tissue TMDD model 

was developed by referring to the TMDD PK model proposed by Mager and Jusko. 

(33) The schematic illustration of the basic TMDD model structure is presented in 

Figure 2. 
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Figure 2. The schematic diagram of the target-mediated drug disposition model for  

a single IV or SC administration of GX-E2. 

Abbreviations: SC, subcutaneous; IV, intravenous; F, bioavailability; ka, absorption rate constant; Q, intercompartmental flow 

rate; EPO, erythropoietin; EPOR, erythropoietin receptor; CLA, clearance of free EPO in the peripheral compartment; CLB, 

clearance of EPO-EPO receptor complex in the peripheral compartment; CLC, clearance of the EPO receptor; RB, input rate of 

binding target; KD, equilibrium dissociation constant
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In this model, the faith of EPO in systemic circulation is determined between 

two pathways: 1) eliminated from the central compartment (CLA) as a free EPO 

form or 2) bound to the EPO receptor of the progenitor cells in the bone marrow 

and degraded as a EPO-EPO receptor complex form (CLB). When establishing 

mass-balance equations for each compartment, two assumptions were made. When 

EPO binds to the EPO receptor with high affinity, it has been reported that the in-

ternalization of the target-receptor complex occurs as free EPO receptor is degener-

ated. (34) Thus, the internalization rate of the EPO-EPO receptor complex (CLB) is 

assumed to be same as the degeneration rate of the target (CLC) (35, 36) In addi-

tion, the KD is assumed same as the koff/kon, in which koff is the dissociation con-

stant, and kon is the binding constant. In an essence, the mass-balance equations for 

free EPO of the central and peripheral compartments (A and AP, respectively) are 

as follows:  

 

 dA

dt
= (𝐼𝑛𝑝𝑢𝑡) −

𝐶𝐿𝐴
𝑉𝐶

∙ 𝐴 −
𝑄

𝑉𝐶
∙ 𝐴 +

𝑄

𝑉𝑃
∙ 𝐴𝑃 (3) 

 d𝐴𝑃
dt

= −
𝐶𝐿𝐵
𝑉𝑃

∙ 𝐶𝑃𝐿𝑋 +
𝑄

𝑉𝐶
∙ 𝐴 −

𝑄

𝑉𝑃
∙ 𝐴𝑃 (4) 

 

, where CLA is the clearance of the free EPO in the central compartment; Vc is 

the volume of the central compartment; VP is the volume of the peripheral compart-

ment; Q is the intercompartmental flow rate; CPLX is the amount of the EPO-EPO 

receptor complex in the peripheral compartment and CLB is the clearance of the 

EPO-EPO receptor complex in the peripheral compartment, which was assumed to 

be the same as the CLC (the degeneration rate of the free EPO receptor) in this 
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study.  

The amounts of total EPO (TAP), total EPO receptor (TBP) and EPO-EPO re-

ceptor complex (CPLX) in the peripheral compartment are described with the fol-

lowing equations: 

 

 𝑇𝐴𝑝 = 𝐴𝑃 + 𝐶𝑃𝐿𝑋 (5) 

 
𝑇𝐵𝑃 =

𝑉𝑃 ∙ 𝑅𝐵

𝐶𝐿𝐵
 (6) 

 
CPLX =

1

2
∙[(𝐾𝐷 ∙ 𝑉𝑃 + 𝑇𝐴𝑃 + 𝑇𝐵𝑃)

− √(𝐾𝐷 ∙ 𝑉𝑃 + 𝑇𝐴𝑃 + 𝑇𝐵𝑃)2 − 4 ∙ 𝑇𝐴𝑃 ∙ 𝑇𝐵𝑃 

(7) 

 

, where AP is the amount of EPO in the peripheral compartment; RB is the in-

put rate of binding target, KD is an equilibrium dissociation constant and VP is the 

volume of the peripheral compartment.  

The derivation of the equation describing the amount of EPO-EPO receptor 

complex (eq. (7)) was previously described in the previously published literature. 

