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Abstract

Background and Objectives: The wide variability in pharmacokinetics of busulfan 

in children is one factor influencing outcomes such as toxicity and event free 

survival. A meta-analysis was conducted to describe the pharmacokinetics 

of busulfan in patients from 0.1 to 26 years of age, to elucidate patient 

characteristics that explain the variability in exposure between patients and to 

optimize dosing accordingly.

Patients and Methods: Data were collected from 245 consecutive patients 

(from 3 to 100 kg) who underwent HSCT in four participating centers. The 

inter-patient, inter-occasion and residual variability in the pharmacokinetics of 

busulfan were estimated with a population analysis with the software program 

NONMEM VI (Globomaxx LLC, Hanover, MD, USA). Covariates were selected on 

the basis of their known or theoretical relationships with busulfan PK and were 

plotted independently against the individual PK-parameters and the weighted 

residuals of the model without covariates to visualize relations. Potential 

covariates were formally tested in the model.

Results: In a two-compartment model, body weight was the most predictive 

covariate for clearance, volume of distribution and inter-compartmental 

clearance and explained 65%, 75% and 40% of the observed variability, 

respectively. The relation between body weight and clearance was characterized 

best using an allometric equation with a scaling exponent that changed with 

body weight from 1.2 in neonates to 0.55 in young adults. This implies that 

an increase in body weight in neonates results in a larger increase in busulfan 

clearance than an increase in body weight in older children or adults. Clearance 

on the first day was 12% higher than that of subsequent days (p < 0.001). Inter-

occasion variability on clearance was 15% between the four days. Based on the 

final PK-model, an individualized dosing nomogram was developed.

Conclusions: The model-based individual dosing nomogram is expected to 

result in predictive busulfan exposures in patients ranging between 3 and 

65 kg and thereby to a safer and more effective conditioning regimen for 

hematopoietic stem cell transplantation in children.
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I.1.  Introduction

Children may differ from adults in drug pharmacokinetics (PK), in response to 

treatment (efficacy) and their susceptibility to side effects (safety). Variability 

in pharmacokinetics is one factor which alters drug exposure and this in turn 

might explain differences in the (un)wanted responses (Pharmacodynamics, 

PD) between children. Characterization of variability in PK between 

neonates, infants, children and adolescents is therefore important especially 

for drugs with a small therapeutic window such as busulfan. Busulfan is a 

chemotherapeutic drug which is standard of care in preparative chemotherapy 

in patients undergoing hematopoietic stem cell transplantation (HSCT) for a 

variety of malignant and non-malignant diseases [1]. Since the 1970s, total 

body irradiation (TBI) based conditioning regimens have been used [2]. 

Unfortunately, TBI is complicated by cataracts, endocrine disorders (including 

stunted growth), delayed intellectual development and secondary tumors. As 

an alternative to TBI, in the 1980s, chemotherapy-based conditioning (high-

dose oral busulfan in combination with cyclophosphamide) was introduced 

[3, 4]. The therapeutic potential of oral busulfan was limited by the large 

PK-variability [5-8]. This PK-variability has major implications for outcomes 

of treatment; a low total exposure (expressed as the total area under the 

concentration curve using all administrations from day 0 to day 4, AUCday0-4
) 

to busulfan is associated with an increased risk of graft failure and relapse [9, 

10],9;10 whereas a high AUC
day0-4

 is associated with an increased risk of toxicity like 

veno-occlusive disease (VOD) and graft versus host disease [9, 10]. To reduce 

the variability in exposure and to improve safety of the regimen, intravenous 

(IV) busulfan was introduced in 2000 [11]. Although this excludes differences in 

absorption, wide inter-individual variability in busulfan pharmacokinetics is still 

observed with the IV formulation, particularly in children [12-17]. Therapeutic 

drug monitoring to guide IV busulfan dosing was therefore introduced [1, 14], 

which resulted in further improved of the event free survival in children [18]. 

It may be anticipated that patient-outcomes after HSCT may further benefit 

from an optimal starting dose for each individual, especially for centers where 

TDM is not available. Previous studies used body surface area (BSA) or body 

weight-based functions to characterize the variable PK of busulfan in children 

[17, 19, 20]. In addition some of the variability was suggested to be explained 

by the underlying disease of the patient [21-23]. However, most of these results 
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originated from relatively small studies. We describe a pharmacokinetic meta-

analysis of 245 patients, in whom a large number of covariates related to the 

PK of busulfan, such as body weight, underlying diseaseand liver function 

tests, were measured. The meta-analysis was conducted with the objective of 

describing the pharmacokinetics of busulfan in patients from 0.1 to 26 years 

of age and to elucidate patient characteristics that explain the variability in 

exposure between patients. The resulting PK-model was used to derive an 

individualized dosing algorithm aiming for an optimal exposure of busulfan in 

each patient.

I.2.  Methods

Setting and study population
In this prospective meta-analysis, patients were enrolled in the research 

protocol after the patient and/or their parents (the latter in patients under 

12 years of age) provided written informed consent. The study was approved 

by the local ethics committees. Data were collected from all 245 consecutive 

patients who underwent HSCT between August 2000 to September 2009 in four 

centers and of whom concentration measurements after intravenous busulfan 

administration were available. The four centers were: the University Medical 

Center Utrecht and the Leiden University Medical Center in the Netherlands, 

the Universitätsklinikum at Münster, Germany, and the Children’s Hospital at 

Westmead, Sydney, Australia. Part of the data (135 of the 245 patients) has 

been described in previous publications [17, 21, 24, 25]. The characteristics of 

the settings, busulfan administration and analysis and samples schemes are 

shown in table 1. Busulfan was administered during 3 to 4 consecutive days. In 

98% of patients blood samples were collected on day 1 and in 68% of patients, 

blood samples were also collected on day 2-4.
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Setting and study population 

In this prospective meta-analysis, patients were enrolled in the research protocol after the 

patient and/or their parents (the latter in patients under 12 years of age) provided written 

informed consent. The study was approved by the local ethics committees. Data were 

collected from all 245 consecutive patients who underwent HSCT between August 2000 to 

September 2009 in four centers and of whom concentration measurements after intravenous 

busulfan administration were available. The four centers were: the University Medical Center 

Utrecht and the Leiden University Medical Center in the Netherlands, the Universitätsklinikum 

at Münster, Germany, and the Children's Hospital at Westmead, Sydney, Australia. Part of 

the data (135 of the 245 patients) has been described in previous publications [17, 21, 24, 

25]. The characteristics of the settings, busulfan administration and analysis and samples 

schemes are shown in table 1. Busulfan was administered during 3 to 4 consecutive days. In 

98% of patients blood samples were collected on day 1 and in 68% of patients, blood 

samples were also collected on day 2-4. 

