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ABSTRACT

Development of a model-based optimal dosage regimen design scheme to 

minimize paclitaxel and cisplatin induced myelosuppression in non-small 

cell lung cancer

Yukyung Kim

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Kyungsoo Park)

Lung cancer is usually discovered after the disease is progressed and chemotherapy 

plays a major role in the treatment. According to the chemotherapy guideline, a 

combination therapy with two or more drugs is recommended for advanced stage non-

small cell lung cancer (NSCLC) patients. However, a combination therapy can 

increase not only the effectiveness for the treatment but also the chance of adverse 

drug reaction (ADR) due to its toxic effect. Myelosuppression is one of the most 

frequently occurred ADRs during chemotherapy in cancer patients, which can lead to 

the reduced efficacy of chemotherapy by dose reduction and susceptibility to infection 

due to reduced neutrophil count. Myelosuppression is known as dose limited toxicity. 

However, patients treated with a chemotherapy show variable responses in the 
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currently used BSA-based dosing system. The aim of this study is to develop a model-

based optimal dosing scheme to minimize chemotherapy-induced myelosuppression 

in NSCLC.

Analysis data were retrieved respectively from clinical data retrieve system (CDRS) 

and electrical medical records (EMR). Included patients were those who were newly 

diagnosed as stage IIIB or IV NSCLC between January 2009 and December 2013 in 

Severance hospital, treated with paclitaxel 175 mg/m2 3hr infusion in day 1 and 

cisplatin 75 mg/m2 in day 2 as the first line therapy and aged between 18 and 85 yrs

old. Patients whose primary tumor was removed by surgery or who were treated with 

concurrent chemoradiation were excluded. The analysis variable was absolute 

neutrophil count (ANC) which represents the myelocyte function. 

A semi-mechanistic model was used to describe ANC change with time during 

chemotherapy. A kinetic-pharmacodynamic (K-PD) model incorporating a virtual 

compartment was used to describe the kinetics of paclitaxel, cisplatin and granulocyte 

colony stimulating factor (G-CSF) as blood concentration data for these substances 

were not available. Neutrophil production was described by a single compartment 

representing proliferative cells, 3 transit compartments representing neutrophil

maturation, and a single compartment representing circulating observed blood 

neutrophils, where neutrophil production was influenced by negative feedback from

blood neutrophil count and was assumed to be reduced by chemotherapy.

The final structural model was described as a semi-mechanistic model where 

combined drug effect for paclitaxel and cisplatin was described by response surface 

model, and G-CSF effect by an ordinary Emax model. The model shows that IR50,d, 

virtual dose rate of paclitaxel and cisplatin corresponding to 50% of maximum drug 

inhibition, was reduced by 38% in women, and KDEp, paclitaxel elimination rate from 

the virtual compartment, was reduced by 85% in patients with DM, which was 

consistent with the trend observed in raw data. Nevertheless, due to the lack in 

physiological basis for the relation between these covariates and ANC, more stuides 
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inclusing external validatation would be needed to confirm this finding. Model 

evaluation based on the precision of parameter estimates, goodness of fit plots and 

visual predictive check suggested that the proposed model is reasonable and 

parameter values were estimated with good precision.

Clinically, the proposed model can be used to predict the time to nadir ANC when 

G-CSF treatment should be involved and to predict how to change dose regimen when 

it occurs, thereby avoiding serious risk in the immune system caused by severe 

neutropenia. 

Key words: neutropenia, quantitative analysis, non-small cell lung cancer, paclitaxel, 

cisplatin, semi-mechanistic myelosuppression model, kinetic-pharmacodynamic 

(KPD) model, response surface model, transit compartment model, routine clinical 

data
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Development of a model-based optimal dosage regimen design scheme to 

minimize paclitaxel and cisplatin induced myelosuppression in non-small 

cell lung cancer

YuKyung Kim

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Kyungsoo Park)

I. INTRODUCTION

Lung cancer is the 4th most frequently occurring cancer in Korean patients and has 

the highest death rate, 34 dying per a population of 100 thousands according to the 

Korean Statistical Information Service records in 2013.1,2 The death rate of lung 

cancer has not decreased despite advancement in screening tools such as chest X-ray, 

chest CT, etc. and more than half of lung cancer patients are diagnosed at advanced 

stage of the disease3 which might be inoperable. Chemotherapy is one of the 

important treatment options for patients whose stage is inoperable. Anticancer drugs 

are commonly used as a combination of two or more drugs acting in different 

pathways. Because it is expected more effective than monotherapy,4 a combination 

therapy is recommended in stage IV non-small cell lung cancer (NSCLC)

chemotherapy guideline.5 However, combination therapy also increases a chance of 

toxicity.6 The goal of the chemotherapy of non-small cell lung cancer in advanced 

stage is improving the survival rate, decreasing symptoms induced by cancer by 

reducing the tumor size, upgrading the quality of life and minimizing the side effect 

induced by anticancer treatment.7 Some side effects like nausea and vomiting could 

