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Abstract
Background and Objectives  The pharmacokinetics of polyethylene glycol-conjugated asparaginase (PEG-ASNase) are char-
acterized by an increase in elimination over time, a marked increase in ASNase activity levels from induction to reinduction, 
and high inter- and intraindividual variability. A population pharmacokinetic (PopPK) model is required to estimate individual 
dose intensity, despite gaps in monitoring compliance.
Methods  In the AIEOP-BFM ALL 2009 trial, two PEG-ASNase administrations (2500 U/m2 intravenously) during induction 
(14-day interval) and one administration during reinduction were administered in children with acute lymphoblastic leukemia. 
ASNase activity levels were monitored weekly. A PopPK model was used for covariate modeling and external validation. 
The predictivity of the model in case of missing data was tested for observations, as well as for the derived parameters of 
the area under the concentration time curve (AUC​0-∞) and time above different thresholds.
Results  Compared to the first administration in induction (1374 patients, 6069 samples), the initial clearance and volume of 
distribution decreased by 11.0% and 15.9%, respectively, during the second administration during induction and by 41.2% 
and 28.4% during reinduction. Furthermore, the initial clearance linearly increased for children aged > 8 years and was 
7.1% lower for females. The model was successfully externally validated (1253 patients, 5523 samples). In case of missing 
data, > 52% of the predictions for observations and > 82% for derived parameters were within ± 20% of the nominal value.
Conclusion  A PopPK model that describes the complex pharmacokinetics of PEG-ASNase was successfully externally 
validated. AUC​0−∞ or time above different thresholds, which are parameters describing dose intensity, can be estimated 
with high predictivity, despite missing data. (www.clini​caltr​ials.gov, NCT01117441, first submitted date: May 3, 2010).
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1  Introduction

For more than 40 years, l-asparaginase (ASNase) has been 
an important component in the treatment of children with 
acute lymphoblastic leukemia (ALL). The polyethylene 
glycol-conjugated ASNase (PEG-ASNase) shows a longer 
terminal half-life with lower immunogenicity than native 
Escherichia coli ASNase, and has started to replace its 
unmodified form in the first-line treatment of ALL [1–6].

The antileukemic effect of ASNase has been explained 
by depletion of circulating asparagine and selective killing 

of leukemic cells [7]. Tumor cells depend on the extracel-
lular supply of asparagine for protein synthesis, and starve to 
death if extracellular asparagine depletion continues. Thera-
peutic drug monitoring of ASNase activity levels is recom-
mended to identify patients with levels that are insufficient 
to cause asparagine depletion (silent inactivation), and has 
been used to adapt treatment schedules [3, 4, 8, 9].

In the AIEOP-BFM ALL 2009 trial, PEG-ASNase was 
used as first-line treatment for children with ALL. The cor-
relation of PEG-ASNase activity levels with clinical param-
eters, such as treatment response or toxic events, was one 
of the objectives of the trial. ASNase activity levels at pre-
defined time points might serve as a first attempt for these 
pharmacokinetic–pharmacodynamic correlations. However, 
due to clinical practice, some samples could not be collected 
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Key Points 

The pharmacokinetics of polyethylene glycol-conjugated 
asparaginase are characterized by an increase in clear-
ance over time and by a high influence of the treatment 
context.

A population pharmacokinetic model allows for the 
estimation of individual drug exposure parameters, 
despite missing values, and thus reliably fills monitoring 
gaps, which are not fully avoidable in drug monitoring 
programs in children.

This significantly expands the options to (1) include 
more patients and (2) provide meaningful individual 
pharmacokinetic estimates for the highly complex analy-
ses of clinical trial results.

