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Abstract
Introduction The pharmacokinetics (PK) of the 20S proteasome inhibitor bortezomib are characterized by a large volume of
distribution and a rapid decline in plasma concentrations within the first hour after administration. An increase in exposure
was observed in the second week of treatment, which has previously been explained by extensive binding of bortezomib to
proteasome in erythrocytes and peripheral tissues. We characterized the nonlinear population PK and pharmacodynamics
(PD) of bortezomib in children with acute lymphoblastic leukemia.
Methods Overall, 323 samples from 28 patients were available from a pediatric clinical study investigating bortezomib at an
intravenous dose of 1.3 mg/m2 twice weekly (Dutch Trial Registry number 1881/ITCC021). A semi-physiological PK model
for bortezomib was first developed; the PK were linked to the decrease in 20S proteasome activity in the final PK/PD model.
Results The plasma PK data were adequately described using a two-compartment model with linear elimination. Increased
concentrations were observed in week 2 compared with week 1, which was described using a Langmuir binding model. The
decrease in 20S proteasome activity was best described by a direct effect model with a sigmoidal maximal inhibitory effect,
representing the relationship between plasma concentrations and effect. The maximal inhibitory effect was 0.696 pmol
AMC/s/mg protein (95% confidence interval 0.664–0.728) after administration.
Conclusion The semi-physiological model adequately described the nonlinear PK and PD of bortezomib in plasma. This
model can be used to further optimize dosing of bortezomib.

Key Points

1 Introduction

An increase in pediatric exposure to bortezomib was
observed in the second week of treatment, presumably
caused by saturable binding in erythrocytes.

The 5-year overall survival of children with acute lymphoblastic leukemia (ALL) exceeds 85% after primary treatment. However, relapse occurs in approximately 15–20% of
patients, and only 40% of relapsing patients can be cured,
mainly as a result of emerging resistance to conventional
chemotherapy [1]. To improve the treatment options for
pediatric malignancies, the development of new anticancer
drugs is essential. Novel anticancer agents inhibiting specific
molecular targets have promise to overcome resistance to
previously administered therapy, and to enhance survival
rates [2].
Bortezomib is a small dipeptidyl boronic acid exhibiting reversible inhibitory effects on the chymotrypsinlike proteolytic activity of the 20S proteasome. By binding the 20S proteasome, bortezomib interferes with the

This analysis provides the first population-based analysis
combining the pharmacodynamics and time-dependent
pharmacokinetics of bortezomib.
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ubiquitin–proteasome pathway, which plays a pivotal role
in the degradation of proteins involved in tumor cell proliferation and cell survival [3, 4]. Bortezomib is registered for
the treatment of adults with multiple myeloma (MM) as a
2-weekly schedule of 1.3 mg/m2 intravenously on days 1, 4,
8, and 11 [3]. The results from preclinical and in vivo studies
showed high antileukemic activity of bortezomib towards
ALL cell lines [5].
Bortezomib pharmacokinetics (PK) have been studied in
adults with relapsed MM and are characterized by a large
volume of distribution and rapid decline in plasma concentrations within the first hour after administration. In addition,
a marked increase in bortezomib exposure associated with
a decrease in clearance was observed in the second week
of treatment [4, 6]. The pharmacodynamic (PD) effect of
bortezomib can be measured by 20S proteasome activity in
whole blood. In adults, a rapid inhibition of 20S proteasome
activity directly after drug administration was observed.
Inhibition levels followed systemic exposure and declined
with decreasing plasma concentrations. In accordance with
the PK observations, the maximum 20S proteasome inhibition was higher in the second week of treatment [4, 6]. In
several pediatric studies with a limited number of patients,
bortezomib PK and PD were shown to be similar to that
observed in adults [7–9]. A recently developed population
PK model confirmed these results in a larger group of pediatric patients [10]; however, a semi-mechanistic characterization of the nonlinear PK behavior in children has not yet
been published.
We previously conducted a phase II clinical trial investigating bortezomib in pediatric patients with ALL, where
bortezomib was administered in a twice-weekly 1.3 mg/m2
dosing schedule. Clinical results of this study have been presented earlier [11]. The primary goal of the population PK
analysis that we present here was to characterize the timedependent PK/PD profile of bortezomib in pediatric patients
in a semi-physiological approach to better understand the
processes driving observed nonlinearities.