(35) 

The initial values were selected based on the previous literature describing the 

PK of EPO and the preclinical study results of GX-E2. (3, 13, 15, 21, 31) The KD, 

the equilibrium dissociation constant, was fixed as 0.2 nM based on its in vitro 

study results with GX-E2 (J. Woo, personal communication, April 27, 2017). Vari-

ability model for TMDD was developed in the same way with the simple disposi-

tion model.  
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Model selection  

Both numerical and graphical methods were applied when judging the model 

improvement. For the numerical methods, objective function value (OFV, -2log 

likelihood), the results of the likelihood ratio test, and Akaike’s information crite-

rion (AIC) value were calculated for each model by following formulae:  

 
OFV = −2 log(L) = nlog(2π) +∑(log(𝜎𝑖

2) +
(𝑌𝑖 − �̂�𝑖)

2

𝜎𝑖
2 )

𝑛

𝑖=1

 (8) 

 AIC = OFV + 2 ∙ numberofparameters (9) 

 

,where L is likelihood, n is the number of observations, 𝑌𝑖 is the observed 

value of ith subject, �̂�𝑖 is the predicted value of ith subject, and 𝜎𝑖
2 is the variance.  

 

OFV, the results of the likelihood ratio test, was used for comparing rival 

nested models. By increasing the likelihood ratio (L), the OFV is minimized. As 

nlog(2π) is a constant term, maximizing the likelihood ratio is achieved by max-

imizing the ∑ (log(𝜎𝑖
2) +

(𝑌𝑖−�̂�𝑖)
2

𝜎𝑖
2 )𝑛

𝑖=1  term, so called extended least square (ELS). 

Since the likelihood ratio (-2log(
𝐿2

𝐿1
)) has been reported to follow the χ-distribution, 

a reduction of the minimum OFV more than 3.84 was considered to have reached 

statistical significance at P <0.05 for the addition of one degree of freedom (fixed 

effect). (37) 

For the graphical method, a visual-inspected improvement of goodness-of-fit 

plots with individual plots was assessed. The goodness-of-fit plots included indi-

vidual predictions versus observed data, population predictions versus observed 

data, population predictions versus conditional weighted residuals (CWRES) and 
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time versus CWRES. Furthermore, time versus individual predictions plotted with 

individual observed data was assessed. Lastly, the physiological plausibility of 

each parameter estimate was considered. 
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Covariate selection 

Covariate analysis was performed in order to identify additional variables 

which could explain the variabilities presented in the parameter estimates from the 

final models. Tested covariates included age, height, weight, reticulocyte, hemo-

globin and reticulocyte hemoglobin content. The relationship of each covariate and 

IIV for each parameter were investigated using visual inspection. Visual inspection 

was performed with Xpose toolkit version 4.3.5 within R version 3.4.2 (R Founda-

tion for Statistical Computing, Vienna, Austria). Covariates showing a trend in the 

scatter plot (covariates versus IIV of parameter) were applied to the model with a 

stepwise manner with forward inclusion and backward deletion.   
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Model validation 

To assess the predictive performance of the final model, an internal model 

validation was performed using prediction-corrected visual predictive check 

(pcVPC). The traditional VPC without prediction and/or variability normalization 

may fail in an adequate predictive performance assessment of the model when the 

expected value or expected variability in observations within a same bin differs due 

to variations in predictors such as sampling time and administered dose. Hence, in 

the pcVPC, both the observed and predicted values are normalized for the typical 

model predictions. (38, 39) 

The pcVPC was implemented in the NONMEM software version 7.4 (ICON 

Development, Ellicott City, MD, USA) with the Perl-speaks-NONMEM toolkit 

version 4.6.0 and Xpose toolkit version 4.3.5. A total of 1000 datasets of concen-

trations by each timepoint were simulated using the final model. Then, 95% confi-

dence intervals (CIs) for 5th, 50th (median) and 95th percentiles of the simulated val-

ues were obtained and shown as area. The model was considered to have a satisfac-

tory prediction performance if the observed values were within shaded CI area.  
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RESULTS 

 

Study populations 

A total of 1084 serum EPO concentrations from 72 healthy subjects were 

available for the development of the population PK model (64 subjects and 8 sub-

jects for study 1 and study 2, respectively). The mean ± standard deviation values 

of age, height, weight and BMI of the pooled subjects were 26.4 ± 4.7 years, 175.2 

± 5.0 cm, 70.2 ± 6.0 kg and 22.8 kg/m2, respectively. Demographic information of 

the subjects is summarized by the study in Table 3. 
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Table 3. Baseline demographic characteristics of pooled subjects by the study.  