2 � Methods

2.1 � Study Design

In the international AIEOP-BFM ALL 2009 trial protocol 
(https​://www.clini​caltr​ials.gov/NCT01​11744​1), children 
aged ≥ 1 year and < 18 years with newly diagnosed ALL 
were treated with multiple antileukemic agents, including 
PEG-ASNase as the first-line preparation. The treatment out-
line of the standard protocol, together with the PEG-ASNase 
administrations (2 h infusion, 2500 U/m2/day, maximal 
absolute dose 3750 U), included in the present analyses are 
presented in the Electronic Supplementary Material (ESM) 
Fig. S1. During induction, two administrations were given, 
one on day 12 and one on day 26. For the non-high risk 
(non-HR) group, a third dose was administered during rein-
duction (scheduled 18 weeks after the administration of the 
last PEG-ASNase dose during induction). Drug monitoring 
was scheduled 7 days and 14 days after administration of 
each dose of PEG-ASNase. The analysis refers to samples 
from patients enrolled in the German and Czech part of the 
multinational trial. Body weight and height were recorded 
before each dose.

The trial protocol (EudraCT Number 2007-004270-43) 
was approved by the appropriate national and local review 
boards and was conducted in accordance with the Declara-
tion of Helsinki and national laws. Informed consent was 
obtained from the parents or guardians of each patient 
included in the study, as required by ethical standards and 
national guidelines. This trial was registered at www.clini​
caltr​ials.gov with the identifier NCT01117441.

2.2 � Determination of ASNase Activity Levels

ASNase activity levels were centrally analyzed as previously 
described [13] (for details see section 1 of the ESM). The 
lower limit of quantification (LLOQ) was 5 U/L.

1 2 3 14
Qtr Qtr Qtr

CLinitial CLinitial CLinitial CLinitial + Qtr

Fig. 1   Schematic view of the transit compartment model. The transit 
model published by Würthwein et al. [10] was simplified by replacing 
the additional CLinduced in the last compartment by Qtr. CLinitial ini-
tial clearance value, Qtr intercompartmental clearance

at the scheduled time points or samples could be missing. 
On the other hand, as shown in the literature, high inter- 
and intraindividual variability of ASNase activity levels, 
together with the observed increase in clearance over time 
after dose (TAD), questions the use of single ASNase activ-
ity levels as a basis for clinical decisions [8–12].

Population pharmacokinetics (PopPK) take the pharma-
cokinetic variability of the drug into account. This model-
dependent approach serves to predict missing data and to 
calculate individual dose intensity parameters, despite 
missing data (e.g., the area under the concentration time 
curve (AUC​0−∞) or the time above predefined ASNase 
activity thresholds in the respective treatment phase). We 
recently published an empirical transit model for PEG-
ASNase within the AIEOP-BFM ALL 2009 trial (Fig. 1) 
[10]. This model might be interpreted in terms of mimicking 
the de-PEGylation of PEG-ASNase as a multistep process 
through a chain of compartments, together with an increase 
in elimination of the partly de-PEGylated molecules [10]. 
In an alternative approach, Kloos et al. [9] implemented a 
one-compartment model with a constant clearance (CL) for 
12.7 days, which increases thereafter to describe this time-
dependent CL. Furthermore, the authors observed a higher 
CL during induction treatment than during intensification 
and maintenance.

The aim of the present project was (1) to investigate the 
impact of the treatment phases and demographic covariates 
on PEG-ASNase pharmacokinetics, (2) to externally vali-
date the model, and (3) to evaluate the predictivity of the 
model for ASNase activity levels and dose intensity in case 
of missing data.

https://www.clinicaltrials.gov/NCT01117441
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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2.3 � Datasets

A detailed overview of the datasets is provided in Fig. S2 
of the ESM.

•	 Based on the Structural Model Dataset with date of 
sample before or on December 31, 2013, the Structural 
Model [10] was built and further reviewed in this study.

•	 Based on the Model Building Dataset with date of diag-
nosis before or on December 31, 2015, we built the 
Covariate Model.

•	 Based on the Final Dataset with date of diagno-
sis before or on December 31, 2016, including all 
patients enrolled in the trial, we built the Final Phar-
macokinetic Model. In this dataset, patients with 
major protocol deviations or insufficient documen-
tation were excluded from pharmacokinetic analy-
sis. Missing information for time of administration 
or time of sampling was replaced (see Table S1 of the 
ESM). The subgroup of patients not included in the 
Model Building Dataset served for external valida-
tion (Testing Dataset).