be regulated by the symptom controlling drugs without stopping chemotherapy, but 



5

heavy side effects like myelosuppression need to be treated and could delay the 

chemotherapy cycle or lead to dose reduction that could reduce the efficacy of 

chemotherapy. Myelosuppression is a frequently occurring adverse event during 

chemotherapy.8 Different chemotherapy regimens show the various degree of 

hematopoietic toxicity.9,10 Moreover, such toxicity is known to increase as drug 

exposure is escalated and duration of neutropenia is directly related to a chance of 

infections.11 Neutropenia-related infections require aggressive treatment with 

antibiotics and can be life threatening.12,13

There are articles describing myelosuppression induced by chemotherapy. Friberg 

et al. first described a chemotherapy-induced myelosuppression model explaining 

hematopoiesis maturation using three kinds of compartments, (i) proliferative cell 

compartment, (ii) three transit compartments related to cell maturation and (iii) 

observed blood cell compartment, linked dynamically each other. In this model, 

chemotherapy agents were modeled to inhibit cell proliferation and then bring about

myelosuppression eventually.14

Based on this model, a chemotherapy-induced myelosuppression model was further 

developed to optimize a chemotherapy dose by considering the effect of the 

covariates,15-22 to build up a pharmacokinetic-pharmacodynamic (PK-PD) model for 

combination therapy and find out a predictive marker,23 to select a dosing 

regimen,24,25 to explore the dosing schedules,26-29 to develop the dosing algorithm not 

to induce neutropenia30 and to investigate risk factors related to probability of 

developing febrile neutropenia.31 This model was also used to demonstrate 

granulocyte colony-stimulating factor (G-CSF) effect during anti-cancer therapy.32,33

However, all the studies cited above were conducted in the form of a clinical trial, 

where an overall response could not be evaluated. In addition, most studies were 

accomplished in western population except for the study conducted in Japanese18 and 

the subjects enrolled in the studies had multiple diseases not a single disease.

The objective of this study is to develop a model to describe myelosuppression 



6

especially neutropenia when NSCLC patients are treated with combined 

chemotherapy and to establish an optimal dosage regimen to minimize 

myelosuppression induced by chemotherapy.

II. MATERIALS AND METHODS

1. Data

The data were retrieved retrospectively from electrical medical records (EMR) of 

Severance Hospital. The study subjects were screened using clinical data retrieve 

system (CDRS) and more specific information for the selected patients were collected 

from EMR.

Total 6058 lung cancer patients treated in Severance hospital between January 2009 

and December 2013 were screened using CDRS system. Among them, 327 patients 

received combination chemotherapy of paclitaxel and cisplatin as first-line treatment, 

among whom 173 patients satisfied inclusion and exclusion criteria and were included 

in the analysis. The inclusion criteria were: aged between 18 and 85 yrs old, 

diagnosed as stage IIIB or IV NSCLC and treated with paclitaxel and cisplatin as the 

first line chemotherapy. Patients whose primary tumor was removed by surgery or 

who were treated with concurrent chemoradiation or who were treated with 

chemotherapy as first-line treatment but were not evaluated for the treatment effect

were excluded.

Chemotherapy was scheduled for paclitaxel 175 mg/m2 3hr infusion on day 1 and 

cisplatin 75 mg/m2 3hr infusion on day 2, respectively. The dose was reduced by 25% 

when grade 4 neutropenia34 occurred. Dosing continued up to 6 cycles and was 

stopped when disease progression or condition deterioration occurred. Response 

evaluation was scheduled after 3 and 6 cycles and whenever disease progression was 

suspicious. Dependent variable was absolute neutrophil count (ANC) which 
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represented the myelocyte function. ANC was calculated by white blood cell (WBC) 

count times the percentage of neutrophil divided by 100. The potentially influential 

covariates information such as demographic factor (height, weight, body surface area 

(BSA), age when diagnosed, sex, smoking history, disease histories

(hypertension(HTN), diabetes mellitus(DM) and pulmonary tuberculosis(Tb)), 

laboratory data representing hepatic function (aspartate aminotransferase (AST) and 

alanine transaminase (ALT)) and renal function (serum creatinine, estimated 

creatinine clearance (CLcr) and estimated glomerular filtration rate (eGFR), where 

CLcr was calculated using Cockroft-Gault formula35 and eGFR was estimated using 

modification of diet in renal disease (MDRD) formula36,37 and eGFR was 

automatically reported in order communication system (OCS)) and cancer related 

information (stage, baseline Eastern Cooperative Oncology Group (ECOG)

performance status, baseline tumor size, histology, overall response and performed 

chemotherapy cycles) were also collected. G-CSF treatment information was 

collected and incorporated into the model. G-CSF analogues used were filgrastim 

(Grasin prefilled injection®, Leukokine injection® and Leucostim injection®) and 

lenograstim (Neutrogin injection®), and were treated the same as G-CSF.

For most of the ANC data, two samples were collected before and after the 

chemotherapy in each cycle, with additional samples collected when the G-CSF 

treatment was added. Weight, BSA and laboratory test information were allowed to

change in each cycle. If the patient covariate information was missing, it was 

substituted by the information from the previous sampling time or by the mean value 

of pervious and next times.