2 Methods
2.1 Patients, Sampling and Analytical Methodology
An open-label, randomized, feasibility, phase II study combining bortezomib with conventional chemotherapy for the
treatment of pediatric patients with relapsed/refractory ALL
(rALL) was conducted by the Innovative Therapies for Children with Cancer (ITCC) consortium (Dutch National Trial
Registry number 1881/ITCC021) [11]. The primary aim of
this clinical study was to assess the antileukemic activity of
bortezomib in combination with conventional chemotherapy
in pediatric rALL. All patients were repeatedly treated with

bortezomib at an intravenous dose of 1.3 mg/m2 in a 2-week
cycle, and were randomized to receive bortezomib on days 1,
4, 8, and 11 in arm A, or on days 8, 11, 15, and 18 in arm B.
Patients were additionally treated with standard re-induction
chemotherapy consisting of 2 weeks of dexamethasone combined with two injections of vincristine administered once
weekly, and with intrathecal administration of methotrexate.
Samples for PK and PD assessment were collected after the
first and third administration days of the first cycle after the
start of treatment at time points predose and 15 min, 3, 8,
24, 48, and 72 h after dose. An additional sample was taken
30 min after dose on the second administration day. Demographic characteristics such as age, sex, total body weight,
and height were recorded at the start of treatment. Informed
consent was obtained from all individual participants or their
legal guardians.
After collection, peripheral blood samples for PK analysis
were centrifuged at 4 °C for 10 min at 1000 g, and plasma
was stored at −70 °C until analysis. Separation between
metabolites and interfering endogenous compounds and
detection was achieved by liquid chromatography–tandem
mass spectroscopy (LC–MS/MS) using a Waters Xbridge
Shield RP18/50 × 2.1 mm, 3.5 μm column at 40 °C, and
using a ternary gradient of 0.1% formic acid in water as
mobile phase A, acetonitrile as mobile phase B, and 2-pro
panol:acetonitrile:water:ammonia (30:30:40:2, v/v/v/v) as
mobile phase C. The initial flow rate was 0.40 mL/min. A
Sciex 4000 quadrupole mass spectrometer equipped with a
turbo ion spray source was used for detection in the positive
ion model. Quantification was based on multiple reaction
monitoring of the transitions of m/z 367.2–226.2 for bortezomib and 376.3–234.2 for its internal standard. A linear
calibration curve with a 1/x2 weighting factor ranging from
0.1 to 25.0 ng/mL was used.
The 20S proteasome activity was determined by measuring the rate of proteolytic hydrolysis of a fluorescent tagged
peptide substrate Suc-Leu-Leu-Val-Tyr-AMC, in a lysate
prepared from peripheral whole blood samples. The activity was normalized to the amount of protein present in the
sample lysate. Protein concentrations were determined using
a Pierce BCA Protein Assay Kit (R2 > 0.99), and the specific
activity of each sample was determined against an AMC
standard curve.

2.2 Model Development
2.2.1 Structural Model
For a description of the PK of bortezomib, one- to threecompartment models were evaluated using the bortezomib
concentrations that were measured in plasma (C plasma).
Previously, binding of bortezomib to erythrocytes was
suggested [12]. A semi-physiological approach was tested
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to describe this distribution, using the Langmuir equation
for saturable binding equilibriums (Eq. 1).

Cbound =

Bmax ⋅ Cplasma
Cplasma + KD

(1)

,

where Bmax (ng/mL) corresponds to the maximal binding
capacity, and KD (ng/mL) is the equilibrium dissociation
constant, i.e. if the plasma concentration is equal to KD,
the bound concentration (Cbound) is half maximal. It was
assumed that the distribution of bortezomib within the
central compartment occurred instantaneously. Hence, the
fractions of erythrocyte bound and unbound bortezomib in
whole blood and plasma, respectively, were assumed to be
in equilibrium at any moment.
Total body weight (WT) was included in the PK model
a priori using allometric scaling. All clearance and volume
parameters were scaled to the median body weight in the
dataset (i.e. 32 kg). The allometric exponents were fixed to
0.75 for clearance parameters, and 1 for volumes of distribution, according to allometric principles (Eqs. 2 and 3) [13].