In order to describe the standard elimination processes of 
PEG-ASNase, we excluded samples in all pharmacokinetic 
datasets (1) after a hypersensitivity reaction, (2) indicating 
silent inactivation, defined as ASNase < 100 U/L within 8 
days and/or undetectable ASNase within 15 days without 
hypersensitivity reaction [14], and (3) being pharmacologi-
cally implausible, with higher ASNase activity levels at later 
time points, compared to earlier time points, within the same 
administration.

2.4 � Population Pharmacokinetic Analysis

NONMEM 7.3.0 and 7.4.4, R (R-3.6.1, http://r-proje​ct.org/), 
PSN (4.9.0, http://psn.sourc​eforg​e.net/), and Pirana (2.9.9, 
https​://www.certa​ra.com/piran​a-softw​are) were used for the 
PopPK analysis and model diagnostics [15–18]. Data prepa-
ration and statistical analysis were performed with SAS (9.4, 
TS1M4; SAS, Heidelberg, Germany).

The published structural transit model [10] was used 
as a starting point for further pharmacokinetic modeling 
[19]. Body surface area (BSA) was calculated according to 
the Mosteller formula [20]. Data < LLOQ (Final Dataset: 
1.9%; 221 of 11,707 samples) were omitted, and the first-
order conditional estimation method with interaction was 
employed.

2.5 � Investigation of Covariate Influence

Age (categorical or continuous change), sex, and body weight 
were evaluated as covariates on the initial clearance (CLinitial). 
In addition, treatment phase and differences between the first 
and second administrations during induction were evaluated 
on CLinitial and volume of distribution (V). BSA was included 
as a covariate in the basic structural model. Covariate selection 
was performed by forward inclusion (α = 0.05) and backward 
exclusion (α = 0.01). For the highly correlated covariates, i.e., 
body weight and BSA (r = 0.988), the covariate with the best 
improvement in objective function value (OFV) was retained 
in the model. Further details and equations are given in sec-
tion 2 of the ESM.

2.6 � Model Selection and Diagnostics

Model selection was based on the likelihood ratio test 
(α = 0.01) for nested models, the Bayesian information crite-
rion for non-nested models and the goodness-of-fit plots. For 
key steps in model development, prediction-corrected visual 
predictive checks (pcVPCs; n = 1000) were performed.

Explored demographic covariates were age, body weight, 
BSA, and sex.

2.6.1 � Internal Model Validation

For the Final Pharmacokinetic Model, a bootstrap analysis 
with 1000 runs was performed. The simulation properties 
were evaluated by pcVPCs.

2.6.2 � External Model Validation

•	 Using the Covariate Model,
	   (i) individual predictions (IPRED) and
	 �  (ii) Bayesian maximum a posteriori estimates of the 

CLinitial (CLinitial, Bayesian) and V (VBayesian)
	 �  were calculated for each patient in the Testing Dataset       

($ESTIMATION with MAXEVAL = 0)
•	 The prediction error (PE) was calculated according to 

Eqs. 1 and 2 as:
	   (i) for observed data (DV):

	   (ii) for a priori predictions (taking V as an example):

	   with Vpop = a priori prediction using the covariates and 
VBayesian = Bayesian maximum a posteriori estimate.

•	 Bias (median PE) and precision (median absolute PE) 
were derived.

(1)PE [%] = (IPRED − DV)∕DV × 100

(2)PE [%] =
(

Vpop−VBayesian

)

∕VBayesian × 100

http://r-project.org/
http://psn.sourceforge.net/
https://www.certara.com/pirana-software
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2.7 � Predictivity in Case of Missing Data

The predictivity of the Final Pharmacokinetic Model in case 
of missing data was assessed using the Final Dataset. To 
achieve this, patients with complete drug monitoring data 
(full dataset) were selected, and samples of these patients 
were deliberately deleted at defined time points by setting 
their DV values to missing and categorizing them with 
EVID = 2. Thus, we generated reduced datasets with artifi-
cial monitoring gaps (detailed description of patient selec-
tion criteria, test scenarios, example datasets and calcula-
tions are presented in section 3 of the ESM). The remaining 
samples and patient covariates were used for Bayesian fore-
casting of ASNase activity levels of the excluded samples 
(the individual predictions of the missing DV values were 
obtained) and the derived pharmacokinetic parameters. 
These data were compared with the nominal values obtained 
for the full dataset as follows:

•	 For reduced datasets,
	   (i) IPRED for excluded samples and

	  (ii) derived parameters AUC​0-∞ and time above 100, 
250, 500, and 1000 U/L for induction and reinduc-
tion were evaluated using the Final Pharmacokinetic 
Model ($ESTIMATION with MAXEVAL = 0).