 Study 1 Study 2 Pooled subjects 

Number of the subjects* 64 8 72 

Age (years) 25.91 ± 4.61 30.8 ± 2.8 26.4 ± 4.7 

Height (cm) 175.78 ± 4.85 173.1 ± 4.7 175.2 ± 5.0 

Weight (kg) 70.17 ± 6.24 70.5 ± 3.5 70.2 ± 6.0 

Body Mass Index (kg/m2) 22.72 ± 1.91 23.6 ± 1.9 22.8 ± 1.9 

Body Surface Area (m2)** 1.85 ± 0.09 1.8 ± 0.1 1.8 ± 0.1 

Baseline    

  Reticulocyte count (%) 1.0 ± 0.3 1.5 ± 0.2 1.0 ± 0.4 

  Hemoglobin (g/dL) 14.7 ± 0.8 15.1 ± 0.7 14.8 ± 0.8 

Values are presented as mean ± standard deviation. 
*Subjects who took the NESP® in study 1 or placebo in study 2 were excluded.  

**Body surface area was calculated by Mosteller formula (=√
𝑊𝑒𝑖𝑔ℎ𝑡(𝑐𝑚)×𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚)

3600
).
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Exploratory data analysis 

The mean concentration-time profiles of GX-E2 following a single IV or SC 

injection are provided in Figure 3. PK parameters obtained from noncompart-

mental analysis are provided in the Appendices. Following the IV administration, a 

distinct nonlinear disposition profile was observed. CL/F presented decreasing ten-

dency as dose of GX-E2 increases. The IV injected GX-E2 are expected to reside 

in the body for 1.99 (0.3 µg/kg), 3.87 (1 µg/kg), 7.98 (3 µg/kg), 10.51 (5 µg/kg), 

and 22.29 h (8 µg/kg) postdose. 

When administered subcutaneously, GX-E2 reached its maximum concentra-

tion at 6 to 36 hours after the injection and presented prolonged peak, indicating 

slow absorption process. CL/F presented increasing tendency as dose of GX-E2 in-

creases. The MRT following SC injection highly exceeded when compared with 

those following corresponding dose injected intravenously. GX-E2 are expected to 

reside in the body for 227.83 (1 µg/kg), 218.73 (3 µg/kg), 210.52 (5 µg/kg) and 

199.78 (7 µg/kg) hour after the SC injection.       
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Figure 3. Serum GX-E2 concentration-time profile following a single IV (left) 

or SC (right) administration of GX-E2 in healthy male volunteers  

(semi-logarithmic scale) 

Abbreviations: IV, intravenous; SC, subcutaneous



33 

 

 Population pharmacokinetic analysis 

Simple disposition model 

When the nonlinear disposition of GX-E2 was described with saturable elimi-

nation pathway, two-compartment model explained the PK properties better than 

one-compartment model. (∆OFV=193.674 and ∆AIC=107.674). The mass-balance 

equations for central and peripheral compartment of final PK model were as fol-

lows:  

 𝑑𝐴

𝑑𝑡
= (𝐼𝑛𝑝𝑢𝑡) −

𝑄

𝑉𝐶
∙ 𝐴 +

𝑄

𝑉𝑃
∙ 𝐴𝑃 −

𝑉𝑚 ∙ 𝐶

𝐾𝑚 + 𝐶
 (10) 

 𝑑𝐴𝑝

𝑑𝑡
=

𝑄

𝑉𝐶
∙ 𝐴 −

𝑄

𝑉𝑃
∙ 𝐴𝑃 (11) 

where A is the amount of EPO in serum (central compartment), Ap is the 

amount of EPO in peripheral compartment, VC is s the volume of the central com-

partment, Vp is s the volume of the peripheral compartment, Q is the intercompart-

mental flow rate, Vm is the maximum rate of elimination and Km is the serum EPO 

concentration giving 50% of the maximum rate.  

C, the EPO concentration of central compartment was parameterized by A and 

VC as follows: 

 
𝐶 =

𝐴

𝑉𝐶
 (12) 

where A is the amount of EPO in serum (central compartment) and VC is the 

volume of the central compartment.  

Visual inspections of IIV for parameter and potential covariate (age, height, 

weight, reticulocyte, hemoglobin and reticulocyte hemoglobin content) presented 

that IIV generally distributed around zero (Appendix 2). Thus, covariates were not 

included in the final model.  
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From the final simple disposition model, the VC and VP were estimated 4.05 L 

and 84 L, respectively. The Vm and Km values were estimated at 127 pmol/h and 

408 pmol/L, respectively. The parameters regarding absorption process, ka and F 

were estimated at 0.0152 h-1 and 0.529 respectively. The IIV as ETA was allowed 

to every PK parameters, except Vm. Other estimated values for PK parameter and 

its variability obtained from the final model are presented in Table 4.   
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Table 4. Parameter estimates and inter-individual variability for the population 

PK model of GX-E2 (simple disposition model) 