Table 1: Participating centers. 

 

 a. The methods Leiden, Utrecht (HPLC and LC-MS) and Münster were successfully cross validated. 
HPLC = high pressure liquid chromatography, LCMS = liquid chromatography-mass spectrometry, GC = gas 
chromatography, CV = Coefficient of Variation (%), LOQ = limit of quantification, TDM = therapeutic drug monitoring 

 

Transplantation details and other patient characteristics are shown in table 2. All patients 

received IV busulfan-based myeloablative conditioning according to the applicable 

(inter)national protocols. All patients were cared for in high-efficiency, particle-free, air-filtered, 

positive-pressure isolation rooms. Gut decontamination and infection prophylaxis was given 

according to the institutional protocol. Patients received anti-emetic drugs and prophylactic 

anticonvulsive therapy (clobazam, clonazepam, diazepam and in 10 cases phenytoin) during 

busulfan treatment.  

Pharmacokinetic analysis 

Model building and evaluation  

Leiden Münster Sydney Utrecht 
Busulfan preparation/formulation Busilvex® Busilvex® Busulfex® Busilvex®

Pierre Fabre Medicament, France Pierre Fabre Medicament, France Orphan, Australia Pierre Fabre Medicament, France
Busulfan dosing algorithm (day1) until 2003: 3.2 mg / kg  in 2 doses 120 mg / m2 in 1 dose until 2008:

<4 years: 4mg / kg in 4 doses 120mg / m2 in 2 doses 130 mg / m2 in 1 dose <1 years: 80 mg / m2 in 1 dose

≥4 years: 3.2 mg / kg in 4doses 3.2 mg / kg in 4 doses  ≥1years: 120 mg / m2 in 1 dose

 from 2003 from 2008:
<1 years: 80 mg / m2 in 1 dose <0.5 years: 80 mg / m2 in 1 dose
≥1years: 120 mg / m2 in 1 dose 0.5-1years: 120 mg / m2 in 1 dose

≥1years: 130 mg / m2 in 1 dose

Infusion duration day 1 (h) median (range) 3 (2-3) 4 2(1-3.75) 3(2.75-3.25)
Dose adjustments based on TDM yes no yes yes
Sample scheme predose, pre-dose, during infusion, 4-8 samples following the dose 0.08, 1, 2 and 4 hours after inf.

1, 2, 4 hours after inf. 1, 1.5, 2, 3, 6 and 7.5 hours after inf. between 0.08 to 7 hours after inf.
Method of determinationa HPLC LC-MS GC HPLC/LC-MS
LOQ 50 µg/L 5 µg/L 30 µg/L 50 µg/L 
Precision within/between runs (% variation) 3.5%,0.8% <11%,<11% <9%,<10% 2.3%, 0.2%

a. The methods Leiden, Utrecht (HPLC and LC-MS) and Münster were successfully cross validated.
HPLC = high pressure liquid chromatography, LCMS = liquid chromatography-mass spectrometry, GC = 
gas chromatography, CV = Coefficient of Variation (%), LOQ = limit of quantification, TDM = therapeutic 
drug monitoring

Transplantation details and other patient characteristics are shown in table 2. 

All patients received IV busulfan-based myeloablative conditioning according 

to the applicable (inter)national protocols. All patients were cared for in 

high-efficiency, particle-free, air-filtered, positive-pressure isolation rooms. 

Gut decontamination and infection prophylaxis was given according to the 

institutional protocol. Patients received anti-emetic drugs and prophylactic 

anticonvulsive therapy (clobazam, clonazepam, diazepam and in 10 cases 

phenytoin) during busulfan treatment.

Pharmacokinetic analysis
Model building and evaluation 

The nonlinear mixed-effects modeling software NONMEM VI using ADVAN 

subroutines with first-order conditional estimation (FOCE) with η-ε interaction 

(Globomaxx LLC, Hanover, MD, USA) was used. Log-transformed busulfan 

concentrations were used for analysis. Twenty-nine of a total of 1775 busulfan 

concentrations were below the limit of quantification (LOQ). The values of these 

samples were set at ½ the LOQ [26]. Mixed effects models consist of a structural 

model (e.g. a one or two-compartment model) describing the relationship 

between dose and concentrations, and a stochastic model describing the random 

variability in the PK-parameters of the structural model. Random variability 

consisted of inter-individual in PK-parameters, inter-occasion variability (inter-

occasion variability, IOV) in PK-parameters and intra-individual variability. Inter-

individual and inter-occasion variability were modeled assuming a log-normal 
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distribution (eq. 1, appendix 1) [27]. Intra-individual variability was modeled 

using an additive error (eq. 2, appendix 1) which is equivalent to a proportional 

error model in the untransformed scale. Discrimination between different 

models was made by comparison of the objective function (-2 log likelihood). 

A value of p < 0.005, df = 1, representing a decrease in objective function of 

7.8 on a χ2 distribution, was considered statistically significant. In addition, 

goodness-of-fit plots (individual predicted versus observed concentrations, 

population predicted versus observed concentrations, conditional weighted 

residuals versus time and conditional weighted residuals versus population PK-

parameters) were used for diagnostic purposes. Furthermore, the confidence 

interval of the parameter estimates, the correlation matrix and visual inspection 

of the distribution of the model parameters, were used to evaluate the model.

In order to determine whether the model was over-parameterized, the 

condition number of the final PK-model was calculated. The condition number 

should not exceed the critical value of 1000 [28]. 29 Finally, η- and ∈-shrinkage 

as defined by Karlsson et al. [29]30 was calculated for all model parameters for 

which inter-individual variability was estimated. A shrinkage-value below 20% 

was considered acceptable.