•	 The PE was calculated according to Eqs. 3 and 4 as:
	   (i) for excluded samples:

	   with DV = observed (nominal) value in the full dataset
	   (ii) for derived parameters (taking AUC​0-∞ for induc-

tion as an example):

with AUC​0-∞ full dataset, induction = nominal AUC​0-∞ in the 
full dataset evaluated for induction.

•	 The percentage of predictions within ± 10% and ± 20% of 
the nominal value and bias and precision were calculated.

For analyses, samples in the time windows day 7 ± 1 and 
day 14 ± 1 were included. In text, tables, and figures, time 
points were reported as ‘day 7’ and ‘day 14’.
Broeker et al. [21] used a comparable approach to test the 
predictive performance of published PopPK models for 
Bayesian forecasting of vancomycin concentrations and 
AUC values.

(3)PE [%] = (IPRED − DV)∕DV × 100

(4)

PE [%] = (AUC0−∞, reduced dataset, induction

− AUC0−∞, full dataset, induction)∕

AUC0−∞, full dataset, induction × 100

3 � Results

3.1 � Dataset

Descriptive statistics of patient characteristics and PEG-
ASNase doses in the Model Building Dataset (1374 patients, 
6069 samples ≥ LLOQ, 115 samples < LLOQ) and the Test-
ing Dataset (1253 patients, 5523 samples ≥ LLOQ, 107 
samples < LLOQ) are provided in Table 1. There was no 
difference in terms of covariate distribution between the two 
datasets.

As a consequence of the monitoring strategy, 45% of the 
samples were collected within a time window of day 7 ± 1 
and 41.9% within day 14 ± 1 after PEG-ASNase administra-
tion (Final Dataset, Fig. S1 of the ESM). Dose-normalized 
ASNase activity levels versus TAD, stratified by PEG-
ASNase administration, are presented in Fig. 2 and Table 2.

3.2 � Population Pharmacokinetic Analysis

3.2.1 � Development of the Covariate Model

A detailed description of the PopPK modeling is provided 
in section 2 of the ESM. The basic structural model [10] 
was simplified by setting CLinduced (the additional clearance 
term in the last transit compartment) equal to the intercom-
partmental clearance Qtr (Model Building Dataset, Fig. 1, 
Table 3). After inclusion of interoccasion variability on 
CLinital and V (decrease in OFV (dOFV)= − 651), interindi-
vidual variability on Qtr or V could be neglected.

For non-HR patients, a marked increase in ASNase activ-
ity levels from induction to reinduction was observed (Final 
Dataset: median dose-normalized ASNase activity levels 
of 901 U/L on day 7 and 547 U/L on day 14 after the first 

Table 1   Summary of demographics and PEG-ASNase dose

Data are presented as median (range) or number
a Three administrations were excluded due to corrections after transfer 
of data for the Model Building Dataset

Variable Model building 
dataset
(n = 1374)

Testing dataset
(n = 1253)

Sex (male/
female)

779/595 741/512

Age [years] 5.13 (1.03–17.9) 5.06 (1.03–18.0)
Height [cm] 113 (71–195) 112 (71–199)
Body weight [kg] 19.55 (8.5–128) 19 (7.7–118)
Body surface 

area
[m2] 0.78 (0.41–2.42) 0.77 (0.39–2.44)

PEG-ASNase 
dose

[U] 1940a (710–4850) 1900 (620–5300)
[U/m2] 2494a (902–4559) 2492 (984–4988)
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PEG-ASNase dose during induction and 1437 U/L on day 7 
and 751 U/L on day 14 after reinduction). These differences 
were modeled by lower CLinitial and V (dOFV = − 1351) dur-
ing reinduction in comparison with the first administration 
during induction, which was used as a reference. A slight 
accumulation of PEG-ASNase activities during induction 
was described by lower CLinitial and V (dOFV = − 286) after 
the second administration compared to the first administra-
tion during induction.