Parameter Definition 

Population  

estimate 

(%RSE) 

Inter- 

individual  

variability* 

Pharmacokinetic parameter 

 VC (L) Volume of central compartment 4.05 (12) 5.7 

 VP (L) Volume of peripheral compartment 84 (15) 48.8 

 Q (L/h) Intercompartmental flow rate 0.221 (25) 180.3 

 Vm (pmol/h) Maximum rate of elimination 127 (4)** - 

 Km (pmol/L) Serum GX-E2 concentration giving 

50% of the maximum rate 

408 (3) 1.9 

 ka (h-1)  Absorption rate constant (first-or-

der) 

0.0152 (21) 85.3 

 F Bioavailability 0.529 (12) 50.5 

Residual variability 

 Proportional error (%) 31.7 - 

 Additional error (pmol/L) 0.001** - 

Running information  

 Objective Function Value 5858.879 

 Akaike Information Criteria 6054.872 

 Elapsed estimation time (sec) 1032.91 
*Data is presented as percent (%).  
**Fixed 

Abbreviations: RSE, relative standard error  
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Figure 4 presents the goodness-of-fit plots of the final model. The scatter 

plots of the observed versus population predicted concentrations and observed versus 

individual predicted concentrations were distributed symmetrically around the line 

of unity. The CWRES were randomly distributed around zero and mostly were 

within the range of -2 to 2. Individual plots present that most observations were ex-

plained by the population PK model (Figure 5). 
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(A)                                                                   (B) 

 

(C)                                                                   (D) 

 

 

Figure 4. Goodness-of-fit plots for the final model (simple disposition model) 

(A) Population predicted versus observed concentration, (B) Individual predicted 

versus observed concentration, (C) Population predicted concentration versus con-

ditional weighted residual and (D) time versus conditional weighted residual. Dots 

represent observed data. 

Abbreviations: CWRES, conditional weighted residuals 
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*Subject no. 1002, 1003, 1004, 1006, 1007, 1008, 1009 and 1010 

: IV 0.3 µg/kg in study 1  

*Subject no. 2002, 2003, 2004, 2005, 2006, 2008, 2009 and 2010 

: IV 1 µg/kg in study 1  
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*Subject no. 3002, 3003, 3004, 3005, 3006, 3009, 3010 and 3018 

: IV 3 µg/kg in study 1.  

*Subject no. 4002, 4003, 4004, 4005, 4006, 4009, 4108 and 4110 

: IV 5 µg/kg in study 1. 

*Subject no. 8102, 8201, 8202, 8203, 8204, 8205, 8206 and 8208 

: IV 5 µg/kg in study 2.   
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*Subject no. 5002, 5003, 5004, 5005, 5006, 5008, 5009 and 5010 

: SC 0.3 µg/kg in study 1. 

*Subject no. 6002, 6003, 6005, 6006, 6007, 6008, 6009 and 6010 

: SC 1 µg/kg in study 1. 
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*Subject no. 7001, 7003, 7004, 7005, 7007, 7008, 7009 and 7010 

: SC 3 µg/kg in study 1. 

*Subject no. 8003, 8004, 8005, 8006, 8007, 8008, 8010 and 8102 

: SC 5 µg/kg in study 1. 

 

 

Figure 5. Individual serum GX-E2 concentration-time plots for the final sim-

ple disposition model (semi-logarithmic scale) 

Dots represent observed concentration. Solid lines represent individual prediction. 
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Target-mediated disposition model 

 

The two-compartment, target-on-tissue TMDD model also generally well 

characterized the PK profile of serum GX-E2. The OFV of the final TMDD model 

was 6005.485 and the AIC was 6292.55, which were both higher than the corre-

sponding values of the final simple disposition model. Visual inspections for the 

covariate analysis did not present specific trend between IIV and potential covari-

ates (Appendix 3). Hence, covariates were not included in the final TMDD model.  

The estimated parameters of final TMDD model are presented in Table 5. The 

IIV were also allowed for all parameters except Kd, which was based on in vitro 

experimental results. Central and peripheral compartment volumes were estimated 

as 2.89 L and 1.26 L, respectively. The estimated volume of central compartment 

was comparable to that from the simple disposition model. CLA and CLB were 

0.003 L/h and 5.4 L/h, indicating that injected GX-E2 mostly undergo the elimina-

tion as EPO-EPOR complex form. The proportional error was 31.7 %, which was 

also comparable to those of the simple disposition model. Regarding the absorption 

process, ka and F value were estimated as 0.0003 h-1 and 0.766. While absorption 

rate constant was estimated with moderate IIV (45.2%), bioavailability presented 

relatively high IIV, exceeding 100%.  

