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AIMS
The aimof the present studywas to develop a pharmacokinetic–ph
armacodynamic (PK-PD)model to characterize the relationship between
plasma doxorubicin and N-terminal pro B-type natriuretic peptide (NT-proBNP) concentrations within 48 h of doxorubicin treatment.

METHODS
The study enrolled 17 female patients with stages 1–3 breast cancer and receiving adjuvant doxorubicin (60 mg m–2) and cy-
clophosphamide (600 mg m–2) every 14 days for four cycles. In two consecutive cycles, plasma concentrations of doxorubicin,
doxorubicinol, troponin and NT-proBNP were collected before infusion, and up to 48 h after the end of doxorubicin infusion.
Nonlinear mixed-effects modelling was used to describe the PK-PD relationship of doxorubicin and NT-proBNP.

RESULTS
A three-compartment parent drug with a one-compartment metabolite model best described the PK of doxorubicin and
doxorubicinol. Troponin concentrations remained similar to baseline. An indirect PD model with transit compartments best de-
scribed the relationship of doxorubicin exposure and acute NT-proBNP response. Estimated PD parameters were associated with
large between-subject variability (total assay variability 38.8–73.9%). Patient clinical factors, including the use of enalapril, were
not observed to be significantly associated with doxorubicin PK or NT-proBNP PD variability.

CONCLUSION
The relationship between doxorubicin concentration and the acute NT-proBNP response was successfully described with a
population PK-PDmodel. This model will serve as a valuable framework for future studies to identify clinical factors associated with
the acute response to doxorubicin. Future studies are warranted to examine the relationship between this acute response and
subsequent heart failure. Should such a relationship be established, this model could provide useful information on patients’
susceptibility to doxorubicin-induced long-term cardiotoxicity.
© 2016 The British Pharmacological Society DOI:10.1111/bcp.12989
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Doxorubicin is a first-line cytotoxic agent used for treating patients with malignancies, including breast cancer. However, total
lifetime doses, and thus efficacy, are capped to limit the associated cardiomyopathy and congestive heart failure.

• Despite limited total doses, cardiotoxicity can develop in 2–7% of patients months or even years after treatment, and
angiotensin-converting enzyme (ACE) inhibitors are often prescribed to prevent and reduce severity.

• Early predictive markers of susceptibility are needed, so patients at greatest risk could be identified and personalized approaches
to treatment developed.

WHAT THIS STUDY ADDS
• N-terminal pro-brain natriuretic peptide (NT-proBNP) and troponin are commonly measured cardiac biomarkers, and we observed
that plasma NT-proBNP concentrations dramatically increased 24–48 h after doxoburicin infusion, but troponin did not.

• A population pharmacokinetic-pharmacodynamic model was developed to describe the relationship between doxorubicin ex-
posure and the plasma acute NT-proBNP response.

• High (several-fold) between-patient variability was observed in patients’ NT-proBNP acute responses. Even though ACE inhib-
itor treatment was not found to have a significant effect on NT-proBNP variability, we propose that the model can be used to
test for the importance of other patient-specific covariates and would prove useful in predicting the acute NT-proBNP response.
Introduction

Doxorubicin is an integral component of treatment regimens
for breast cancer, childhood solid tumours, soft tissue sarco-
mas and lymphomas. Most commonly, it is used in the treat-
ment of breast cancer in the adjuvant and metastatic setting
[1–3]. Although doxorubicin is highly effective in treating tu-
mours, its therapeutic potential is greatly limited by its asso-
ciated cardiotoxicity, including cardiomyopathy and
congestive heart failure [4–6].

Doxorubicin is an anthracycline, containing aglycone
tetracyclic and sugar moieties, and it intercalates into DNA
strands and also inhibits topoisomerase II–DNA cleavage com-
plexes. Once these complexes are trapped, DNA replication
and transcription are blocked, resulting in tumour cell death.
Multiple cellular mechanisms appear to be involved in
doxorubicin-induced cardiotoxicity [6–9]. The most widely ac-
cepted hypothesis is iron-catalysed induction of cardiac oxida-
tive stress. Other mechanisms include intracellular calcium
dysregulation, impaired gene expression of various cardiac pro-
teins [10], dysregulation of protein degradation by the
ubiquitin–proteasome system [11], induction of mitochondrial
DNA lesions [12], and targeting topoisomerase 2-beta [13] and
mitochondrial topoisomerase [14]. The major metabolite of
doxorubicin, doxorubicinol (doxo’ol) [15], is less potent than
doxorubicin in its antitumour activity, although itmay also con-
tribute to the cardiotoxicity (reviewed in [16]).