Further testing identified age (constant CLinitial up to 
8 years and a linear increase for older children) and sex 
(7.1% lower CLinitial for females compared to males) as 
covariates on CLinitial.

3.2.2 � Development of the Final Pharmacokinetic Model

The Model Building Dataset included about 50% of the 
patients compared to the Final Dataset. Therefore, we 
repeated and confirmed the covariate selection. The NON-
MEM control file of the Final Pharmacokinetic Model is 
provided in section 4 of the ESM.

3.2.3 � Internal Model Validation

Goodness-of-fit plots of the Final Pharmacokinetic Model 
showed almost evenly distributed conditional weighted 
residuals over the population predictions and time ranges, 
respectively (Fig.  S3 of the ESM). However, a slight 
underprediction of high ASNase activity levels might 
be observed, which is possibly explained by the lack of 
peak levels (only 0.9% of the samples were collected in 
the time intervals day 0–5 after PEG-ASNase administra-
tion). Therefore, there is little information in the data-
set for the first days after administration with observed 
high ASNase activity levels. The pcVPC indicated good 
simulation properties (Fig. 3). Only day 14 levels after 
the second PEG-ASNase administration during induction 
were slightly underpredicted when sampling was sparse 
compared to the other scheduled time points. Bootstrap 
analysis of 1000 runs showed that the median and 95% 
confidence intervals were in line with the model esti-
mations (Table 3), indicating high accuracy of the Final 
Pharmacokinetic Model.

Fig. 2   Asparaginase activity 
levels normalized to PEG-
ASNase dose of 2500 U/m2 
versus time after dose, stratified 
by PEG-ASNase administration. 
Levels below the lower limit 
of quantification were set to 
2.5 U/L. Admin administration

Induction 1. admin Induction 2. admin Reinduction

0 10 20 30 0 10 20 30 0 10 20 30

10

100

1000

Time after dose [days]

A
S

N
as

e 
ac

tiv
ity

 [U
/L

]

Table 2   Asparaginase activity 
levels (in U/L) at day 7 ± 1 and 
day 14 ± 1 after the respective 
PEG-ASNase administration

 These data of the Final Dataset are normalized to a PEG-ASNase dose of 2500 U/m2

Admin administration, N number of samples

PEG-ASNase administration N Min 25th percentile Median 75th percentile Max

Day 7 ± 1 after the respective administration
 Induction 1st admin 1958 193 737 896 1076 2458
 Induction 2nd admin 1765 103 991 1259 1623 3353
 Reinduction 1431 371 1205 1437 1722 2970

Day 14 ± 1 after the respective administration
 Induction 1st admin 2193 22 428 543 662 1556
 Induction 2nd admin 1288 6 473 629 782 1939
 Reinduction 1324 10 618 751 883 1958
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Fig. 3   Prediction-corrected 
visual predictive check stratified 
by PEG-ASNase administration. 
Red line, median of the obser-
vations; blue lines, 2.5 and 97.5 
percentiles of the observations; 
shaded areas, 95% confidence 
intervals for simulated data 
(1000 simulated datasets) for 
the corresponding percentiles; 
dots, observed asparaginase 
activity levels (during phar-
macokinetic modeling, levels 
below the lower limit of quanti-
fication were excluded)

Fig. 4   Predictivity of the final pharmacokinetic model. For patients 
with all scheduled monitoring samples available, defined sam-
ples after the same administration were excluded. The population 
pharmacokinetic model was used for Bayesian forecasting of (1) 
individual predictions for these excluded samples, (2) area under 
the concentration time curve AUC​0-∞, (3) time >  100  U/L, and (4) 

time > 1000 U/L. Percentage of predictions within ± 10% (light red 
bar) or within ±  20% (blue bar) of the nominal value were calcu-
lated (nominal values were defined for: (1) ASNase activity levels: 
observed value and (2–4) AUC​0-∞ and time above different thresh-
olds: parameters evaluated based on the final dataset)
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3.2.4 � External Model Validation