(
PCL = P0CL ⋅
(
PV = P0V ⋅

WT
32

)0.75

(2)

,

)
WT
,
32

(3)

where P represents the body weight-adjusted population
parameter, and P0 represents the baseline population parameter estimate for parameter P. For all patients, body weight
at baseline was available.
An additional effect of maturation on clearance was also
explored by extending Eqs. 1–4 [14, 15].

(
PCL = P0CL ⋅

WT
32

)0.75
⋅

PMAHill
,
PMAHill
+ PMAHill
50

(4)

where PMA50 is the postmenstrual age (PMA; gestational
plus postnatal age) at which clearance reached 50% maturity,
and Hill is the shape parameter.
Sequential modeling of the PK and PD was used to determine the PK/PD model. The PD model was developed using
the typical parameters from the final PK model as input,
simulating individual bortezomib concentrations [16]. Models using either simulated Cplasma or Cbound as PK drivers
were explored. Exploratory plots were used to determine the
relationship between the PK and the decreases in 20S proteasome activity after bortezomib administration. Linear, maximal inhibitory effect (Emax) and sigmoidal Emax relationships
between PK and 20S proteasome activity were investigated.
Weight, sex and treatment arms were assessed as covariates
for clinical and statistical significance.

2.2.2 Stochastic Model
Between-subject variability (BSV) and within-subject
variability (WSV) were evaluated for all parameters using
an exponential error model (Eq. 5):
(5)
where Pi represents the individual parameter estimate for
individual i, Ppop represents the typical population parameter estimate, ηi represents either the BSV or WSV effect
for individual i, and where ηi was assumed to be normally
distributed following N (0, σ2). Occasions were defined as
individual treatment weeks, in which week 1 consists of the
first and second bortezomib administration, and week 2 consists of the third and fourth administration.
Residual unexplained variability was described using a
proportional error model (Eq. 6):

Pi = Ppop ⋅ exp (𝜂i,BSV + 𝜂i,WSV ),

(6)
where Cobs,ij represents the observed concentration for individual i and observation j, Cpred,ij represents the individual
predicted concentration, and εp,ij represents the proportional
error distributed following N (0, σ2).

Cobs,ij = Cpred,ij ⋅ (1 + 𝜀p,ij ),

2.3 Model Selection and Evaluation
The model selection criteria were the same for both the
PK and PD analyses. Discrimination between models
was guided by physiological plausibility, goodness-of-fit
(GOF) plots, precision of parameter estimates, and change
in objective function value (OFV). A drop of ≥ 6.63, corresponding to p < 0.01 (Chi-square distribution with 1
degree of freedom), was considered a significant improvement in the fit for hierarchical models. The adequacy of
the models was assessed using GOF plots and predictioncorrected visual predictive checks (pcVPC) [17]. Parameter precision was obtained by sampling importance resampling (SIR) [18].

2.4 Software
Nonlinear mixed-effects modeling was performed using
NONMEM® version 7.3 (ICON Development Solutions,
Ellicott City, MD, USA) and Perl-speaks-NONMEM
(PsN, version 4.4.8), with first-order conditional estimation with interaction (FOCE-I) as the estimation method.
Piraña version 2.9.7 was used as the graphical user interface for NONMEM [19–21], and R version 3.4.3 was used
for processing the data, graphical diagnostics, and simulation purposes [22].
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3 Results
3.1 Patients and Data
A total of 323 PK plasma samples and 356 PD whole blood
samples from 28 patients were included in the final analysis
data set. The median number of bortezomib plasma concentrations available per patient was 13 (range 4.0–14.0)
and the median number of 20S proteasome activity samples was 15 (range 5.0–16.0). The patient characteristics are
depicted in Table 1. The overall mean age at baseline was
9.94 years (range 1.0–17.6) and the mean weight at baseline
was 34.4 kg (range 7.8–69.7). The clinical results have been
described in detail by Kaspers et al. [11]