The incidence and severity of doxorubicin-induced
cardiotoxicity are dose dependent. The incidence rate sharply
increases up to 30% after receiving cumulative doses above
550 mg m–2; therefore, lifetime dose limits are used to mini-
mize this risk [17–20]. However, 2–7% of patients will still de-
velop cardiotoxicity, even if lifetime cumulative doses are
below 550 mg m–2 [21]. Various strategies have been tried to
ameliorate anthracycline-associated cardiotoxicity, including
angiotensin-converting enzyme inhibitors (ACEIs) such as
enalapril. It is not clear whether ACEI effects are direct or sys-
temic (e.g. having an effect on arterial blood pressure) but
they do not appear to impede anthracycline antitumour ac-
tivity or affect pharmacokinetics (PK) [22, 23]. As the onset
of doxorubicin-induced cardiotoxicity may not be evidenced
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until years after the cessation of chemotherapy [7], it would
be clinically beneficial if susceptible individuals could be
identified during the early stages of chemotherapy.

Cardiac biomarkers such as N-terminal pro-brain natri-
uretic peptide (NT-proBNP) and troponin have been pro-
posed as useful in evaluating anthracycline-induced
myocardial injury [24–27]. NT-proBNP is a protein that is re-
leased in response to cardiac stress [28]. In the context of nu-
merous triggers, most notably myocardial stretch (as occurs
with ventricular overload) or an increase in wall tension, gene
transcription in the cardiomyocyte is induced, resulting in an
increase in the production of a hormone precursor named
pre-proBNP. After several steps of molecular processing, NT-
proBNP is generated and released from the cardiomyocyte.
NT-proBNP is commonly used as a biomarker to evaluate
the presence and severity of heart failure [28–30]. It has also
been suggested that the magnitude and/or duration of acute
response in NT-proBNP (i.e. 24 h after doxorubicin adminis-
tration) correlated with left ventricular impairment 3–12
months after chemotherapy exposure [31, 32]. Therefore, un-
derstanding and characterizing the acute NT-proBNP re-
sponse (e.g. the degree and rate of response), especially in
relationship to chemotherapy agent exposure, may provide
useful information that would enable better prediction of
later cardiotoxic symptoms.

The aim of the current study was to develop a population
PK–pharmacodynamic (PD) model to characterize the rela-
tionship between plasma doxorubicin and NT-proBNP con-
centrations within 48 h of doxorubicin treatment. Such a
model will serve as a valuable tool in future studies to investi-
gate the effects of patient characteristics that might affect PK
and/or PD parameters.
Methods

Patient population/study design/analytical
assay
The data for the current study were collected prospectively as
part of a randomized clinical study to evaluate for possible



Figure 1
Pharmacokinetic and pharmacodynamic structural models. A.
Pharmacokinetic model for doxorubicin (dox) and doxorubicinol
(doxo’ol). CLdox and CLdoxo’ol, elimination clearance of dox and
doxo’ol, respectively; fm, fraction metabolized to doxo’ol; Q2 and
Q3, intercompartmental clearances of doxorubicin; VC-dox, VP2-dox
and VP3-dox, the volume of distribution of doxorubicin for central and
two peripheral compartments, respectively; Vdoxo’ol, the volume of
distribution of doxo’ol. B. Pharmacodynamic model of
doxorubicin-induced N-terminal pro-brain natriuretic peptide
(NT-proBNP) production. [+ ]: stimulatory effect; dox, doxorubicin;
doxo’ol, doxorubicinol; kin, production rate of the first step in
NT-proBNP synthesis pathway; kout, degradation rate constant of
NT-proBNP synthesis pathway; ktr, transit rate constant; NT-proBNP,
NT-proBNP compartment; Transit 1–5, transit compartment 1–5