Figure 6 presents the goodness-of-fit plots for the TMDD models of intrave-

nously injected GX-E2. The scatter plots of the observed versus population pre-

dicted concentrations and observed versus individual predicted concentrations were 

symmetrically distributed around the line of unity. The CWRES were randomly 

distributed around zero. No systematic bias in residuals was evident from the plots 
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of population predicted concentrations versus CWRES and time after dose versus 

CWRES. Besides, individual concentration-time plots indicated that most observa-

tions were adequately described by the TMDD model (Figure 7). 
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Table 5. Parameter estimates and inter-individual variability for the population 

PK model of GX-E2 (target-mediated disposition model) 

Parameter Definition 

Population  

estimate 

(%RSE) 

Inter- 

individual 

variability* 

Pharmacokinetic parameter 

Vc (L) Volume of central compartment 2.89 (13) 116.6 

VP (L) Volume of peripheral compartment 1.26 (42) 180.8 

Q (L/h) Intercompartmental flow rate 1.3 (19) 126.9 

CLA (L/h) Clearance of the free EPO 0.0003 

(157) 

29.4 

CLB (L/h) Clearance of the EPO and EPO re-

ceptor complex 

5.4 (36) 231.1 

RB (pmol/L) Input rate of EPO receptor 128 (7) 29.4 

KD (pmol/L) Equilibrium association constant 200** NA 

ka (h-1) Absorption rate constant (first-order) 0.003 (22) 45.2 

F Bioavailability 0.766 (43) 116.2 

Residual variability 

Proportional error (%) 31.7 (33) - 

Additional error (pmol/L) 0.001** - 

Running information   

Objective Function Value 6005.485  

Akaike Information Criteria 6292.546  

Elapsed estimation time (sec) 11432.60  
*Data is presented as percent (%).  
**Fixed. 

Abbreviations: RSE, relative standard error; EPO, erythropoietin. 
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(A)                                                        (B) 

 

 (C)                                                                  (D)  

 

 

Figure 6. Goodness-of-fit plots for the final model (target mediated disposition 

model) 

(A) Population predicted versus observed concentration, (B) Individual predicted 

versus observed concentration, (C) Population predicted concentration versus con-

ditional weighted residual and (D) time versus conditional weighted residual. Dots 

represent observed data.  
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*Subject no. 1002, 1003, 1004, 1006, 1007, 1008, 1009 and 1010 

: IV 0.3 µg/kg in study 1  

*Subject no. 2002, 2003, 2004, 2005, 2006, 2008, 2009 and 2010 

: IV 1 µg/kg in study 1  
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….  

 

*Subject no. 3002, 3003, 3004, 3005, 3006, 3009, 3010 and 3018 

: IV 3 µg/kg in study 1.  

*Subject no. 4002, 4003, 4004, 4005, 4006, 4009, 4108 and 4110 

: IV 5 µg/kg in study 1. 

*Subject no. 8102, 8201, 8202, 8203, 8204, 8205, 8206 and 8208 

: IV 5 µg/kg in study 2.   
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*Subject no. 5002, 5003, 5004, 5005, 5006, 5008, 5009 and 5010 

: SC 0.3 µg/kg in study 1. 

*Subject no. 6002, 6003, 6005, 6006, 6007, 6008, 6009 and 6010 

: SC 1 µg/kg in study 1. 
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*Subject no. 7001, 7003, 7004, 7005, 7007, 7008, 7009 and 7010 

: SC 3 µg/kg in study 1. 

*Subject no. 8003, 8004, 8005, 8006, 8007, 8008, 8010 and 8102 

: SC 5 µg/kg in study 1. 

 

 

Figure 7. Individual serum GX-E2 concentration-time plots for the final sim-

ple disposition model (semi-logarithmic scale) 

Dots represent observed data. Solid lines represent individual prediction. 
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Model validation 

 

For the final simple disposition and TMDD models, pcVPC were performed 

to assess the predictive performance. The VPC results are shown by routes of admin-

istration in Figure 8 and Figure 9 for simple disposition model and TMDD model, 

respectively. The VPC plots indicate that the observed values (blue dots) and median 

(red solid line) with 5% and 95% percentiles (red dashed lines) are mostly within the 

95% CIs (blue areas) of the 5th and 95th percentiles of the simulated values in both 

models. Accordingly, the final models were concluded to have adequate predictive 

performance.  
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(A)                                                                       (B) 

 

 

Figure 8. Prediction-corrected visual predictive check results stratified by 

route of administration  

(simple disposition model) 

(A) intravenous administration and (B) subcutaneous administration.  