3.2 Population Pharmacokinetic Analysis
A quick decrease in bortezomib plasma concentrations was
observed within 1 h after administration. The observed
concentration-time profiles were well-described using a
two-compartment model with first-order elimination. Total
body weight was included a priori as an allometric function
for body size effect on all parameters; an additional maturation effect could not be identified. In addition, sex could
not be identified as a covariate that affected the PK in our
population.
To explore the marked difference in plasma concentrations between the first and second treatment weeks, an
empirical approach was used first. Clearance and volume of
distribution parameters were estimated separately for both
treatment weeks, showing that the central and peripheral
volumes of distribution were notably larger in the first week
of treatment. No difference in clearance was found between
the 2 weeks. Saturable nonspecific binding of bortezomib in
Table 1  Patient characteristics

the central compartment was introduced in the model and
resulted in a strong improvement in model fit (difference in
OFV = − 80). Furthermore, with the introduction of saturable binding, the decrease in volume of distribution during treatment disappeared. The parameter estimates for the
final model are summarized in Table 2. The clearance of
bortezomib from the central compartment was estimated at
6.32 L/h (95% confidence interval (CI) 3.76–9.83). Volumes
of distribution were large, i.e. 68.8 L (95% CI 44.7–104)
and 622 L (95% CI 388–1102) for the central and peripheral
volumes of distribution, respectively. Figure 1 shows a schematic representation of the semi-physiological model. The
relationship between Cbound and Cplasma within the central
compartment was well-described using the Langmuir equation. Bmax was estimated at 60.4 ng/mL (95% CI 34.4–105)
and KD was estimated at 60.6 ng/mL (95% CI 33.4–113).
The model included BSV on Bmax, which was estimated as
51.8% (95% CI 39.2–70.7). The introduction of BSV on the
remaining structural parameters resulted in overparameterization of the model. In addition, the incorporation of WSV
did not result in a significant improvement of the model.
Residual unexplained variability was characterized by a proportional error [percentage coefficient of variation (CV%)]
of 68.1% (95% CI 63.1–74.1).

3.3 Population Pharmacodynamic Analysis
A quick decrease in 20S proteasome activity directly after
administration of bortezomib, with recovery to baseline
before administration of the following dose, was observed.
This decrease was adequately described using a direct effect
inhibitory sigmoidal Emax model with proportional error.
The relationship between drug exposure and 20S proteasome activity (PI) was described using the simulated Cplasma:

Age categories, years

1 to < 6

6 to < 12

12 to < 18

All patients

Total no. of patients
No. of PK samples
PK samples/patient (mean ± SD)
No. of PD samples
PD samples/patient (mean ± SD)
Age, yearsa (mean ± SD)
Height, m (mean ± SD)
Weight, kg (mean ± SD)
Body surface area, m2 (mean ± SD)
Sex [n (%)]
Male
Female

6
68
11.3 ± 3.77
82
13.7 ± 4.27
1.89 ± 0.93
82.3 ± 7.63
10.1 ± 1.88
0.47 ± 0.05

10
113
11.3 ± 3.16
132
13.2 ± 3.29
8.59 ± 1.54
128.6 ± 8.15
27.7 ± 5.46
0.99 ± 0.12

12
142
11.8 ± 2.17
142
14.2 ± 2.66
15.1 ± 1.58
155.0 ± 10.8
52.2 ± 9.83
1.49 ± 0.16

28
323
11.7 ± 2.72
356
13.7 ± 3.21
9.94 ± 5.37
130 ± 29.4
34.4 ± 18.4
1.09 ± 0.42

4 (66.7)
2 (33.3)

8 (80.0)
2 (20.0)

4 (33.3)
8 (66.7)

16 (57.1)
12 (42.9)

PK pharmacokinetic, PD pharmacodynamic, SD standard deviation

a

Age at baseline
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Table 2  Parameter estimates
of bortezomib in the final
pharmacokinetic model
Population parameter
Clearance (CL)b
Central volume of distribution (Vc)b
Intercompartment clearance (Q)b
Peripheral volume of distribution (Vp)b
Equilibrium dissociation constant (KD)
Bmax
Between-subject variability
Bmax
Residual unexplained variability
Proportional residual error

Units

Estimate

95% CIa

Shrinkage
(%)

L/h
L
L/h
L
ng/mL
ng/mL

6.32
68.8
34.5
622
60.6
60.4

3.76–9.83
44.7–104
21.8–53.0
388–1102
33.4–113
34.4–105

–
–
–
–
–
–

CV%

51.8

39.2–70.7

3

CV%

68.1

63.1–74.1

4

CI confidence interval, CV% percentage coefficient of variation, Bmax maximal binding capacity

a

b

95% CI values were obtained from sampling importance resampling
Typical parameters provided for the median weight (i.e. 32 kg)