The Covariate Model accurately predicted ASNase activity 
levels in the Testing Dataset not used for model building, 
with low bias (− 3.6%) and high precision (8.6%). A priori 
individual parameter estimates were unbiased (CLinitial: 
bias + 2.5%; V: bias: − 1.0%), with high precision for both 
CLinitial (17.9%) and V (3.5%). Subgroup analyses showed 
only a slightly higher bias of − 5.5% for day 14 after PEG-
ASNase administration during induction compared to the 
other time points (bias: − 2.7 to − 0.2%).

3.3 � Predictivity in Case of Missing Data

A Bayesian forecasting approach was employed to test the 
predictivity of the Final Pharmacokinetic Model in case of 
samples being excluded (Final Dataset, see section 2.6). 
Results for the percentage of predictions within ± 10% or 
± 20% of the nominal value are given in Fig. 4 (scenarios 
with samples after the same administration being excluded), 
Tables S2 (all scenarios, results stratified by treatment 
phase), and S3 (all scenarios, results for excluded samples 
stratified by time point) of the ESM. Percentiles of the PEs 
are provided in Fig. S4 of the ESM.

For the different scenarios tested, 26–37% of the indi-
vidual predictions for excluded samples were within ± 10%, 
and 52–65% were within ± 20% of the observed (nominal) 
value. Results were irrespective of the time point or number 
of excluded samples. The bias was in the range of − 7.6 to 
0.4%. Subgroup analyses stratified by time point indicated 
slight underpredictions for day 14 samples during induction 
(first PEG-ASNase administration: − 8.0 to − 2.6%; second 
PEG-ASNase administration: − 9.2 to − 7.1%), whereas no 
bias was observed for the other time points (− 3.0 to 2.1%). 
Irrespective of the number of excluded samples, good preci-
sion (14.8–19.2%) was obtained.

For the derived parameter AUC​0-∞, the percentage of 
predictions within ± 10% of the nominal value slightly 
decreased with the number of excluded samples (one sam-
ple: > 88%, two samples during induction: > 81%, two sam-
ples during reinduction: > 70%, and three samples during 
induction: > 67%). For all scenarios > 91% of the predic-
tions were within ± 20% of the nominal value.

For time > 500 U/L and time > 1000 U/L (the pharma-
cokinetic parameters with pronounced influence on AUC​0-∞ 
calculation) deviations of predictions from the parameter 
evaluated based on the full dataset (nominal value) were 
slightly higher compared to the results observed for AUC​
0-∞ (e.g., for time > 1000 U/L with three samples during 
induction being excluded, > 82% of the predictions were 
within ± 20% of the nominal value).

Predictions for AUC​0-∞, time > 500 U/L, and time > 
1000 U/L were almost unbiased (− 3.2 to 1.8%) and showed 

high precision (0.2–9.4%). Bias and imprecision only 
slightly increased with the number of excluded samples.

For time > 100 U/L and time > 250 U/L, > 86% of pre-
dictions were within ± 10% of the nominal value. Results 
were irrespective of the number of excluded samples. Only 
scenarios with samples on day 14 or day 7 + 14 during rein-
duction being excluded showed slightly lower percentages 
(> 78%). For all scenarios, > 95% of the predictions were 
within ± 20% of the nominal value. Predictions were unbi-
ased (− 0.5 to 1.5%) with high precision (0.0–4.9%).

4 � Discussion

The pharmacokinetics of PEG-ASNase are characterized 
by an increase in elimination over TAD, which might be 
explained by in vivo hydrolysis of the unstable ester bond 
between PEG and the enzyme combined with increased 
elimination of the partly de-PEGylated enzyme [10]. 
ASNase activity levels at predefined time points might serve 
for pharmacokinetic–pharmacodynamic correlations within 
the AIEOP-BFM ALL 2009 trial. However, due to clinical 
practice, monitoring compliance decreased from 86% on 
day 14 after the first PEG-ASNase administration to 56% at 
day 14 after the second PEG-ASNase administration during 
induction. Missing data, together with the observed high 
inter- and intraindividual variability of the drug, show the 
need to better understand the pharmacokinetics. Based on 
the recently published empirical transit PopPK model for 
PEG-ASNase [10] (Fig. 1), we built up the Covariate Model, 
and evaluated the predictivity of the model in case of miss-
ing data. Such evaluations are important preconditions for 
subsequent analyses of potential pharmacokinetic–pharma-
codynamic correlations. The nonlinear mixed-effects mod-
eling approach used in our PopPK analysis is especially 
appropriate in children, because it allows for sparse data 
situations with flexible sampling time points, where the tra-
ditional two-stage approach is not applicable [22, 23].