Solid line represents median of observed data. Dashed lines represent 95% confi-

dence interval of the observed data. Blue shaded areas represent 95% confidence 

interval around 5% and 95% percentiles of simulated values obtained by 1000 sim-

ulations. Red shaded areas represent 95% confidence interval around median of 

simulated values. Circles represent observed data.   
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(A)                                                             (B) 

 
Figure 9. Prediction-corrected visual predictive check results stratified by 

route of administration  

(target-mediated disposition model). 

Left panel: intravenous administration, right panel: subcutaneous administration. 

Solid line represents median of observed data. Dashed lines represent 95% 

confidence interval of the observed data. Blue shaded areas represent 95% confi-

dence interval around 5% and 95% percentiles of simulated values obtained by 

1000 simulations. Red shaded areas represent 95% confidence interval around me-

dian of simulated values. Circles represent observed data.   
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DISCUSSION 

 

GX-E2 is a newly developed erythropoiesis stimulating agent that incorpo-

rates continuous protein antibody fusion technology. Thus far, two phase I clinical 

trials that assessed the PK properties of GX-E2 in healthy male volunteers have 

been conducted. The present work tried to stretch the PK characterization of GX-

E2 by developing population PK models using the nonlinear mixed effect ap-

proach.  

In prior to the population PK modeling, explanatory data analysis was con-

ducted. As observed with other rhuEPO, non-linear disposition was presented after 

the IV injection of GX-E2. Following SC injection of GX-E2, slow absorption pro-

cess was observed, leading to maximal concentration at 6 to 240-hour post-dose. 

To incorporate the explored PK properties of GX-E2 within the population PK 

model, two different approaches were employed: simple disposition model explain-

ing non-linear properties with saturable elimination pathway parameterized by Vm 

and Km and mechanistic TMDD model which reflect the binding of drug on recep-

tor and receptor-mediated endocytosis process. Absorption was described as the 

first-order process in both models.  

Both final simple disposition model and TMDD model were fitted with the 

observed data well. The final simple disposition model was comprised of two com-

partments with Michaelis-Menten parameters, Vm and Km. This model had ad-

vantages of relatively simple model structure with fewer parameters and shorter 

elapsed time when compared with the TMDD model. As in this work, Michaelis-

Menten models have been successfully described the PK characteristics of target-
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binding drugs presenting non-linear disposition. However, Michaelis-Menten mod-

els could not reflect target binding and receptor-mediated endocytosis within mod-

els, which are attributable to non-linear disposition. For instance, Michaelis-Men-

ten model will not be able to capture the characteristic PK properties of antibody 

drugs such as initial decay of the drug concentration due to the rapid drug-target 

binding. (22) In this study, binding of EPO and its receptor is usually proceeded 

very rapidly (less than 5 minutes), and PK sampling interval may not be adequate 

to capture this process. (22, 34)  

Although the TMDD model has rather complex base structure, it provides in-

formation about underlying molecular events of EPO and its target receptor such as 

the binding of EPO and EPOR, internalization of EPO-EPOR complex, and EPO 

receptor turnover. (19) Furthermore, the TMDD model enables to assess the drug 

concentrations under free and bound form.  

From the TMDD model, the clearance of bound GX-E2 (CLB) was estimated 

as 5.4 L/h while unbound GX-E2 clearance (CLA) was 0.0003 L/h, indicating that 

majority of injected GX-E2 is eliminated in the bound form. The RB, the input rate 

(production rate) of EPO receptor was estimated as 127 pmol/h, which was con-

sistent with other reported EPO receptor input rate value. (21, 31) 

Both models described the absorption process as a single-pathway, first-order 

process. When compared with darbepoetin alfa PK model with first-order absorp-

tion process, estimated value for ka was relatively low (0.003 – 0.01 h-1 and 0.0212 

h-1 for GX-E2 and darbepoetin alfa, respectively). Due to their large molecular size, 

therapeutic proteins are mainly absorbed into the lymphatic system before absorbed 

into the systemic circulation via blood capillaries. (40) As the lymphatic flow is 
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slow (approximately 120 mL/day in human), therapeutic proteins are slowly dis-

tributed from injected site to systemic circulation. (19) Considering that molecular 

weights of darbepoetin alfa and GX-E2 is 38.4 kDa and 120 kDa, respectively, the 

slower absorption of GX-E2 is reasonable.  