2. Model development

A. A semi-mechanistic myelosuppression model

The PD was described as a semi-mechanistic model proposed by Friberg et al.14 The 
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structural model was composed of a single compartment representing stem cells and 

progenitor cells, i.e., proliferative cells [Prol], three transit compartments representing

maturing cells [Transit], and a single compartment representing circulating observed 

blood cells [Circ]. A maturation chain, represented by transit compartments and 

associated rate constant (Ktr), allowed prediction of a time delay between drug 

administration and an observed effect. The generation of new cells in Prol was 

dependent on the number of cells in the compartment, that is, self-renewal or mitosis, 

a proliferation rate constant determining the rate of cell division (Kprol), and a 

feedback mechanism from the circulating cells (Circ0/Circ)γ. The feedback function is 

governed by the γ parameter, which reflects the increase in self-replication rate 

occurring when circulating cells are depleted. The feedback loop was necessary to 

describe the rebound of cells, i.e., an overshoot compared with the baseline value 

[Circ0]. Under the presence of drug (Ed) and G-CSF effects (EG), the differential 

equations were written as:

dProl

dt
= ����� ∗ ���� ∗ (1 − ��) ∗ (1 + ��) ∗ �

�����
����

�
�

− Ktr ∗ Prol (1)

dTransit1

dt
= ��� ∗ ���� − ��� ∗ �������1 (2)

dTransit2

dt
= ��� ∗ �������1 − ��� ∗ �������2 (3)

dTransit3

dt
= ��� ∗ �������2 − ��� ∗ �������3 (4)

dCirc

dt
= ��� ∗ �������3 − ����� ∗ ���� (5)

��� = ���� ∗ (1 + ��) (6)

where Ktr0 is pre-treatment value of Ktr evaluated at EG = 0.
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In the transit compartments, it is assumed that only loss of cells is into the next 

compartment. Although the work cited above selected three transit compartments, 

other number of compartments was tested. As the proliferative cells differentiate into 

more mature cell types, the concentration of cells is maintained by cell division. Basic 

assumption for the model is that, at steady state, dProl/dt = 0, and therefore Kprol = 

Ktr. To minimize the number of parameters to be estimated, it was assumed in the 

modeling that Kcirc = Ktr. To improve interpretability, mean transit time (MTT) was 

estimated instead of Ktr. Ktr was expressed by (number of compartment (n) + 1)

divided by MTT.

B. A kinetic-pharmacodynamic (KPD) drug model

The blood concentrations of chemotherapy and G-CSF were not available in this 

study. Therefore, a KPD model based on a hypothetical compartment38,39 and virtual 

drug kinetics was used.

In detail, the kinetics of each of the two anticancer drugs and the G-CSF was 

characterized by a virtual one-compartment model (aimed to represent the biophase) 

with bolus input as follows.

d��
dt

= 	−���� ∗ �� (7)

���� = ���� ∗ �� (8)

where Ad represents the amount of drug in the hypothetical compartment, KDEd the 

elimination rate constant from the virtual compartment which corresponded to Ke0 in 

the effect compartment model and VIRd the virtual infusion rate of drug distributed 

into PD sites.
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C. Drug effect of combination therapy

Drug effect of paclitaxel and cisplatin was described either empirical additive model 

expressed by log linear function (Eq. (9)) or response surface model developed by 

Minto et al. (Eq. (10)).40 Then, VIR was substituted into these models as below.

�� = �(�������∗�����������∗����) (9)

�� =

�
�
����
����

+
����
����

�

���
�

�

1 + �
�
����
����

+
����
����

�

���
�

� (10)

where Scale represents the slope related to the dose-driving rate and the drug effect, 

Ed. IR50 represents VIR associated with 50% of maximum effect and U50 is the number 

of units associated with 50% of maximum drug effect at the given ratio of drug 

combination and γ is the steepness of the concentration-response relation at given

ratio of drug combination. Developed to describe pharmacodynamic interactions of 

drugs, response surface model can assess the type (additive, synergistic, or 

antagonistic) and severity of drug-drug interaction in combination therapy.

D. G-CSF effect

Previous articles did not consider the effect of G-CSF treatment other than Ramon-

Lopez et al.,39 where the G-CSF effect was incorporated into the mean transit time 

(MTT) and Kprol as a time-dependent dichotomous covariate as in Eq. (11) because 

G-CSF shortened the MTT and increased the mitotic activity.39,41
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�∗ = �� × (1 + �� × ����) (11)

where P* was a typical value of each parameter of Ktr and Kprol, which was P0 in the 

absence of G-CSF or P0	×(1 + θp) in the presence of G-CSF, respectively. θp

quantified the relative contribution of the G-CSF effect to each parameter, with GCSF

being an indicator variable denoting the value of 1 for the G-CSF treatment and 0 

otherwise.

In this work, however, considering that G-CSF affected myelocyte continuously, 

KPD model strategy was also used. Then, G-CSF effect was described as either the 

linear (Eq. (14)) or the ordinary Emax model (Eq. (15)). G-CSF effect was 

incorporated into Ktr (Eq. (16)) and the proliferation compartment.

d��
dt

= 	−���� ∗ �� (12)

���� = ���� ∗ �� (13)

�� = 1+ �����3 ∗ ���� (14)

�� = 1+ (����/(���� + ����,�) (15)

��� =
� + 1

���
∗ �� (16)

E. Model assumption

The drug concentration data for paclitaxel and cisplatin was not available in this 

study, causing numerical difficulty with estimating model parameters with reasonable 

precision. Therefore, the model was simplified using several assumptions including 



12

U50 and γ fixed at 1 so that the 2 drugs were assumed to be additive. Thus, in the case 

of the response surface model, parameters to be estimated were Circ0, MTT and γ for 

system-related model parameters, IR50 and KDE for paclitaxel (KDEp) and cisplatin 

(KDEc) for drug-specific parameters and KDEG and IR50,G for G-CSF specific 

parameters.