Covariate analysis

The covariates depicted in table 1 and 2 were selected on the basis of their known 

or theoretical relationships with busulfan PK. As described before, BSA and body 

weight are associated with busulfan PK [17, 19, 20]. Many drugs may interact with 

busulfan [30-32]. Therefore, all concomitant medications used by more than 10% 

of patients were included as a covariate. Underlying disease and clinical chemical 

parameters like liver function have been reported to influence busulfan clearance 

[13, 21-23, 33], while also blood counts may relate to variability in busulfan-PK.

All covariates were plotted independently against the individual PK-parameters 

(post hoc values) and the weighted residuals of the model without covariates 

to visualize relations. Potential covariates were formally tested in the model 

as follows. For continuous covariates such as body weight, age or BSA, the 

influence of the covariate on each PK-parameter was tested using a linear (eq. 

4, appendix 1) or allometric function (eq. 5, appendix 1). In addition, other 

allometric functions were explored for the PK parameters of which the plot 
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of inter-individual variability of the PK-parameter versus the covariate showed 

that neither a linear nor an allometric function results in adequate description 

of the data. I.e., the plot of inter-individual variability of Cl versus body weight 

showed that an allometric function over-predicted patients < 10 kg and > 40 kg 

and under-predicted patients between 10 and 40 kg. In this respect, it has been 

reported in studies using small cohorts of children that the scaling exponent of 

the allometric function for clearance is larger in neonates and young children 

(i.e. a scaling exponent> 1) in comparison with older children (i.e. a scaling 

exponent < 1) [34-36]. Wang et al. have used an allometric function with a 

scaling exponent that varied with body weight between 1.35 in neonates to 

0.57 in adults, when studying propofol clearance [35]. Therefore, beside a linear 

or standard allometric function, as a third approach, an allometric function was 

tested with a scaling exponent that varied with bodyweight, age or BSA (eq. 

6, appendix 1). For categorical covariates, typical values of the PK-parameters 

were compared between categories (eq. 7, appendix 1).

Statistical evaluation of the incorporated covariate relationships was performed 

by forward inclusion and backward deletion [37]. A p-value < 0.005 was applied 

to evaluate the covariates in the forward inclusion (decrease of objective 

function of at least 7.8 points), while the backward deletion procedure used 

a stricter criterion (objective function > 10.83, p < 0.001). When two or more 

covariates were found to significantly improve the model, the covariate causing 

the largest reduction in objective function was left in the model. Additional 

covariates had to reduce this objective function further to be retained in the 

model. Moreover, to accept a covariate, a reduction in inter-individual variability 

of the PK parameter involved was required. In addition, individual and population 

PK-parameters were plotted against the most predictive covariate to evaluate 

whether the individual PK-parameters were equally distributed around the 

population parameters [38]. The choice of the model was further evaluated 

as discussed under model building and evaluation, whereby the results of the 

internal validation procedure were also considered.

Internal validation

The robustness of the population pharmacokinetic model was assessed by the 

bootstrap re-sampling method throughout the model-building process and on 

the final PK-model, using 1000 replicate datasets per bootstrap [39]. The mean 
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value, 95%-confidence intervals and covariance of all parameters obtained 

with the bootstrap replicates were compared with the estimates obtained from 

the original data set.

Derivation of model-based dosing regimen

The parameters of the final PK-model were used as a basis to determine an 

individualized dosing regimen in patients from 3-65 kg. The new dosing 

regimen aimed to reach a target exposure (defined as AUC
day0-4

) of 90 mg*h/L 

(≈5400 µM*min/day) in myeloablative regimens and an AUC
day0-3

 of 60 mg*h/L 

for non-myeloablative conditioning regimens, based on the current literature 

of optimal exposures of busulfan in children [12, 15, 22, 24, 40, 41]. For each 

of the 245 patients, AUC 
day0-4

 values were simulated in each patient upon 

four consecutive once daily IV doses, using ONLYSIM-option as implemented 

in NONMEM. All PK-parameters were fixed to the final PK-parameters and all 

covariate relations were included. The amounts were integrated into a dummy 

AUC-compartment. For each patient, an individual dose was derived for each 

of the two target-AUCs, which was plotted versus bodyweight resulting in two 

model-based dosing nomograms.

I.3.  Results

Busulfan PK-data on 245 patients were obtained from the four participating 

centers. Patient characteristics such as body weight, underlying disease and 

concomitant medications were rather evenly distributed between centers and 

within the total dataset (table 2).
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Table 2: patient characteristics.  

 

Bu = busulfan, MDS = myelodysplastic syndrome, immunedef. = immune deficiencies, HLH = hemophagocytic 
lymphohistiocytosis, ALL = acute lymphocytic leukemia, AML = acute myeloid leukemia, JMML = juvenile 
myelomonocytic leukemia, CML = chronic myeloid leukemia, Cy = cyclophosphamide, Mel = melphalan, Flu = 
fludarabine, P450 = cytochrome P450 enzymes, BSA = body surface area. 
1) Inborn errors were inborn errors of metabolism and hemoglobinopathies. 
2) In general the dose of melphalan was 140 mg/m2 once daily, etoposide 1200 mg/m2 once daily, 
cyclophosphamide: 60 mg/kg once daily for 4 days, fludarabine 40 mg/m2 for 4 days.  
3) Patients with unrelated donors received serotherapy, either anti-thymoglobulin (ATG)-rabbit (Genzyme/Fresenius) 
or alemtuzumab (Genzyme). 
4) These covariates were measured at day 1 or just before the day of the first busulfan administration. These 
covariates were also explored in relation to their age-related reference-values. 
5) Covariate selection of concomitant medications used in these patients, based on the route of metabolism of the 
drugs (selections were made of medications which were used by more than 10% of patients). 
6) Drugs cleared primarily via renal clearance were antibiotics, trimethoprim, antivirals, fluconazole, alizapride, 
metoclopromide, diuretics. 
7) Drugs cleared primarily via P450 metabolism were phenytoin, antimycotics, proton-pump inhibitors, 
benzodiazepines, opiates. 
8) Drugs cleared primarily via phase 2 metabolism were acetaminophen (if needed medication of acetaminophen 
was not included), metronidazole, co-trimoxazole, corticosteroids, metoclopramide, ondansetron, antihistaminics, 
diuretics, ursodeoxycholic acid.  