NT-proBNP after doxorubicin infusion
drug–drug interaction between doxorubicin and enalapril, an
ACEI that is frequently used in the setting of anthracycline-
induced cardiotoxicity. The study was approved by the Insti-
tutional Review Board and the Cancer Protocol Review Com-
mittee. Details of the primary study were described by Blaes
et al. [22]. Briefly, the study recruited women over the age of
18 years with normal liver and kidney function with stages
1–3 breast cancer and receiving adjuvant doxorubicin (60
mg m–2) and cyclophosphamide (600 mg m–2) every 14 days
for four cycles. In a crossover design, patients were randomly
assigned to receive one cycle of chemotherapy with enalapril
and another cycle without enalapril. The two study cycles
were consecutive, and the sequence of enalapril cycle was
assigned by randomization at study enrolment. During the
cycle with enalapril, patients started enalapril therapy 7 days
prior to the scheduled doxorubicin regimen at 5 mg per day
for 4 days, and then increased to 10 mg per day for 3 days.
PK studies were performed following doxorubicin adminis-
tration on both cycles. Whole blood was collected into
ethylenediamine tetraacetic acid tubes before infusion, and
at 0.5 h, 1 h, 2 h, 4 h, 24 h and 48 h after the end of the doxo-
rubicin infusion. Plasma was immediately isolated by centri-
fugation and frozen. Samples were stored at �80 °C until
the time of analysis. Plasma doxorubicin and doxo’ol concen-
trations were measured by high-performance liquid chroma-
tography (Agilent 1200 Series, Santa Clara, CA, USA)
coupled with a TSQ Quantum triple quadrupole mass spec-
trometer (Thermo-Electron, San Jose, CA, USA), as previously
described [33]. The lower limit of quantitation was 1 ng ml–1.
The total assay variability (%CV) was 6.6% and 10.5% for
doxorubicin and doxo’ol, respectively, and accuracy was
102% and 103%, respectively. Plasma NT-proBNP and tropo-
nin were measured before and at 4 h, 24 h and 48 h after
doxorubicin infusion (Fairview Diagnostic Laboratories, St
Paul, MN, USA).

Population PK and PD analysis
Population PK and PK-PD analysis of doxorubicin, doxo’ol
and NT-proBNP were performed by means of nonlinear
mixed-effects modelling using NONMEM 7.2 (ICON
Development solution, Ellicott City, MD, USA). The first-
order conditional estimation with interaction method
(FOCE-INTERACTION) was used for the analysis. Model
selection between competing nested models was performed
by the likelihood ratio test as well as examination of diagnos-
tics plots, which were generated by the Xpose package
(version 4.0, Uppsala University, Uppsala, Sweden) using R
(version 3.1.2, R Foundation, Vienna, Austria).

PK structural model
The schematic representation of the PK model for doxorubi-
cin and doxo’ol is presented in Figure 1A. Initially, one-,
two- and three-compartment structural disposition models
were tested using plasma doxorubicin concentrations. The
$PRIOR subroutine was used to incorporate a priori doxorubi-
cin PK information [34] (Table S1). In the next step, the
model for doxo’ol plasma concentrations was developed
using a sequential model-building approach [35, 36], where
doxorubicin PK parameters were fixed to the empirical Bayes
estimates obtained from the previous step. As not all doxo’ol
PK parameters, namely fraction metabolized to doxo’ol (fm),
clearance (CLdoxo’ol) and volume of distribution (Vdoxo’ol), are
uniquely identifiable with plasma data only, the model was
reparameterized so that CLdoxo’ol/fm and Vdoxo’ol/fm were
estimated.