F. Covariate selection

After the basic model for drug and G-CSF effects was selected, covariates that 

would have significant influence on model parameters were searched using stepwise 

covariate modeling (SCM) procedure with significance level of P ≤ 0.01 for the 

forward inclusion and P ≤ 0.001 for the backward deletion. In doing so, the difference 

in objective function values (OFV) between two nested models (i.e., the models with 

and without a covariate) was assumed to be approximately χ2-distributed, with the 

OFV difference of 3.84 at 1 degree of freedom (d.f.) corresponding to significance 

level of P = 0.05. Covariates tested included BSA, ALT, CLcr or eGFR, sex, age, 

HTN, DM, Tbc, smoking history, and ECOG performance status.

G. Statistical model

For statistical model building, an exponential error model was used to model for 

interindividual variability (IIV) assumed to be normally distributed with mean zero 

and variance ω2. For residual unexplained variability (RUV) assumed to be normally 

distributed with mean zero and variance σ2, combined error models were used. To 

reduce the number of parameters to be estimated, the IIV was incorporated in only 

part of model parameters. For example, in the case of the response surface model, it 

was included in Circ0, MTT, IR50 and KDE only, where the IIV of IR50 and KDE were 

assumed to be the same for the 2 drugs. 
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3. Model Evaluation

Model selection at each step was done based on Akaike information criterion (AIC). 

Then, the selected model was evaluated based on goodness-of-fit (GOF) plots, 

precisions of model parameter estimates, and visual predictive checks (VPC) using 

1,000 datasets simulated from the final model.

4. Software

All analyses were conducted using NONMEM version 7.3 (ICON Development 

solutions, Ellicott City, MD, USA)42 and the first order conditional estimation with 

interaction (FOCE inter) method was used for model building. PsN version 4.2 was 

used for SCM.43,44 Model diagnostics of goodness of fit and visual predictive check 

plots were produced using PsN and R program version 3.2.1.

III. RESULTS

1. Data

A total of 1686 ANC observations collected from 828 cycles of combination 

chemotherapy given to 173 patients were recorded, indicating approximately 2 ANC 

samples were taken each cycle. The mean of the baseline ANC was 5.5×109 cells/L. 

G-CSF treatments were given 63 times to 37 patients whenever grade 4 neutropenia 

was reported. Detailed information for the subjects’ characteristics was shown in 

Table 1.
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Table 1. Patient baseline characteristics

(a) Continuous characteristics

Mean (SD) Median (Min-Max)

Age (yrs) 61.0 (9.2) 62 (38-82)

Weight (kg) 63.5 (11.3) 63 (38-107)

Height (cm) 164.3 (8.6) 165 (140-186)

BSA (m2) 1.7 (0.2) 1.7 (1.2-2.3)

ALT (IU/L) 21.1 (19.3) 16 (6-187)

AST (IU/L) 22.7 (19.9) 18 (9-190)

Creatinine (mg/dL) 0.9 (0.2) 0.85 (0.40-1.59)

cCLcr (mL/min) 80.9 (24.5) 76 (37-182)

eGFR (mL/min/1.73 m2) 85.7 (15.3) 89 (46-133)

T. bilirubin (mg/dL) 0.5 (0.2) 0.5 (0.1-1.4)

White bllod cells (x109 cells/L) 8.3 (2.6) 7.9 (2.1-20.6)

Baseline absolute neutrophil counts 

(x109 cells/L)

5.5 (2.3) 5.2 (0.9-17.1)

Primary tumor size (cm) n= 145 4.7 (2.3) 4.3 (0.9-17.0)
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(b) Categorical characteristics

Sex, n (%) G-CSF treatment, n (%)

Men 127 (73.4) No 136 (78.6)

Women 46 (26.6) Yes 37 (21.4)

ECOG Performance status, n (%) Overall response, n (%)

0 149 (86.1) PR 45 (26)

1 24 (13.9) SD 55 (31.8)

Stage, n (%) PD 73 (42.2)

IIIB 43 (24.9) HTN, n (%)

IV 130 (75.1) No 88 (50.9)

Histology, n (%) Yes 85 (49.1)

Adenoca. 119 (68.8) DM, n (%)

Squamous cell ca. 50 (28.9) No 141 (81.5)

Unspecified 4 (2.3) Yes 32 (18.5)

Treated cycles, n (%) Pulmonary Tbc, n (%)

2 8 (4.6) No 152 (87.9)

3 37 (21.4) Yes 21 (12.1)

4 27 (15.6) Smoker, n (%)

5 12 (6.9) Non 51 (29.5)

6 89 (51.4) Current 72 (41.6)

Ex 50 (28.9)
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2. Model development