(
PI = PI0 ×

Fig. 1  Schematic representation of the semi-physiological PK model
for bortezomib. Instantaneous equilibriums are depicted by the solid
arrows, and open arrows represent the kinetic processes. Bortezomib
concentrations are measured in the plasma compartment. PK pharmacokinetic

(

1−

Hill
Emax × Cplasma

))

Hill
ECHill
50 + Cplasma

(7)

,

where PI0 is the 20S proteasome activity at baseline, Emax
and EC50 are the maximal decreases in 20S proteasome
activity and bortezomib Cplasma at which the effect is half
maximal, respectively, and Hill is the shape parameter.
Linear and Emax models were also investigated. Introduction of the Hill parameter resulted in a significantly improved
fit and was thus retained in the final model. Exploration of an
effect compartment model resulted in a large effect compartment rate estimate and no further improvement in model fit,
which confirmed the adequateness of the direct effect model.

Table 3  Parameter estimates of 20S proteasome activity in the final pharmacodynamic model
Units
Population parameter
20S proteasome activity at baseline (Ebase)
Maximal inhibitory effect (Emax)
Sensitivity (EC50)
Shape parameter (Hill)
Between-subject variability
20S proteasome activity at baseline (Ebase)
Residual unexplained variability
Proportional residual error

pmol AMC/s/mg protein
pmol AMC/s/mg protein
ng/mL
–

Estimate
0.104
0.696
2.03
1.96

95% CI values were obtained from SIR

Shrinkage (%)

0.087–0.124
0.664–0.728
1.75–2.33
1.56–2.47

–
–
–
–

CV%

40.7

32.3–49.3

12

CV%

20.7

19.2–22.6

4

CI confidence interval, CV% percentage coefficient of variation, AMC 7-amino-4-methycoumarin
a

95% CIa
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Univariate inclusion of covariates on the structural parameters did not improve the model fit. The final parameter estimates are summarized in Table 3. The maximal decrease
in 20S proteasome activity was 0.696 pmol AMC/s/mg
protein (95% CI 0.664–0.728), and 20S proteasome activity at baseline was 0.104 pmol AMC/s/mg protein (95% CI
0.087–0.124), with 40.7% (95% CI 32.3–49.3%) BSV.

3.4 Model Evaluation

The pcVPC of the PD model (Fig. 3) showed an overprediction of the 20S proteasome activity at 8 h postdose.
In addition, the CWRES versus time plot showed a slight
trend towards negative CWRES values after the third administration. Nevertheless, the GOF plots (Fig. 2) and pcVPC
showed an adequate description of the 20S proteasome
activity measured immediately after dose administration
until 8 h postdose, by the final PD model.

The GOF plots and pcVPC showed that the final models
adequately described the PK and variability of the observed
bortezomib plasma concentrations for each treatment week
(Figs. 2, 3). This indicates that the incorporation of saturable binding of bortezomib in the central compartment adequately explained the nonlinearity in the observed PK profiles. A trend towards higher conditional weighted residual
(CWRES) values for higher concentrations was observed.
Nevertheless, the 95% CIs that were obtained by SIR were
reasonably narrow, except for KD and Bmax, which can be
explained by the fact that detailed information on target
binding was not available.

4 Discussion

Fig. 2  Goodness-of-fit plots of the final PK and PD models. Modelpredicted log-transformed bortezomib concentrations (ng/mL) and
20S PA, including individual (IPRED) and population predictions

(PRED) vs. observed values and CWRES vs. time after the first dose
and PRED. PK pharmacokinetic, PD pharmacodynamic, PA proteasome activity, CWRES conditional weighted residuals

The complex PK of bortezomib were adequately described
using a two-compartment model with linear elimination.
Incorporation of nonlinear binding in the central compartment significantly improved the model fit and explained the
higher plasma concentrations in the second week of treatment. The distribution in whole blood was previously investigated in MM patients [23]. The bortezomib concentration
in whole blood was found to be approximately threefold
higher than that in plasma. In addition, whole blood concentrations increased during treatment, suggesting a limited