 

Leiden Münster Sydney Utrecht Total
Nr. of patients n 102 18 55 70 245
Age (years) median (range) 3.58 (0.2-17) 3.88 (0.8-17) 4.25 (0.2-18) 2.5 (0.1-26) 3.33 (0.1-26)
Body weight (kg) median (range) 15.4 (4-73) 16.5 (9.5-74) 16.7 (3.1-109) 14.8 (3.7-107) 15.3 (3.1-109)
BSA (m2) median (range) 0.65 (0.3-1.8) 0.70 (0.42-2.0) 0.69 (0.2-2.3) 0.61 (0.2 - 2.4) 0.65 (0.2-2.4)
Gender male 66% 56% 56% 50% 58%
Number of samples n (mean per patient) 472 (5) 205 (11) 466 (8) 632 (9) 1775 (7)
Frequency of Bu adm n (4dd, 2dd, 1dd) (39,-,63) (-,18,-) (4,-,51) (-.-,70) (43,18,184)
Underlying disease malignancy / MDS 52 13 24 25 114

bone marrow failure syndrome 7 1 7 6 21
inborn errors (1) 13 4 7 20 44
immunedef. + HLH 29 0 17 19 65

Chemotherapeutic Bu + Cy 41 8 8 37 94
regimen (2) Bu + Cy + Mel 44 8 0 8 60

Bu + Flu 7 0 11 12 30
Bu + Mel 1 1 6 0 8
Bu + Cy + Eto 5 1 3 8 17
Bu + Cy +Flu 4 0 19 4 27
Bu+ Mel+Flu 0 0 8 1 9

Timing chemotherapy Chemo before or during Bu 10 0 36 21 67
Chemo after Bu 92 18 19 49 178

Serotherapy (3) No serotherapy 39% 50% 60% 20% 40%
Nr of transplant 1 102 18 55 67 242

>1 3 3
Type of transpants CB,BM,PBSC (N) (13,73,17) (-,-,19) (20,18,16) (28,33,8) (61,124,60)
GGT (u/L) (4) median (range) 14 (6-870) 21 (4-275) 21 (7-1990) 18.5 (4-1990)
ALAT (u/L)  (4) median (range) 23 (6-253) 11 (4-41) 32 (11-840) 26 (11-550) 26 (4-840)
ASAT (u/L) (4) median (range) 37 (9-145) 14 (6-366) 35 (16-166) 29 (12-350) 32.5 (6-366)
Hemoglobuline (mmol/L) (4) median (range) 6.3 (4.4-8.5) 5.6 (3.7-8.6) 5.9 (3.9-8.6) 5.8 (4.1-9.6) 6.1 (3.7-9.6)
Leukocytes (*10E9/L) (4) median (range) 5.4 (0.3-45) 3.3 (0.4-81) 3.1 (0.2-16.4) 2.9 (0.1-16.6) 3.9 (0.1-81)
Thrombocytes (*10E9/L) (4) median (range) 121 (1-688) 141 (13-615) 192 (12-629) 109 (7-661) 127 (1-688)
Erythrocytes (*10E12/L) (4) median (range) 3.5 (2.5-5.4) 3.5 (2.2-4.6) 3.1 (1.9-5.2) 3.5 (1.9-5.4)
Albumine (g/L) (4) median (range) 40 (29-510) 39 37 (24-47) 31 (13-45) 37 (13-51)
Concomitant medications median nr. (range) 2 (0-8) 8 (6-11) 5 (1-9) 6 (0-13) 5 (0-13)
Glucocorticoids (5) yes 39% 78% 15% 36% 36%
Antibiotics (5) yes 40% 100% 22% 99% 57%
Trimethoprim/cotrimoxazol  (5) yes 0% 89% 5% 0% 8%
Antivirals (5) yes 2% 17% 11% 60% 22%
Omeprazol/pantoprazol (5) yes 2% 28% 5% 24% 11%
Antimycotics (5) yes 2% 19% 25% 32% 17%
Fluconazol (5) yes 5% 39% 73% 89% 47%
Alizapride  yes 12% 0% 0% 4% 6%
Ondansetron (5) yes 58% 72% 100% 97% 80%
Opiates (5) yes 11% 0% 13% 0% 7%
Antihistaminics (5) yes 10% 22% 11% 34% 18%
Diuretics (5) yes 8% 61% 5% 19% 14%
Ursodeoxychol acid (5) yes 0% 6% 75% 0% 17%
Benzodiazepines  (5) yes 21% 78% 73% 96% 58%
> 1 Drug cleared via renal clearance (6) yes 54% 100% 80% 99% 76%
> 1 Drug cleared via P450 metabolism (7) yes 33% 100% 76% 99% 67%
> 1 Drug cleared via phase 2 metabolism (8) yes 79% 100% 100% 99% 91%

Bu = busulfan, MDS = myelodysplastic syndrome, immunedef. = immune deficiencies, HLH = 
hemophagocytic lymphohistiocytosis, ALL = acute lymphocytic leukemia, AML = acute myeloid leukemia, 
JMML = juvenile myelomonocytic leukemia, CML = chronic myeloid leukemia, Cy = cyclophosphamide, 
Mel = melphalan, Flu = fludarabine, P450 = cytochrome P450 enzymes, BSA = body surface area.
1)	Inborn errors were inborn errors of metabolism and hemoglobinopathies.
2)	In general the dose of melphalan was 140 mg/m2 once daily, etoposide 1200 mg/m2 once daily, 

cyclophosphamide: 60 mg/kg once daily for 4 days, fludarabine 40 mg/m2 for 4 days.
3)	Patients with unrelated donors received serotherapy, either anti-thymoglobulin (ATG)-rabbit 

(Genzyme/Fresenius) or alemtuzumab (Genzyme).
4)	These covariates were measured at day 1 or just before the day of the first busulfan administration. 