4.1 � Population Pharmacokinetic Analysis

The covariate selection was built up based on the Model 
Building Dataset (1374 patients, 6069 samples), and con-
firmed based on the Final Dataset (2545 patients, 11,486 
samples). For non-HR patients, marked differences in drug 
exposure between induction and reinduction were observed 
with about 60% higher median dose-normalized ASNase 
activity levels (about 1450 U/L after reinduction compared 
to about 900 U/L on day 7 ± 1 after the first PEG-ASNase 
administration during induction) (see section 2 of the ESM). 
This huge difference was modeled by lower CLinitial (41.2%) 
and V (28.4%) during reinduction in comparison with the 
first administration during induction, which was used as a 
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reference. Furthermore, CLinitial (11.0%) and V (15.9%) were 
lower during the second administration in comparison with 
the first administration during induction. Covariate analyses 
showed a linear increase in CLinitial for children aged > 8 
years, and lower CLinitial for females. Our model showed 
good predictive performance for the Testing Dataset (1253 
patients).

The observed differences in the pharmacokinetics of 
PEG-ASNase between administrations and treatment phases 
can hardly be explained by changes in chemotherapy (induc-
tion: daunorubicin; reinduction: doxorubicin), corticoster-
oids (induction: prednisone or dexamethasone; reinduction: 
dexamethasone) or immunomodulators. Moreover, changes 
in the demographic and biologic characteristics might be 
responsible for the observed differences. However, particu-
larly with regard to V, changes between induction and rein-
duction are first based on statistical terms to describe the 
observed huge increase in ASNase activity levels. For PEG-
ASNase (a large molecule with molecular weight of about 
513 kDa showing no protein binding [7]), V might reflect the 
plasma volume of the patient, which is about 50 mL/kg and 
almost constant in children [24]. Of note, only 0.9% of the 
samples were collected within days 0–5 after administration; 
these samples would provide the most information on the 
change of V between treatment phases. However, the V in 
reinduction (median: 44.4 mL/kg for males and females) still 
seems pharmacologically plausible, as 88% of the data for 
males and 96% for females were above the lower confidence 
limit reported for plasma volume in children [24].

In a patient cohort of 110 pediatric patients, Kloos et al. 
[9] implemented a PopPK model with time-dependent CL 
for PEG-ASNase. In their evaluations, the V was estimated 
to be 0.94 L/m2, which was equivalent to about 30 mL/kg, 
and thus significantly lower than the plasma volume. How-
ever, the authors also observed differences in CL between 
treatment phases that were less pronounced. CL appeared 
11% lower during medium risk (MR) intensification and 19% 
lower during MR maintenance compared to that during treat-
ment phase 1A. Administration of specific chemotherapeutic 
agents, the physical condition of the patients, and changes in 
the mononuclear phagocyte system are discussed as possible 
causes [9]. Further work is required to explore this, which 
up to now is not fully understood treatment phase-dependent 
pharmacokinetic behavior. Our general PopPK model, which 
is based on demographic covariates, now allows direct com-
parisons of the pharmacokinetics of PEG-ASNase between 
different clinical trials. The treatment phase-dependent phar-
macokinetics concern the question of dosing guidelines, as 
suggested by Kloos et al. [9]. It also explains that the model 
reported by Hempel et al. [11], which is based on mixed 
monitoring data from induction and/or relapse treatment of 
different trials, was not predictive for our cohort.