A. Basic model for drug effect

At the beginning, analysis was evaluated using the data of 136 patients who were not 

treated with G-CSF. For the semi-mechanistic model, analysis was conducted with the 

model with 1 to 3 transit compartments. For the KPD drug models, the kinetics 

expressed by the virtual compartment were tested. For the combination effect of the 

drugs, response surface model assumed that IR50 or KDE of paclitaxel and cisplatin 

was the same. Additive model was also tested for the combination drug effect. Table 

2 shows the OFV of the models to be tested.
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Table 2. Basic model for drug effect (n = 136) ; patients receiving G-CSF excluded

# of transit 

compartment
OFV AIC

# of 

Parameters

KPD models

Response surface model

IR50P=IR50C*

3 1979.41 2003.41 12

2 1995.14 2019.14 12

1 not estimated

KDEP=KDEC*

3 1970.21 1994.21 12

2 1970.98 1994.98 12

1 2025.06 2049.06 12

Additive model expressed by log linear model

IR50P=IR50C* 3 not estimated

KDEP=KDEC* 3 not estimated

* IR50P: IR50,p, IR50C: IR50,c, KDEP: KDEp and KDEC: KDEc

As shown in Table 2, the drug combination models with additive form were not 

estimated, apparently because additive form itself was not identifiable for this model 

because both paclitaxel and cisplatin inhibit ANC production in the proliferation 

compartment. The response surface models which assumed that KDE of paclitaxel 

and cisplatin was the same (KDEp=KDEc) showed lower AIC, but the estimate of
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ID50,p was unreasonably large and the parameter precision was not attainable. On the 

other hand, the model assuming that IR50 of paclitaxel and cisplatin was the same

(IR50,p = IR50,c) showed better parameter precision and reasonable parameters 

estimates, probably because paclitaxel and cisplatin doses were administered almost 

at the same time and could not distinguish each maximum effect, and therefore 

assuming IR50 to be the same resulted in the model more stabilized. Between the 

models assuming IR50,p = IR50,c, the model with three transit compartments showed the 

lowest AIC, as in Friberg’s article.14

B. Basic model for drug and G-CSF effects

The basic model selected for drug effect using 136 subjects’ data was used as a 

template to build the basic model for the entire dataset consisting of 173 patients 

among whom 37 received G-CSF treatment. To this end, several types of G-CSF 

models were tested, as shown in Table 3.
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Table 3. Basic model for the entire dataset (n = 173)

(a) Basic model with drug effect

OFV AIC
no. of 

parameters

2997.67 3021.67 12

(b) Basic model with drug and G-CSF effects

OFV AIC
no. of 

parameters

Treated as covariate 2817.18 2845.18 14

KPD models

Linear model not estimable

Ordinary Emax model

Interindividual variability (IIV) on:

Circ0, MTT, IR50, KDE, 

IR50,G-CSF, KDEG-CSF

2904.60 2936.60 16

Circ0, MTT, IR50, KDE, KDEG-CSF 2906.33 2936.33 15

Circ0, MTT, IR50, KDE, IR50,G-CSF 2904.52 2934.52 15

Circ0, MTT, IR50, KDE 2906.21 2934.21 14
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The model treating G-CSF effect as a covariate showed lowest AIC and reasonably 

well estimated parameter values. However, as mentioned in the method section, the 

ANC response following G-CSF injection was a continuous process and the use of the 

KPD model would be useful to describe the G-CSF effect. The linear KPD model was 

not estimable, with parameter precision being very poor, probably because the linear 

model explained only limited effect for this study. In contrast, the ordinary Emax 

model driven by virtual infusion rate displayed the reasonable parameter estimates 

and precision. The IIVs related to G-CSF parameters (IR50,G and KDEG) were 

excluded because of poor precision, and OFV was not significantly increased after 

removing these IIVs. This was probably because G-CSF information was not enough 

to estimate the IIV or the number of subjects treated with G-CSF was insufficient for 

precise estimation. Nevertheless, the model with the G-CSF effect showed 

significantly less objective function values (OFV) than the model without the G-CSF 

effect (ΔOFV = -91.46, d.f. = 2, P < 0.0001). Final model structure was displayed in 

Figure 1.
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Figure 1. Schematic representation of the final model.

†Ed = (VIRP/IR50,d + VIRC/IR50,d ) / {1+ (VIRP/IR50,d+VIRC/IR50,d )}

‡EG = VIRG / (VIRG+IR50,G)

†

‡
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C. Covariate selection

In the covariate selection step, sex was incorporated into IR50,d and DM into KDEp, 

yielding a significant improvement in model fit as compared to basic model. 

Covariate selection step was represented in Table 4.

Table 4. Covariate selection step (Forward selection)

Covariate OFVOLD OFVNEW ΔOFV Criterion d.f. P-value

Step 1 SEX on IR50,d 2906.21 2878.92 -27.29 < -6.63 1 1.8x10-7

Step 2 DM on KDEp 2878.92 2861.40 -17.52 < -6.63 1 2.8x10-5

IR50,d and KDEp : IR50 of paclitaxel and cisplatin and KDE of paclitaxel

OFVOLD : OFV before covariate is added

OFVNEW : OFV after covariate is added

d.f.: Degree of freedom

The final estimates of model parameters were presented in Table 5. This result 

shows that IR50,d, virtual dose rate corresponding to 50% of maximum drug inhibition, 

was reduced by 38% in women, and KDEp, paclitaxel elimination rate constant from 

the virtual compartment, was reduced by 85% in DM. The precision of the 

NONMEM parameter estimates was acceptable as presented in Table 5, which

showed that the relative standard error (RSE) was lower than 44% except for IR50,G. 