PK-PD structural model
A population PK-PD model was developed to characterize the
relationship between plasma doxorubicin and doxo’ol, and
plasma NT-proBNP concentrations as a PD response variable.
The model was developed using a sequential model-building
approach [35, 36]. The individual PK parameter estimates ob-
tained from the previous population PK modelling step were
used to generate predicted individual doxorubicin concentra-
tions for the population PK-PD analysis. For the NT-proBNP
response, an indirect model with five transit compartments,
as illustrated in Figure 1B, adequately described the PK-PD re-
lationship: kin represents the zero-order production rate of
the first step in the NT-proBNP production pathway, and ktr
represents the first-order elimination rate constant of each
transit compartment. The first-order degradation rate con-
stant of NT-proBNP is represented by kout, which was fixed
Br J Clin Pharmacol (2016) 82 773–783 775



Table 1
Patient characteristics

Patient characteristics Median (Range)

Age (years) 45(28–58)

Weight (kg) 65.3(54.5–140.4)

Height (m) 1.63(1.52–1.88)

BMI (kg m–2) 25.3(21.5–53.0)

BSA (m–2) 1.71(1.60–2.50)

Serum creatinine (mg dl–1) 0.7 (0.5–1.0)

Creatinine clearance (ml min–1) 121.90 (69.15–167.70)

AST (IU l–1) 26.0 (18.0–33.0)

ALT (IU l–1) 28.0 (8.0–62.0)

Total bilirubin (mg dl–1) 0.5 (0.2–1.0)

Baseline LVEF (%) 60 (48–69)

ALT, alanine aminotransferase; AST, aspartate transaminase; BMI,
body mass index; BSA, body surface area; LVEF, left ventricular
ejection fraction.
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to 1.66 according to the previously estimated half-life of NT-
proBNP [37]. The effect of doxorubicin (Effect) is assumed to
increase kin (Equation (1)), where kin_0 represents the baseline
production rate.

kin ¼ kin_0� 1 þ Effectð Þ (1)

The mean transit time (MTT), which is expressed in
Equation (2), represents the delay between drug exposure and
response measured as change in NT-proBNP concentration.

MTT ¼ number of transit compartments
ktr

(2)

The effect of drug exposure was modelled using either a
linear (Equation (3)) or an Emax (maximum response achiev-
able; Equation (4)) relationship:

Effect ¼ β�Cdox (3)

Effect ¼ Emax�Cdox

EC50þ Cdox
(4)

Cdox is the predicted plasma doxorubicin concentration. We
also tested the effect of doxo’ol by using its predicted plasma
concentration instead of Cdox in the above equations.

Random-effect model
The between-subject variability (BSV) on the PK and PK-PD
parameters was modelled according to log-normal distribu-
tion as described as:

Pi ¼ TVP� exp ηið Þ (5)

where Pi is the parameter estimate for the ith individual, TVP is
the typical value of the parameter P and ηi is a random variable,
which accounts for the interindividual difference between Pi
and TVP. The values of ηi were assumed to come from a normal
distribution, with mean of zero and variance ω2. BSV was tested
on all parameters in the model and included in the next model-
building step if the improvement in the objective function
value was significant at the 0.05 significance level. Correlations
between individual parameter estimates were also examined.
Interoccasion variability (IOV) was tested on PK and PK-PD pa-
rameters after the structural and covariate models had been
established and included in the model if significant at the 0.05
significance level. Proportional, additive and combined error
models were tested to describe residual unexplained variability
(RUV). Shrinkage of random-effect variables was calculated for
the final model [38].

Covariate model
Covariates (patient clinical factors, listed in Table 1) of inter-
est were first selected based on the physiological and biologi-
cal plausibility to influence the doxorubicin and doxo’ol PK,
and NT-proBNP response. Creatinine clearance was estimated
using the Cockroft–Gault equation. In addition to the covar-
iates listed in Table 1, the following covariates were tested for
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their influence on the parameters of the PK-PD relationship:
cumulative dose of doxorubicin and the use of enalapril.
Others have reported effects of enalapril on NT-proBNP con-
centrations [39]; therefore, we hypothesized that this covari-
ate would be associated with NT-proBNP within-patient
variability in our crossover study (on and off enalapril).