4.2 � Predictivity in Case of Missing Data

We evaluated the predictivity of the Final Pharmacokinetic 
Model in case of missing data. For patients with all sched-
uled monitoring samples being available, some samples were 
excluded, and the PopPK model was used to forecast (1) the 
individual predictions for these excluded samples and (2) 
the derived pharmacokinetic parameters AUC​0-∞ and time 
above different thresholds for induction and reinduction.

Only > 52% of the predictions for excluded samples, 
our ‘artificial monitoring gaps’, were within ± 20% of the 
observed values. However, this has to be interpreted in the 
context of the EMA guideline for the analysis of drug con-
centrations in biological matrices [25]. For at least 75% of 
the calibration standards and for 67% of the quality con-
trol samples, the back calculated concentrations should be 
within ± 15% of the nominal values. Additionally, for at 
least 67% of the reanalyzed samples, the percent difference 
should not be > 20% of their mean. This adds four aspects 
to our precision modeling: (1) we have to accept that even 
the ‘true’ analyzed monitoring activity levels do have an 
internal uncertainty as described in the guidelines, (2) the 
rather high residual error (18.9%) is in line with the ana-
lytical uncertainty, (3) high intraindividual variability is 
observed for PEG-ASNase activities [12], and (4) we can 
take this frame of acceptable uncertainty as justification for 
our PopPK model. The model describes, despite missing 
values, the clinically relevant dose intensity parameters, with 
an accuracy being within the ranges defined for single moni-
toring analysis. For the derived pharmacokinetic parameters, 
> 67% of the predictions were within ± 10%, and > 91% 
were within ± 20% of the nominal values, irrespective of 
the number of samples being excluded. The best predic-
tions were observed for time > 100 U/L (levels considered 
to be sufficient for complete asparagine depletion [14]), with 
> 80% of predictions within ± 10% of the nominal value. If 
three samples during induction or both samples during rein-
duction were excluded, only for time > 1000 U/L, > 53% of 
the predictions were within ± 10% and > 82% were within 
± 20% of the nominal values.

In the scenarios tested, we observed a slight underpre-
diction for excluded samples, which was more pronounced 
for day 14 samples during induction (bias − 9.2 to − 2.6%) 
compared to the other time points (bias − 3.0 to 2.1%). 
The pcVPC and the external validation also indicated a 
slight underprediction of day 14 samples during induction. 
However, derived pharmacokinetic parameters were unbi-
ased (− 3.2 to 1.8%). Furthermore, individual predictions 
(14.8–19.2%) and pharmacokinetic parameters (0–9.4%) 
were evaluated with high precision. However, the model can-
not predict peak levels of ASNase activity with absolute cer-
tainty. High ASNase activity levels may have been slightly 
underpredicted, which might result in slight underprediction 
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of AUC​0-∞ values or times above high ASNase thresholds 
(e.g., 1000 U/L). This shortcoming of the model does not 
affect nonparametric, distribution-free interindividual com-
parisons of AUC​0-∞ values or times above threshold esti-
mates for 100 U/L or 400 U/L. The methodological and 
pharmacological issues presented here need an unbiased 
scientific discussion. The dose intensity parameters can be 
used for a wide range of analyses to be prospectively planned 
once the whole spectrum of clinical data becomes available.

5 � Conclusion

A PopPK model for PEG-ASNase was successfully estab-
lished and externally validated to account for the time-
dependent CL, the marked differences in drug exposure 
between induction and reinduction, and the slight accumu-
lation during induction within the AIEOP-BFM ALL 2009 
trial. For patients treated with PEG-ASNase according to 
this protocol, the PopPK model allows for the calculations 
of AUC​0-∞ or times above different thresholds with sufficient 
precision, even in case of missing data. Such parameters 
describe the individual pharmacokinetics with significantly 
more information obtained from the patient, as well as from 
the population, than simple trough levels can do. In addition, 
the surrogates for drug exposure can be obtained from signif-
icantly more patients compared to fully realized monitoring 
protocols. The PopPK approach permits high tolerance for 
variation in the practical schedule procedures and allows for 
flexibility in patient needs in pediatric clinical trials. Even 
gaps in monitoring due to non-compliance or the practical 
needs of the wards can be overcome.
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