This is probably because data points were not sufficient enough to estimate maximum 

effect for G-CSF. Nevertheless, all the parameters except for IR50,G showed relatively 

good precision.
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Table 5. Final model parameter estimates

Model parameters Parameter estimates (%RSE) Shrinkage, %

Structural model

  Circ0 (x109/L) 5.25 (2.8)

  MTT (Days) 4.65 (3.4)

  γ 0.174 (4.9)

  IR50,d (mg/day) 105 (6.2)

  KDEp (/day) 0.0427 (12.0)

  KDEc (/day) 0.279 (19.4)

  IR50,G (mcg/day) 65.5 (61.9)

  KDEG (/day) 6.84 (41.7)

Covariate effects (%)

IR50,d in woman -0.383 (14.5)

KDEp in DM -0.850 (5.6)

Interindividual Variability

  ω (Circ0) 22.7 (10.7) 0.1964

  ω (MTT) 20.1 (11.3) 0.2736

  ω (IR50,d) 30.6 (16.0) 0.3566

  ω (KDEd) 79.3 (12.6) 0.3442

Residual Variability

  σproportional (%CV) 33.1 (2.9)

  σadditive (x109/L) 0.466 (10.8)
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Goodness of fit plots in Figure 2 showed scatter plots centered around the identity 

line except few points, indicating that the established model did well describe the data. 

The few points out of the identity line were related to G-CSF treatment. It was 

assumed that predicted ANC was estimated slightly higher than observed ANC after 

G-CSF treatment. The visual predictive check plot in Figure 3 showed that the 

observed ANC concentrations were well described by the predicted ANC 

concentration. These findings supported a reasonable accuracy and precision of the 

NONMEM parameter estimates.

Figure 2. Goodness of fit plot of the final model. a. ANC vs. population model 

predictions, b. ANC vs. individual model predictions, c. The conditional weighted 

residuals vs. time and d. The conditional weighted residuals vs. population model 

predictions. The circles represented the observations, the grey thin line represented

the line of identity and the black dashed line represented the smoother line.
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Figure 3. VPC plot of the final model. The observed data (dark blue circles) were 

plotted with the 2.5th, 50th and 97.5th percentiles (black dashed lines) and 2.5th, 50th

and 97.5th percentiles of the predictions (black solid lines) were plotted with the 95% 

confidence interval (shaded areas).
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To investigate appropriateness of selected covariates of the final result, the 

relationship between ANC profile and sex (Figure 4), DM (Figure 5) and age 

(Figure 6) was explored using raw data. In addition, the relationship between DM and 

covariate and treatment cycle distributions was also explored (Table 6-8), which was 

performed to see any clue in data supporting the modeling result that DM has

protective effect on chemotherapy-induced myelosuppression. According to the data, 

women (Figure 4) and patients with no DM (Figure 5) were susceptible to 

chemotherapy induced neutropenia and older patients (over 60 yrs) with no DM were 

vulnerable to chemotherapy induced neutropenia (Figure 6), indicating the

appropriateness of the selected covariates and the modeling result of protective effect 

of DM. However, there were significant differences in age, weight and BSA 

distributions between DM and non-DM groups, which might have influenced 

covariate selection process (Table 6).

Table 9 investigated such possibility by incorporating age and BSA into KDEp, 

which was significantly influenced by DM in the final model originally selected 

(Table 5). However, the results show that none of the 2 covariates significantly 

influenced KDEp, indicating the original choice of DM was appropriate.



27

Figure 4. Observed ANC vs. time plot for men (circle: data, solid line: smooth) and 

women (asterisk: data, dashed line: smooth).

Figure 5. Observed ANC vs. time plot for patients without DM (circle: data, solid 

line: smooth) and with DM (asterisk: data, dashed line: smooth).
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Figure 6. Observed ANC vs. time plot for (a) patients under 60 years and (b) 

patients over 60 years, with non-DM (triangle: data, dashed line: smooth) and DM 

patients (circle: data, solid line: smooth) plotted together.
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Table 6. Mean values of continuous covariates for non-DM (n=141) and DM 

patients (n=32)

Non-DM patients DM patients P-value†

Age (yrs) 60.2 64.5 0.0038*

Weight (kg) 62.5 68.1 0.0133*

Height (cm) 164.1 165.3 0.4660

BSA (m2) 1.68 1.76 0.0170*

ALT (IU/L) 20.1 25.0 0.2330

AST (IU/L) 21.1 22.7 0.6423

Creatinine (mg/dL) 0.84 0.93 0.0429

cCLcr (mL/min) 81.8 77.7 0.3622

eGFR (mL/min/1.73 m2) 83.6 81.3 0.2361

†Independent t-test

*Significant P value
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Table 7. Categorical covariates for non-DM and DM patients