The VPC were performed to validate the predictive performance of each 

model. The results indicated that the simulation results from both models generally 

well reflected the observed data. In the simple disposition model, less than 10 ob-

served data deviated from the 95% CI of the 95th percentiles of the simulation. In 

addition, 95% CI of the observed data after 400 hours following the SC injection 

were over the 95% CI of the 95th percentile from the simulation, indicating the sim-

ple disposition model may underestimate the serum drug concentrations (Figure 

8). More variabilities were observed in the TMDD model when compared to those 

of the single disposition model. However, all observed data with 5%-95% CI lo-

cated within shaded area in the TMDD model (Figure 9). 

There are a few limitations in this work to address. First, dual peaks were ob-

served within most subjects in SC administered groups. In the current model, only 

a single absorption pathway was taken into account for the model simplicity and 

thereby could not capture the second absorption peak. Introduction of the dual ab-

sorption pathway including lymphatic pathway will enable to capture the second 

peak and ultimately improve the model fit. (15, 41) Furthermore, PD components 

were not considered. The PK properties of rhuEPO are affected by PD components. 

For instance, downregulation of EPO receptor production is caused by intracellular 

signaling from the binding of EPO and EPOR. In addition, circulating red blood 
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cell leads the negative feedback control of EPO production. (13, 42) When the cur-

rent TMDD PK model is linked with PD model incorporating PK-PD interplay, the 

mechanism-based quantitative assessment of exposure-response relationship in 

GX-E2 can be achieved. Ultimately, the obtained results from the modeling and 

simulation could be utilized as a rationale for optimizing dosing regimen.  

To conclude, the present work is the first to propose the population PK model 

following a single IV or SC injection of GX-E2. Both two compartment with Mich-

aelis-Menten enzyme kinetic model (simple disposition model) and target-on-tissue 

TMDD model successfully fitted with the observed clinical data. Slow absorption 

profiles were explained with first-order absorption constant. When the proposed 

model in this study is supplemented by PD data, it is expected to have a role in sug-

gesting future dosing regimens.   
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APPENDICES 

 

Appendix 1. Summary of the pharmacokinetic parameters after a single intravenous or sub-

cutaneous administration of GX-E2 (non-compartmental analysis) 

Appendix 2. Scatter plots for IIV of parameter versus covariates (simple disposition model) 

Appendix 3. Scatter plots for IIV of parameter versus covariates (TMDD model) 
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Appendix 1. Summary of the pharmacokinetic parameters after a single intravenous or subcutaneous administration of GX-E2 (non-

compartmental analysis) 

 
Study 

1 2 

Dose 0.3 μg/kg 

IV 

1 μg/kg 

IV 

3 μg/kg 

IV 

5 μg/kg 

IV 

1 μg/kg  

SC 

3 μg/kg  

SC 

5 μg/kg 

SC 

8 μg/kg 

SC 

8 μg/kg 

IV 

Number 

of  

subjects 

8 8 8 8 8 8 8 8 8 

Tmax (h) - - - - 
12  

[6-240.35] 

8.02 

[6-168.53] 

6 

[6-36] 

36 

[8-36.02] 

0.75 

[0.25-1] 

Cmax 

(μg/L) 

4.82  

(1.40) 

18.99 

(3.47) 

51.41 

(16.80) 

88.09  

(15.53) 
0.87 

(0.45) 

1.72 

(1.26) 

2.81 

(1.88) 

5.71 

(4.80) 

162.53 

(22.68) 

AUClast 

(h·μg/L) 

21.32 

(12.07) 

147.61 

(57.76) 

826.32 

(342.03) 

1759.65 

(315.09) 
198.46 

(106.27) 

287.46 

(102.65) 

443.24 

(73.23) 

615.97 

(147.05) 

4033.20 

(677.55) 

AUC0-24h 

(h·μg/L) 

37.39 

(9.52) 

173.14 

(49.14) 

694.11 

(251.92) 

1325.33 

(168.77) 
13.98 

(8.17) 

27.47 

(19.43) 

46.81 

(29.3) 

95.51 

(77.23) 

2643.21 

(13.35) 

AUCinf 

(h·μg/L) 

39.82 

(10.78) 

191.33 

(59.51) 

877.60 

(323.03) 

1799.65 

(313.28) 
341.74 

(179.32) 

374.97 

(83.07) 

514.52 

(54.12) 

716.07 

(136.88) 

4068.62 

(696.17) 