These covariates were also explored in relation to their age-related reference-values.
5)	Covariate selection of concomitant medications used in these patients, based on the route of 

metabolism of the drugs (selections were made of medications which were used by more than 10% 
of patients).

6)	Drugs cleared primarily via renal clearance were antibiotics, trimethoprim, antivirals, fluconazole, 
alizapride, metoclopromide, diuretics.

7)	Drugs cleared primarily via P450 metabolism were phenytoin, antimycotics, proton-pump inhibitors, 
benzodiazepines, opiates.

8)	Drugs cleared primarily via phase 2 metabolism were acetaminophen (if needed medication of 
acetaminophen was not included), metronidazole, co-trimoxazole, corticosteroids, metoclopramide, 
ondansetron, antihistaminics, diuretics, ursodeoxycholic acid.
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Busulfan concentrations could adequately be described using a two-

compartment model parameterized in terms of clearance (CL), inter-

compartmental clearance (Q), volume of distribution of central compartment 

(V1) and peripheral compartment (V2, estimated as a factor times V1). The 

two-compartment model was superior over a one-compartment model for 

statistical reasons (decrease in objective function of 132 points (p < 0.001)) 

and improved goodness of fit plots. Inter-occasion variability on clearance in 

the structural model resulted in a large reduction of objective function of -309 

(p<0.001). The addition of inter-occasion variability on V1 did not result in a 

significant improvement of the model (objective function -5.9). In the final PK-

model, clearance at day 2-4 was estimated as a fraction of clearance at day 1 (eq 

3, appendix 1) and was 12% lower in comparison with day 1 (objective function 

-45, p<0.001).

Figure 1a (left panel) shows that the two-compartment PK-model without 

covariates could adequately describe the observed concentrations. This model 

showed poor predictive performance, however, as shown by the population 

predicted versus observed concentrations (figure 1a, right panel). Particularly 

in the extremities of the body weight range (3-7 kg and >30 kg) concentrations 

were over- and under-predicted, respectively.

The covariate analysis identified body weight, BSA and age as most important 

covariates related to volume of distribution and clearance. The introduction of 

body weight as a covariate for V1 using a linear function (eq.4, appendix 1) 

resulted in a decrease in objective function of -442 (p<0.001). An allometric 

function for V1 (eq. 5, appendix 1) with a single scaling exponent of 0.89 was 

superior over a linear function (objective function -26 points, p<0.001) and 

resulted in an equal distribution of the individual V1 parameter estimates of all 

body weights around the population V1 parameter estimates. As a result, the 

inter-individual variability on V1 decreased from 76% to 20% in comparison 

with the PK-model without covariates. For clearance, inclusion of body weight 

using a linear equation (eq. 4, appendix 1) further improved the model 

(objective function -457, p<0.001). An allometric function for clearance (eq. 5, 

appendix 1) with a single scaling exponent of 0.91 was superior over a linear 

function (objective function -11 compared to a linear function, p<0.001), but 

the population predicted values of both models were biased compared to 
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the individual predicted PK-parameters. A linear or allometric function over-

predicted patients < 10 kg and > 40 kg and under-predicted patients between 

10 and 40 kg. An allometric equation with a scaling exponent, that changed with 

body weight from 1.2 in neonates to 0.55 in young adults (eq. 6, appendix 1) 

described the relation between bodyweight and clearance significantly better 

compared to the allometric equation with a single scaling exponent (decrease 

in objective function of 35, p<0.001). The population predicted values of this 

model described individual predicted PK-parameters without bias. This model 

resulted in an adequate distribution of the individual Cl parameter estimates 

over the entire body weight-range and resulted in a decrease in inter-individual 

variability on Cl from 99% to 27% in comparison with the PK-model without 

covariates. Body weight was linearly related to Q (objective function -26 , 

p<0.001) and resulted in a decrease in inter-individual variability from 148 to 

88% in comparison with the PK-model without covariates.

Figure1: Individual predicted concentrations vs observed concentrations (leftpanels) and 
population predicted concentrations vs observed concentrations (right panels) of the 
pharmacokinetic model without covariates (a) and the final pharmacokinetic-model (b). 
Data of four body weight categories (kg) are shown separately. Ln = lognormal.
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The inclusion of body weight on the PK-parameters resulted in a more significant 

reduction of the objective function in comparison with age on all parameters 

(objective function +108), while the model using BSA showed similar results 

in comparison with body weight-model given the criteria as defined under 

Methods.

The systematic covariate analysis did not identify any other covariates. No 

differences in the diagnostic-plots were observed between the participating 

centers (appendix 2), frequency of busulfan administration, concomitant 

medications or any of the other covariates.

For the final PK-model, the individual and population predicted versus observed 

concentrations per body weight-category are depicted in figure 1b. The right 

panel demonstrates that the predictive performance of the model is similar in 

all four bodyweight groups. The individual and population PK-parameters (Cl 

and V1) of the final PK-model versus body weight are shown in figure 2. The 

figure shows an equal distribution of the individual PK-parameter estimates of 

all body weights around the population PK-parameter estimates. All parameter 

estimates of the final PK-model and the results of the statistical evaluation 

(bootstrap validation, shrinkage and condition number) are presented in table 

3. These statistical evaluation tools were within the limits, given the criteria 

as defined under Methods, except for shrinkage on Q and inter-occasion 

variability which were both >20%.

Based on the final PK-model, the model-based dosing nomogram was derived 

as depicted in figure 3. With this nomogram, a dose for each individual between 

3-65 kg can be obtained, aiming for a myeloablative (AUCday0-4
 of 90 mg*h/L) or 

non-myeloablative conditioning regimen (AUC
day0-3 

of 60 mg*h/L). Table 4 shows 

the model-based nomogram in mg/kg of patients between 3 and 65 kg and the 

deviations of their simulated AUC’s in comparison with the target-AUC
day0-4

 of 

90 mg*h/L. Deviations in the expected AUCs upon the currently approved dose 

in the summary of product characteristics by EMA [30] and a BSA based dosing 

regimen of 130 mg/m2are also shown in table 4. Both regimens are used in 

pediatric clinical practice by different institutes. The first dosing algorithm was 

based on a population-pharmacokinetic study of 24 children by Nguyen et al. 

in 2004 [20], aiming at a target AUC of 78mg*h/L (59-98mg*h/L in combination 
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with cyclophosphamide), which was prospectively validated in 55 children by 

Vassal et al. in 2008 [42]. The BSA-based dosing regimen was used in children 

by Nath et al. and Gordon et al. [22, 43] This dosing regimen was derived from a 

studies using oral busulfan using 130-150mg/m2 per day in children [5, 44] and 

from a study of IV busuflan in adults [45].