Non-DM 

patients

DM patients Non-DM 

patients

DM patients

ECOG PS, n (%) P‡ = 1.0000 Sex, n (%)    P‡=0.3733

0 121 (69.9) 28 (16.2) Men 101 (58.4) 26 (15.0)

1 20 (11.6) 4 (2.3) Women 40 (23.1) 6 (3.5)

Stage, n (%)   P‡ =1.0000 HTN, n (%)   P‡=0.0613

IIIB 35 (20.2) 8 (4.6) No 77 (37.4) 11 (5.3)

IV 106 (61.3) 24 (13.9) Yes 64 (31.1) 54 (26.2)

Histology, n (%)   P‡=0.6118 Pulmonary Tbc, n (%)   P‡= 0.3327

Adenoca. 97 (56.1) 22 (12.7) No 126 (72.8) 26 (15.0)

Squamous 40 (23.1) 10 (5.8) Yes 15 (8.7) 6 (3.5)

Unspecified 4 (2.3) 0 (0.0) Smoker, n (%)   P‡=0.3327

Overall response, n (%)   P‡=0.4429 Non 45 (26.0) 6 (3.5)

PR 34 (19.7) 11 (6.4) Current 57 (32.9) 15 (8.7)

SD 45 (26.0) 10 (5.8) Ex 39 (22.5) 11 (6.4)

PD 62 (35.8) 11 (6.4)

‡ Chi-square test
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Table 8. Treatment cycles for non-DM and DM patients

No. of cycles Non-DM (141) DM (32) P-value‡

2 7 (5%) 1 (3%)

3 31 (22%) 6 (19%)

4 21 (15%) 6 (19%) 0.9614

5 10 (7%) 2 (6%)

6 72 (51%) 17 (53%)

‡ Chi-square test

Table 9. Covariate substitution Age or BSA on KDEp instead of DM on KDEp

from the final model

Covariate OFVBEFORE OFVAFTER ΔOFV Criterion d.f. P-value

AGE on KDEp 2878.92 2878.92 0.0001 > 6.63 1 0.9748

BSA on KDEp 2878.92 2878.94 -0.03 > 6.63 1 0.8744

KDEp : KDE of paclitaxel

OFVBEFORE : OFV before covariate is added

OFVAFTER : OFV after covariate is added

d.f.: Degree of freedom
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IV. DISCUSSION

The model developed by Friberg et al.14 has been applied to describe chemotherapy 

induced neutropenia. While most articles do not mention grade 4 neutropenia, it

commonly occurs during anticancer treatment. Therefore, for the clinical setting, it 

would be important to be prepared for such severe neutropenia. 

Ramon-Lopez et al.39 developed the myelosuppression model including the effect of 

peripheral blood stem-cells transplantation and G-CSF treatment but this model did 

not use PK data. The KPD model used in this work has been successfully used for PD 

analyses in drug development when concentration data was not available.38,39,45,46

Similarly in this work, the KPD model was used to describe treatment data for not 

only anticancer drugs but also G-CSF and therefore we expected ANC change after 

chemotherapy to be described more adequately. 

Nevertheless, the information provided in this study is limited in that concentration 

information was not used and on the average only 2 observations per cycle were 

available for ANC outcome analysis. The limited number of data points might be the 

reason of poor precision for G-CSF related parameters. Myelosuppression model used 

in this work, however, was validated from previous studies, and therefore despite the 

limited information, we expect the result obtained would be applicable based on 

reasonable %RSE, acceptable GOF and VPC plots.

Among the selected covariates, women were reported to have higher risk for febrile 

neutropenia than men,47 but there is little evidence that DM has protective effect on 

chemotherapy-induced myelosuppression. DM patients are rather known to have 

impaired mobilization of hematopoietic stem cells.48,49 In our data, however, non-DM 

patients as well as women were observed to be more susceptible to the chemotherapy-

induced neutropenia, which was consistent with the trend observed in the data as 

shown in Figure 4 and Figure 5, indicating the selected covariates were appropriate 

based on the trend observed in the data.
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Nevertheless, the possbility of confounding factors that could influence the selection 

of covariates was explored. One possibility considered was antidiabetic drugs or 

concomittent diseases that could influence the selection of DM. Metformin, one of the 

most frequently used antidiabetic drugs, was taken by 30 patients among DM group in 

this work and could impact on selecting DM. However, it is known that metformin 

inhibits differentiation of bone marrow stem cells via antimetabolitic effect.50

Therefore, it would be unlikely that metformin can explain why DM patients showed 

less neutropenia than non DM patients. Other possibilities are age, weight and BSA, 

which were observed to be statistically significantly different between non-DM and 

DM patients (P < 0.05 as shown in Tables 6-8, indicating these covariates could be 

poential confounding factors for selectring DM. Among these 3 covariates, age was 

found to be most significantly different (P = 0.0038), which appears to be the most 

relavant risk factor to neutropenia. Figure 6 shows ANC profiles of DM and non DM 

patients by dividing them into patients under 60 yrs (a: upper panel) and those over 60 

yrs (b: lower panel). Younger patients showed no difference between DM and non 

DM groups but older patients with DM were resistant to chemotherapy induced 

neutropenia than older patients without DM. It is conjectured that this result might be 

related to the difference in body weight, which was observed to be significantly 

heavier in DM patients (P = 0.0127), suggesting a possibilty of more tolerance in 

obese people to chemotherapy induced neutropenia. To find out the possibility of age 

and BSA as the confounding factor of DM, each of age and BSA was incorporated 

into KDEp after DM effect was excluded from the model. However, none of the 2 

covariates significantly improved the model. (Table 9) Therefore, DM was finally 

decided to be included into the final model. However, as the influence of DM on ANC 

change found in this work lacks physiological basis, more stuides inclusing external 

validatation would be needed to confirm this result.