Semi-Mechanistic Population PK/PD Model of Bortezomib in Pediatric rALL
Fig. 3  Prediction-corrected
visual predictive check of the
final PK (upper panels) and PD
(lower panels) model stratified
by treatment week. Solid lines
and darker blue areas represent
the median observed values
and simulated 80% CIs, and
dashed lines and light blue areas
represent the 10% and 90% percentiles of the observed values
and 80% CIs of the simulated
percentiles (n = 1000). PK pharmacokinetic, PD pharmacodynamic, CIs confidence intervals
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accumulation of bortezomib in red blood cells. Furthermore, Zhang and Mager developed a physiologically based
PK model incorporating saturable target binding to capture
the nonlinear bortezomib tissue distribution in mice. Bortezomib showed reversible high affinity for binding to the
proteasome. As a result of high abundance of the proteasome
in erythrocytes, and slow dissociation kinetics, bortezomib
is expected to rapidly bind but slowly dissociate from proteasome in erythrocytes, and thus accumulate in red blood
cells [12]. Notwithstanding, it could be hypothesized that
bortezomib may bind to other proteins present in human
plasma. Our semi-physiological model is the first description of the nonlinearity in bortezomib PK in both children
and adults. Although the current data were obtained from a
trial in children, our modeling approach could be used for
other drugs that are used in the treatment of both adult and
pediatric patients that show distribution to erythrocytes.
In the final PK model, large residual unexplained variability was observed. This may be due to inconsistencies in
sample collection and registration of dosing and sampling
records. Given the fast decline in concentrations within the
first hour after administration, small deviations between the
actual and registered administration and sampling times
may easily lead to high residual variability. Nevertheless,
the registered administration times were used in the analysis.
Additionally, we were unable to include BSV or covariate
effects on structural parameters other than BSV on Bmax,
and body weight on all volumes of distribution and clearance parameters. Despite this limitation, the diagnostic plots
and pcVPC show that the observed concentrations are well
captured by the model.
The 20S proteasome activity versus time profile following
bortezomib administration was well-described by an inhibitory sigmoidal Emax model, indicating that 20S proteasome
activity in peripheral whole blood samples is directly related
to bortezomib Cplasma. Large variability in baseline 20S proteasome activity was observed, which is demonstrated by the
40.6% BSV on baseline effect in our model. The covariates
that were available were unable to explain this variability.
The overprediction of the 20S proteasome activity at 8 h
postdose can be explained by the use of the direct effect
model with simulated Cplasma as input. Some patients did not
recover to baseline before the next dose was administered.
At this time, the concentrations in plasma are low, while
there is still drug bound to the proteasome. Direct effect
models using estimated Cbound were explored but could not
be estimated with adequate precision.
Our results are in line with the structural results from the
previously published pediatric population PK analysis of bortezomib [10]. A population clearance of 9.59 L/h, and large
volumes of distribution of 10.0, 32.5, and 975 L for V1, V2,
and V3, respectively, were reported. We were not able to identify BSV on parameters other than Bmax, as has been done by

Hanley et al. [10]. This is most likely a result of the limited
data that were available for our analysis and the complexity
of our structural model. Despite our relatively small sample
size, our model is superior to this previously published model
in incorporating data from both treatment weeks into a semiphysiological approach, thereby explaining the observed nonlinearity in PK. In the previously published empirical model,
only data from the first week of treatment were included.
Hanley et al. identified a covariate effect of BSA on CL and
the intercompartmental clearance between the first and third
compartment. We used total body weight for allometric scaling of all volumes of distribution and clearance parameters to
account for changes in body size. Given the limited number
of subjects, and consequently the limited weight range in our
cohort, fixed allometric exponents were used [14]. An additional maturation effect using PMA could not be identified
when weight was accounted for, which is most likely due to
the lack of patients younger than 2 years of age in our cohort.
Nevertheless, to our knowledge, this is the first model for bortezomib combining PK and PD.
A comparison of the results from our PD model with previous reports cannot be made as these analyses used relative
20S proteasome inhibition to describe the PD effect [6, 24].
Our data showed that baseline 20S proteasome activity varied
widely between patients, and hence it was not rational to use
relative 20S proteasome inhibition instead of 20 proteasome
activity.

5 Conclusion
We successfully developed a model that describes the population PK/PD of bortezomib in pediatric patients with rALL.
The observed nonlinearity could be explained by saturable distribution of bortezomib within the central compartment, which
is presumably caused by saturable binding to erythrocytes.
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