Figure 2: Individual predicted pharmacokinetic parameters (post hoc, pre- sented as dots) 
and population predicted pharmacokinetic parameters (black line) of volume of distribution 
of the central compartment (a) and clearance (b) vs body weight of the final pharmacokinetic 
model. The data are presented on log-scale and on normal scale (insert). CL = clearance; V1 = 
volume of dis- tribution of the central compartment.
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Table 3: Population PK-parameter estimates, shrinkage and PK-parameter estimates 
obtained after bootstrap of the final PK-model.
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Cl15.3kg= clearance for a typical individual of 15.3kg V115.3kg = volume of distribution of the central compartment for a 
typical individual of 15.3kg, V215.3kg = volume of distribution of the peripheral compartment for a typical individual of 
15.3kg, Q15.3kg = inter-compartmental clearance for a typical individual of 15.3kg, 15.3 kg was the mean value of the 
body weights in the dataset. In the allometric function, L1 represents the intercept and M is the exponent, which 
allows the scaling exponent to change with body weight. L2 represents the single scaling exponent . BW= body 
weight (kg) CV= coefficient of variation (%), inter-individual variability was calculated as the square root of the 
exponential variance -1). 
a. Clearance was described, according to the following equations:  
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Table 4: The model-based individualized dosing nomogram of busulfan, expressed in mg/kg 
for 20 patients with body weight ranging between 3 and 65 kg (aiming at a target-AUC

day0-4 

of 90 mg*h/La in combination with fludarabine ). The deviations of their corresponding 
AUC

day0-4
-values in relation with this target-AUC

day0-4 
are shown (left column). For comparison, 

the dosing nomogram of the currently approved dose in the EMA-summary of product 
characteristics (SPC) (43) and deviations in their corresponding AUC

day0-4
 values of the target-

AUC
day0-4 

of 90mg*h/La are shown (middle column). Doses in mg/kg derived from a BSA based 
dosing regimen of 130mg/m2 1dd and their concurrent deviations of the target-AUC

day0-4 
of 

90mg*h/La, are also shown (right column).
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Table 4: The model-based individualized dosing nomogram of busulfan, expressed in 
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column). For comparison, the dosing nomogram of the currently approved dose in the 
EMA-summary of product characteristics (SPC) (43) and deviations in their 
corresponding AUCday0-4 values of the target-AUCday0-4 of 90mg*h/La are shown (middle 
column). Doses in mg/kg derived from a BSA based dosing regimen of 130mg/m2 1dd 
and their concurrent deviations of the target-AUCday0-4 of 90mg*h/La, are also shown 
(right column).  

 

a. A total exposure of 90 mg*h/L to 21.6 mM*min total, or 5400 μM*min/day 
b. Doses in mg/kg of the BSA based dosing regimen were extracted from a BSA-for-body weight plot of all patients. 
  

Body weight 

kg Dose (mg/kg) ± % deviation of target AUC Dose (mg/kg) ± % deviation of target AUC Dose (mg/kg) ± % deviation of target AUC

3 3.8 0% 4.0 5% 8.7 128%

5 4.7 0% 4.0 -15% 7.0 49%

7 5.1 0% 4.0 -22% 6.5 28%

8 5.2 0% 4.0 -23% 6.2 19%

9 5.2 0% 4.8 -8% 6.2 19%

11 5.2 0% 4.8 -9% 7.0 33%

13 5.2 0% 4.8 -8% 5.5 6%

15 5.1 0% 4.8 -6% 5.2 2%

16 5.1 0% 4.4 -13% 5.4 7%

20 4.9 0% 4.4 -9% 5.2 7%

23 4.7 0% 3.8 -19% 4.9 4%

25 4.6 0% 3.8 -17% 4.9 8%

30 4.3 0% 3.8 -12% 4.3 0%

35 4.1 0% 3.2 -22% 3.9 -4%

40 3.9 0% 3.2 -18% 3.9 0%

45 3.7 0% 3.2 -14% 3.9 6%

50 3.5 0% 3.2 -10% 3.8 8%

55 3.4 0% 3.2 -6% 3.5 5%

60 3.3 0% 3.2 -2% 3.7 12%

65 3.1 0% 3.2 2% 3.4 8%

4days, 1dd, mg/kg

Model-based individualized dosing nomogram Approved dose  in SPC

4 days, 1dd, mg/kg

target AUCday0-4 90mg*h/La

Myeloablative dose 4 days, 1dd, mg/kg

Dose based on 130 mg/m2b

a. A total exposure of 90 mg*h/L to 21.6 mM*min total, or 5400 μM*min/day
b. Doses in mg/kg of the BSA based dosing regimen were extracted from a BSA-for-body weight plot 
of all patients.

I.4.  Discussion

This international pharmacokinetic meta-analysis of 245 patients was 

conducted to characterize the pharmacokinetics of busulfan from 1month to 

26 years of age. Body weight was the most predictive covariate for clearance 

(Cl), volume of distribution (V1) and inter-compartmental clearance (Q) and 

explained 65%, 75% and 40% of the observed inter-individual variability, 

respectively. The relation between body weight and clearance was clearly non-

linear and was described using an allometric function with a scaling exponent 
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that varied between 1.2 in neonates and 0.55 in young adults. This precise 

relation could be identified as a result of the large range in body weights 

and extensive number of patients and resulted in an individualized dosing 

nomogram for patients between 3-65 kg.

The PK-model was built based on a large dataset obtained from a multi-center 

setting. The dataset contained multiple treatment regimens, a wide range of 

age, bodyweights, underlying diseases and a large number of other covariates. 