Clinically, the proposed model can be used to predict the time to nadir ANC for a 

particular group of patients (for this model, sex and DM) and decide when G-CSF 

treatment should be involved and how to change dose regimen when it occurs, 
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thereby avoiding serious risk in the immune system caused by severe neutropenia. 

That is, model-based simulation can be undertaken to explore the ANC time course 

according to patient characteristics for the treatment of G-CSF as shown in Figure 7, 

which shows the model can predict the ANC response based on the sex and DM. 

Figure 7. Simulation result for the final model having the covariates of Sex and 

DM when the combination treatment of paclitaxel 297.5 mg/1.7 m2 and cisplatin 

127.5 mg/1.7 m2 was given to the study patients with mean BSA of 1.7 m2; men 

without DM (solid line), men with DM (dotted line), women without DM (dashed 

line) and women with DM (dashed and dotted line). The horizontal line indicates 

the grade 4 neutropenia (< 0.5 x106 cells/L).
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The final model developed in this work can be implemented in a web based program. 

Figure 8 shows the simulated result based on R and the shiny package,51 which 

enables chemotherapy dose adjustment according to BSA: paclitaxel 175 mg/m2 and 

cisplatin 75 mg/m2 and patient covariates of sex and concomitant DM.

Figure 8. Interactive pharmacometric application developed using Shiny for the 

R programming language, illustrating dose adjustment in chemotherapy 

according to BSA: paclitaxel 175 mg/m2 and cisplatin 75 mg/m2 and patient 

covariates of sex and concomitant DM. This program is uploaded in the web page: 

http://neutropenia-2016.shinyapps.io/Shiny/.

In addition, the model can be extended to suggesting the optimal dose to avoid

neutropenia induced by chemotherapy. However, changing chemotherapy dose could 

be risky from the aspect of maintaining the efficacy of a drug. At this point, the 
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efficacy of chemotherapy was not considered in this model. However, if the model 

that can handle both efficacy and toxicity can be developed, it would be able to 

predict the time to increase or decrease the dose of chemotherapy to maximize the 

efficacy and minimize the toxicity, thereby optimizing the treatment outcome over the 

entire course of chemotherapy. 

V. CONCLUSION

In conclusion, despite limitations mentioned above, the present approach is 

considered to be valuable to enhancing the quantitative understanding of neutropenia 

induced by chemotherapy, and we propose it as an alternative tool for evaluating and 

comparing adverse events of various chemotherapy drugs.
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ABSTRACT (IN KOREAN)

비 포폐 에 항 치료에 한 골수억 할 수

량 계 개

<지도 수 경 수>

연 학 학원 과학과

경

폐 진행 상태 견 경우가 하고 그러므 항

한 치료 하나 다. 폐 4 보통 2개 상 항 복합치

료 게 다. 골수억 항 치료 에 가 하게 생

할 수 하나 항 치료 감 하 감염 질 에 걸

릴 험 가시킨다. 재 항 치료 량 결 체질량지수 결

하고 나 그에 다 하게 나타난다. 그러므 본 연

비 포폐 에 항 치료에 한 골수억 할

수 량 계 개 다. 

항 치료시 시간에 수(absolute neutrophil count;ANC) 

변 하 해 생리 (semi-mechanistic model) 사

었다. 한 물 도값 없 므 신할 수 동 -

학 (kinetic-pharmacodynamic model) 가상 하여
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하 다. 생리 생산 , 개 숙 , 

내 나타내 생산 내

피드 에 해 향 고 항 치료에 해 감 한다고 가 하 다.

(response surface model) 클리

탁 과 시스플라틴 복합치료 과 하고, G-CSF 보통 과

(ordinary Emax model) 한 생리 다. 공변량

50% 물 억 나타내 가상 량 도 IR50,drug 

에 여 경우 38% 감 하고, 클리탁 가상 에 과처

거 도 KDEpaclitaxel 당뇨 에 85% 감 하 다. 결과가 찰

에 보 경향 과 치함에도 하고 공변량과 ANC 간

생리 계가 하 문에 결과 신하 해 검 과

포함한 많 연 가 필 하다. 라미 치 도, 

goodness of fit, visual predictive check 같 진단 그림 통해 평가

하 고 수집 도 한다고 볼 수

다. 상 과립 포 진 가 필

한 수가 언 생할지 측하고 생한 후 어떻게 량

해 하 지 측하여 감 에 한 험 감 시키

도움 수 다.

핵심 말: 감 , 량 , 비 포폐 , 클리탁 , 

시스플라틴, 생리 골수억 , 동 - 학 , , 

행 , 상 상 료