The above covariates were inspected visually for their cor-
relation with PK or PD parameters using scatter plots. Collin-
earity among covariates was then assessed by Spearman rank
coefficient of covariate–covariate correlations. If the corre-
sponding Spearman rank correlation coefficient between
two covariates was ≥0.5, one of the two covariates was re-
moved. In the case of missing covariate values (one patient
missing the baseline left ventricular ejection fraction, and
one patient missing alanine aminotransferase, serum creati-
nine and creatinine clearance values), the median population
value was used for that individual. After this step, the follow-
ing covariates remained of interest: age, height, body surface
area (BSA), total bilirubin, and creatinine clearance, all of
which are continuous variables. Finally, the remaining covar-
iates were tested in NONMEM using a stepwise covariate
model (SCM)-building strategy. Covariates were considered
to be significant if their inclusion in a nested model resulted
in an objective function value (OFV) drop of 3.84 or more
(chi-square, df = 1, P < 0.05) and their exclusion from the
full model resulted in an OFV rise of 6.63 (chi-square, df = 1,
P < 0.01) or more. The effect of a continuous covariate
(e.g. BSA, creatinine clearance) on a parameter was estimated
relative to the median covariate value in the data set using a
power function model (Equation (6)).

TVP ¼ θ1*
Cov

Mediancov

� �
**θ2 (6)

The use of enalapril was the only categorical covariate that
was evaluated. Its effect on a parameter was estimated using
Equation (7), where ENAL = 1 for on and 0 for off enalapril.

TVP ¼ θ1*θ2**ENAL (7)
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Model evaluation
The population models for doxorubicin PK, doxo’ol PK and
doxorubicin NT-proBNP PK-PD were evaluated separately
with visual predictive checks and nonparametric bootstrap
analysis. For the predictive check, 1000 data sets were simu-
lated from each model using the final model parameters.
The median, 5th and 95th percentiles of the simulated con-
centrations were calculated and compared with the observed
data. For the bootstrap analysis, 1000 bootstrap runs were
performed. The final model developed from the original data
set was fitted to each of the bootstrap data sets to obtain the
bootstrap parameter estimates. The median, 2.5th and
97.5th percentiles of the parameter estimates were computed
from the bootstrap runs and compared with the point esti-
mates results from the original data set.
Result

Patients
A total of 236 doxorubicin concentrations and 237 doxo’ol
concentrations from 17 patients were used in model
development. Patients received 60 mg m–2 doxorubicin
(intended dose, actual range 54–65 mg m–2) per cycle, which
was infused for 15 min (intended infusion time, actual range
5–60min). By the time of enrolment in the current study, one
patient had not previously received any cycle of doxorubicin,
and three and 13 patients had received one and two cycles of
doxorubicin, respectively. Patient characteristics are summa-
rized in Table 1.
PK of doxorubicin and doxo’ol
The doxorubicin plasma concentrations were fitted using
one-, two- or three-compartment models. Initially, while di-
agnostic plots of the two-compartment models indicated
model misspecification, the three-compartment model was
unstable and with large estimate imprecision (data not
shown). Previously published information on doxorubicin
PK [34] was incorporated to stabilize the three-compartment
model by using the $PRIOR subroutine. The resulting model
(Figure 1A) adequately described the doxorubicin
concentration–time profile. It allowed estimation of BSV as-
sociated with CLdox, VC-dox, Q2-dox and V2-dox, and IOV
associated with CLdox. Residual unexplained variability was
best described using a combined additive and proportional
error model. Covariates were not observed to be associated
with doxorubicin PK variability. Parameter estimates from
the best-fitted model are shown in Table 2, and the
goodness-of-fit plots are presented in Figures 2A and B.

The PK of doxorubicin’s OH-metabolite, doxo’ol, was best
described by a one-compartmentmodel (Figure 1A). Themodel
allowed estimation of BSV associated with clearance (CLdoxo’ol/
fm) and volume of distribution (Vdoxo’ol/fm), and IOV associ-
ated with CLdoxo’ol/fm and Vdoxo’ol/fm. Residual unexplained
variability was best described using a proportional error model.
Similar to doxorubicin, covariates were not observed to be sig-
nificantly associated with doxo’ol PK variability. The parameter
estimates of doxo’olmodel are shown in Table 2, and goodness-
of-fit plots from the final model in Figures 2C and D. While
doxo’ol concentrations >25 ng ml–1 were underpredicted from
the model (Figure 2C), neither adding an additional metabolite
compartment nor log-transformation of the data improved
model fit (Figure S2).
The population PK-PD model of
doxorubicin-induced acute cardiotoxicity
response
During the 48 h following the doxorubicin infusion,
NT-proBNP concentrations at 4 h after infusion did not differ
from baseline, but increased at 24 h and 48 h (Figure 3C). By
contrast, troponin concentrations remained unchanged
(mean 0.014 ng ml–1, range 0.012–0.048, data not shown)
over the entire period. Therefore, a PD model was developed
with NT-proBNP as response variable.