The model adequately described the data and only 13% residual variability 

remained in the final PK-model. Statistical evaluation tools (CV of parameter 

estimates, bootstrap) show that this is a robust model. No differences were 

seen between the participating centers, even though the centers had different 

settings. This indicates that the results of the model may be extrapolated to other 

pediatric HSCT centers elsewhere, if patient characteristics are comparable to 

the characteristics in this dataset (like similar concomitant medications). The 

quality of the structural model (figure 1b, left panel) indicates that this PK-

model can reliably predict exposures in new patients, ranging from 3-65 kg.

Body weight, rather than age, was the most predictive covariate that explained 

the variability in exposure between patients from 3-100 kg. Because BSA 

is a composite parameter taking account both length and body weight, 

and the BSA model did not result in improvement of the description of the 

data in comparison with body weight as the only parameter, the final body 

weight model was preferred over the BSA model. The non-linear relation 

between body weight and clearance reflects that an increase in body weight 

in neonates results in a larger increase in busulfan clearance than an increase 

in bodyweight in older children or adults. The maturation of activity and 

expression of glutathione S-transferese have been studied in enterocytes and 

after oral administration of busulfan [13, 46, 47]. Assuming that the expression 

and activity of liver and enterocyte enzymes show similar developmental 

patterns, the non-linear relation of body weight and clearance could be 

related to changes in maturation rate of glutathione S-transferase as described 

in these articles. The effect might also relate to differences in liver volume, 

blood flow and biliary functions in young infants as compared to adults [48, 

49]. This relation between body weight and clearance could not be estimated 

using an allometric function with a single scaling exponent, an approach that 
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is commonly applied - also in busulfan PK studies [17, 19, 20]. In this dataset, 

the allometric function with a single scaling exponent of 0.89 on body weight 

overestimated the clearance of busulfan up to 1.5 times in patients < 10 kg and 

> 40 kg, and underestimated the clearance up to 1.25 times in patients between 

10-40 kg. In this meta-analyis we characterized the clearance of busulfan using 

an allometric function with a scaling exponent that varied with body weight 

from 1.2 in neonates to 0.55 in young adults. These values are very similar to a 

recent study of busulfan in children which showed a single scaling exponents 

1.25 in children <9 kg and 0.76 >9kg [50]. In studies using other compounds 

varying (single) scaling exponents are published of 1.3-1.5 in neonates to 0.56 

in adults [34-36], such despite the fact that different routes of metabolism are 

concerned. Literature data suggest that scaling of PK-parameters between 

children could be performed using an allometric scaling function with a fixed 

exponent of 0.75 or 1 for bodyweight and subsequently estimating a function 

that describes maturation processes as a function of age [51]. However, 

postnatal age and body weight are highly correlated. Therefore, in the current 

analysis, one single function based on bodyweight was identified, which 

would adequately describe the pharmacokinetics of busulfan from neonates to 

young adults. It would be of interest to test this function for other drugs when 

studying the effects of maturation in the whole pediatric age range including 

neonates.

After inclusion of body weight in the model, the disease-group (e.g. immune 

deficiencies) was not a significant covariate while also the inter-individual 

variability was similar between the four groups. In our cohort, the patients 

treated for malignancies or bone marrow failures were older and heavier in 

comparison with immune deficiencies, or inborn errors of metabolism. While 

in other studies, the disease group (i.e. diseases like immune deficiencies or 

lysosomal storage disease) has been reported a covariate for busulfan PK [13, 

21-23, 33] we suggest that body weight may be an effect modifier in the relation 

between busulfan-PK [21-23]. As Glutathione S-transferases play an essential 

protective role against reactive oxygen species [52], many drugs could interact 

with busulfan. However, no significant interactions were identified in this large 

dataset, but drugs like metronidazole and phenytoin which have shown to 

influence busulfan PK in previous studies [30-32], could not be studied in full 

extent in this dataset due to use in <10% of patients. Moreover, neither clinical 
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chemistry data nor blood counts showed any biomarkers which could predict 

variability between patients. This analysis shows that the nature of the body 

weight-dependent pharmacokinetics of busulfan, including the smallest and 

heaviest patients, should be adequately characterized first. Only thereafter, 

other less influential covariate relationships like disease can be studied, to 

overcome confounding by maturation.

In this study, 15% day-to-day variability of busulfan clearance between the four 

days of administration was shown, which is only slightly higher than 5-10% 

shown in adults [19, 49]. In addition we showed that busulfan clearance was 

12% lower at day 2-4 compared to day 1. This finding is consistent with results 

of a study in children with thalassemia in which a decrease of 11% in clearance 

between the first and subsequent doses was found [41]. Other studies did 

not report a significant decrease in busulfan AUC on following days [15, 16]. 

Yeh et al. reported that the concurrent use of fludarabine might decrease the 

busulfan clearance from day 1 to day 4 [53]. However, in the current study, the 

difference in clearance between consecutive days was not significantly altered 

in fludarabine as compared to non-fludarabine users. While the decrease in 

clearance deserves further study, it should be accounted for in the design of 

new dosing algorithms and when performing TDM.

Based on the final PK-model, a body weight dependent-dosing nomogram 

was defined (figure 3). The nomogram leads to a smaller range in predicted 

AUC’s between patients of different body weights than the currently approved 

dose in the EMA-summary of product characteristics [30] or BSA-based dosing 

nomogram of 130mg/m2 as shown in table 4. The currently approved dose leads 

to deviations in exposures, especially in children near the edges of each dosing 

category. A limitation of our meta-analysis is however, that only 12 patients 

>65 kg were included and therefore dose recommendations for patients >65 

kg could not be provided based on these analyses.

Table 4 also demonstrates that a dose of 130 mg/m2 [22, 43] results in overdosing 

up to 220% in patients < 0.5 m2 and should therefore not be used. Even though 

the model-based nomogram takes into account variation from differences in 

bodyweight, the remaining unexplained inter-occasion variability in apparent 

clearance in the final PK-model is 15% and the unexplained inter-individual 
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variability 27%. Validation studies are needed to establish the predictive 

performance of the model and dosing regimen. Based on these considerations, 

we advocate that combined with the new dosing nomogram, TDM remains 

needed.