CL/F 

(L/h/kg) 

0.008 

(0.002) 

0.006 

(0.002) 

0.005  

(0.005) 

0.003 

(0.000) 
3.67  

(1.71) 

8.30  

(1.61) 

9.81 

(1.04) 

11.57 

(2.41) 

0.002 

(0.0003) 

MRT (h) 
1.99 

(0.89) 

3.87 

(1.02) 

7.98 

(1.92) 

10.51 

(1.34) 

227.83 

(47.81) 

218.73 

(51.65) 

210.52 

(53.82) 

199.78 

(52.57) 

22.29 

(2.58) 

Data are presented as the mean (standard deviation). 
*Data are presented as median [minimum – maximum]. 

Abbreviations: IV, intravenous; SC, subcutaneous; Cmax, maximum observed concentration; AUClast, area under the curve from 

the time of dosing to the last measurable concentration; AUC0-24h, area under the curve from the time of dosing to the 24-hour 

post-dose. AUCinf, area under the curve from the time of dosing extrapolated to infinity, based on the last observed concentra-

tion; CL/F, apparent total body clearance; MRT, mean residence time. 
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Appendix 2. Scatter plots for IIV of parameter versus covariates (simple disposition 

model) 

IIV on VC IIV on Q 

 

 
 

 
 

 

 

IIV on VP IIV on Km 
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Appendix 3. Scatter plots for IIV of parameter versus covariates (TMDD model) 

IIV on CLA IIV on VC 

 

 

 

 
IIV on Q IIV on RB 
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IIV on CLB IIV on VP 
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국문 초록 

 

새로운 적혈구 생성 촉진제인  

GX-E2 의 집단 약동학 분석 

 

 

서론: GX-E2는 에리스로포이에틴(EPO)에 항체의 Fc 영역 혼성체를 결합

한 새로운 기전의 적혈구 생성 촉진제이다. 비임상 및 임상시험 데이터를 비

구획 분석하여 GX-E2를 단회 정맥 및 피하 주사 시 약동·약력학적 특성

을 확인하였으며, 피하 주사 시 시판 중인 EPO 제제에 비하여 긴 체내 잔류 

시간 및 작용 시간을 나타냄을 확인하였다. 본 연구에서는 건강 자원자에게 

GX-E2를 정맥 및 피하 주사 시 약동학 양상을 정량적으로 확인하고자 집

단약동학 모델을 개발하였다. 

 

방법: 모델 개발을 위하여 2건의 1상 임상시험 데이터를 수집하였다. 약물의 

제거 양상을 기술하기 위하여 두 가지 접근법으로 각각의 모델을 개발하였

다. 단순 배치 모델(simple disposition model)에서는 Michaelis-Menten 

enzyme kinetics을 활용하였으며 약동학을 기전적으로 설명하기 위하여 수

용체 매개 약물 배치(target-mediated drug disposition)모델도 개발하였

다. 적합도 플롯 및 목적함수값을 기반으로 각 모델을 평가하여 최종 모델을 
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선정하였으며 최종 모델의 예측력은 시각적 예측 확인(visual predictive 

check)으로 검증하였다.  

 

결과: 총 72명의 대상자로부터 1084개의 혈청 EPO 농도를 수집하였다. 

GX-E2의 약동학은 2구획, 1차 흡수 모델로 적절히 설명가능하였다. 단순 

배치 모델 및 TMDD 모델 모두 관측값을 적절히 적합하였다. 시각적 예측 

확인을 통하여 각 최종 모델의 예측력을 확인하였다. 피하 주사 시 약 50-

70% 가 0.003 h-1 의 흡수 상수로 느리게 전신 흡수되는 것으로 예측되었

다. 또한 TMDD 모델에서 예측한 결합 및 비결합 청소율을 통하여 주입된 

GX-E2는 대부분 결합형으로 제거됨을 알 수 있었다.  

 

결론: 단순 배치 및 TMDD 모델 모두 정맥·피하 주사 후 GX-E2의 약동학

을 적절히 예측하였으나 TMDD 모델은 약물의 기전을 반영한다는 이점을 

갖고 있다. 현 모델에 기전적 특성을 반영한 흡수 및  약력학 요소를 포함할 

시 GX-E2의 약동학 양상을 보다 심도있게 이해할 수 있을 것이다.  

 

주요어: 집단 약동학; 비선형혼합효과모델링(NONMEM); 에리스로포이에

틴; GX-E2; 적혈구 생성 촉진제 

학  번: 2015-23241 
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