Figure 3: Model-based individualized dosing nomogram of busulfan related to the body 
weight of the patient, aiming for a myeloablative (AUC

day0-4 
of 90 mg*h/La in combination 

with fludarabine) (grey line) and a non-myeloablative conditioning regimen (AUC
day0-3 

of 60 
mg*h/L) (dotted black line).

The model-based dosing nomogram described in this article targets a narrow 

AUC
day0-4

 of 90 mg*h/L (≈5400 µM*min/day) in myeloablative and 60 mg*h/L 

in non-myeloablative conditioning regimens, in a platform with a (preferably 

non-alkylating) immunosuppressive agent (e.g. fludarabine) [45, 54, 55]. In 

the literature, different values for optimal AUC’s have been proposed for 

patients with varying underlying diseases, disease severity and differences 

in concomitant medications given during the conditioning regimens [12, 

15, 22, 24, 40, 41]. Comparing busulfan exposures between studies should 

be performed with care, as AUC’s may have been calculated using different 
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sampling schedules and different methods. Most pediatric literature data are 

based on conditioning regimens containing busulfan and cyclophosphamide, 

resulting in a total AUC
day0-4

 of approximately 80 mg*h/L in children [24, 41]. 

We recently showed that busulfan with a target AUC
day0-4

 between 80 and 100 

mg*h/L combined with fludarabine (n=40) was as effective, but less toxic in 

comparison with Busulfan-cyclophosphamide-melphalan (n=45) [56]. Also 

adult data shows that busulfan-fludarabine targeted to an AUC
day0-4

 < 100 

mg*h/L results in optimal outcome [55, 57]. In children, a target AUC
day0-4

 of 

approximately 45-65 mg*h/L has been published using busulfan-fludarabine 

as a non-myeloablative conditioning regimen [40, 58]. Perhaps in the future, 

additional agents may be added to this busulfan-fludarabine combination to 

enhance the anti-leukemia effect (e.g. clofarabine, which was shown in vitro 

to have a synergistic anti-leukemic effect) [59, 60]. These developments and 

optimizations will lead to further individualization of the target exposures to 

busulfan. Using the structural parameters of this PK-model, simulations can be 

performed leading to a dosing nomogram that can target any desired AUC for 

busulfan.

In conclusion, in this population pharmacokinetic model for busulfan in 

patients ranging between 1 month and 26 years of age, body-weight was the 

most predictive covariate for all PK-parameters of busulfan and explained a 

major part of the observed inter-individual variability. The model-derived 

individualized dosing nomogram is expected to result in predictive busulfan 

exposures in patients ranging between 3 and 65 kg when combined with TDM, 

resulting in a safer and more effective HSCT in children.
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Equation 1 describes the inter-individual variability and day-to day (inter-occasion) variability27 

of the structural parameters within the population, in which lognormal distribution was 

assumed. Pig represents the individual PK-parameter for subject i on occasion g. Ppop is the 

typical value of the population PK-parameter. An occasion (g) was defined as all 

measurements performed in 1 day, κig is the random effect between days. η and κ are 

random variables that follow the normal distribution with a mean value of 0 and variance ω2 

and π2, respectively.  

 

 ijpredij CC loglog       (eq. 2) 

Equation 2 describes the intra-individual variability; the differences between the observed and 

predicted concentrations. This residual error includes among other factors, model 

misspecification and measurement errors. The intra-individual variability was modeled using 

an additive error, equivalent to a proportional error model in the untransformed scale. Cij, is 

the observed concentration for subject i at time j, and Cpredij is the predicted concentration for 

individual i at time j. ε is a random variable that follows the normal distribution with a mean 

value of 0 and variance σ2.  

Other model-equations. 
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 daypopday fractionCLCl   (eq. 3) 

Equation 3 describes the clearance at day2-4, estimated as a fraction of clearance at day1. 
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2-4

, estimated as a fraction of clearance 
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1
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Cl
day1

 is the typical value of clearance at day 1. Cl
pop

 is the typical value of clearance. 

Fraction day2-4 is the clearance at day
2-4

 expressed as reduction factor of day
1
.

Covariate functions:
The nature of the influence of continuous covariates on each PK parameter was 

tested using a linear (eq.4) and allometric (eq. 5) function:
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In equation 4, Pi is the individual parameter for subject i with Covi. Ppop is the typical value of 

the population PK-parameter. Covi represents the covariate such as body weight, BSA or age 

for subject i and Covmean represents the mean value of the covariate. 
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In equation 5, Pi is the individual parameter for subject i with Covi. Ppop is the typical value of 

the population PK-parameter. Covi represents the covariate such as body weight, BSA or age 

for subject i and Covmean represents the mean value of the covariate.L1 represents the scaling 

exponent of the allometric function, which is one fixed estimated value in case of an allometric 

function with a single scaling exponent. 
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In equation 6, the allometric function with a scalingexponent that varies with body weight, 

BSA or age is shown, in which Pi is the individual parameter for subject i with Covi. Ppop is the 

typical value of the population PK-parameter. Covi represents the covariate such as body 

weight, BSA or age for subject i and Covmean represents the mean value of the covariate. In 

the scaling exponent, L2 represents the intercept and M is the exponent, which allows the 

scaling exponent to change with the covariate body weight, BSA or age. 

Potential categorical variables were modeled using: 

CCov
cpopi PPP     (eq. 7) 

In equation 7, CCov is the categorical covariate, Pi is the individual parameter for subject I, 

Ppop is the typical value of the population PK-parameter in absence of the covariate of interest 

(CCov=0) and Pc is the fractional change in the typical value of the PK-parameter caused by 

the covariate. 
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In equation 7, CCov is the categorical covariate, P
i
 is the individual parameter for 

subject I, P
pop

 is the typical value of the population PK-parameter in absence of 

the covariate of interest (CCov=0) and P
c
 is the fractional change in the typical 

value of the PK-parameter caused by the covariate.

Appendix 2: Population predicted concentrations versus observed concentra-

tions of the four participating centers.
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Appendix 2: Population predicted concentrations versus observed concentrations of 
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