For PK-PD modelling, an indirect model with five transit
compartments (Figure 1B) provided a satisfactory characteri-
zation of the PK-PD relationship between doxorubicin PK
and plasma NT-proBNP concentrations. As illustrated in
Figure 1B, the model assumes that doxorubicin stimulated
NT-proBNP production. The typical value of the baseline
production rate (Kin_0) of NT-proBNP was estimated to be
97.4 ng�ml�1�h�1. The typical value of mean transit time
(MTT, Equation (2)), which represents the delay between
doxorubicin exposure and response measured as change in
NT-proBNP concentration was estimated to be 34.7 h. Four
or six transit compartments were also used to fit the model in-
stead of five (data not shown). This led to a minimal change
in estimated PD parameters and a nonsignificant change in
OFV. The stimulatory effect of doxorubicin was modelled
using a linear relationship (Equation (3)) as the Emax rela-
tionship (Equation (4)) resulted in overparameterization.
The PK-PD model was also tested, assuming that doxo’ol
stimulates NT-proBNP production. This resulted in little
change in OFV or goodness-of-fit plots (data not shown).
The estimated PD parameters are presented in Table 3, and
goodness-of-fit plots are shown in Figures 2E and F. A large
BSV (40–70%) was found in PD parameters. No tested covari-
ates were associated with PD variability.
Model evaluation
The predictive check plots of doxorubicin, doxo’ol and NT-
proBNP are depicted in Figure 3. No systematic deviation
was observed between the observed and simulated data.

From 1000 bootstrap runs for each model, 776, 801 and
720 runs of doxorubicin, doxo’ol and NT-proBNP, respec-
tively, had a successful minimization and were included in
the bootstrap analysis. Tables 2, 3 show the parameter esti-
mates and relative standard error obtained from the final
model compared with parameter estimates and nonparamet-
ric 95% CIs obtained from the bootstrap approach. The me-
dian parameter estimates for the fixed and random effects
from the bootstrap approach were comparable to those ob-
tained from the final model. The point estimates obtained
from the original data set showed close agreement with the
median and were all included within the 2.5th to the 97.5th
percentiles of the bootstrapping values, indicating model
stability.
Br J Clin Pharmacol (2016) 82 773–783 777



Table 2
Parameter estimates for doxorubicin and doxorubicinol pharmacokinetic model

Parameter (unit) Estimate (RSE) [Shrinkage] Bootstrap median [95% CI]

CLdox (l h–1) 54.2 (2%) 54.1 [52.2, 55.8]

VC-dox (l) 16.9 (2%) 16.8 [16.0, 17.5]

Q2-dox (l h–1) 66.1 (3%) 66.3 [63.5, 69.5]

V2-dox (l) 1650 (3%) 1648 [1547, 1741]

Q3-dox (l h–1) 23.4 (4%) 23.3 [21.4, 25.1]

V3-dox (l) 61.8 (6%) 61.6 [54.7, 69.6]

BSV

BSV-CLdox (% CV) 8.33 (33%)[19%] 8.01 [2.51, 12.9]

BSV-VC-dox (% CV) 10.5 (33%)[26%] 10.5 [2.98, 16.7]

BSV-Q2-dox (% CV) 15.4 (20%)[10%] 14.8 [8.89, 21.5]

BSV-V2-dox (% CV) 26.7 (18%)[11%] 25.8 [13.4, 35.4]

IOV

IOV-CLC-dox (% CV) 3.86 (29%)[42%] 3.93 [1.67, 6.13]

RUV

RUV-proportional-dox (% CV) 8.73 (9.8%) [13%] 8.47 (6.88, 9.99)

RUV-additive-dox (SD) 0.60 (41%) [13%] 0.52 (0.034, 1.79)

CLdoxo’ol/fm (l h–1) 106 (5%) 105 [95–116]

VC-doxo’ol/fm (l) 1880 (9%) 1876 [1582–2205]

BSV

BSV-CLdoxo’ol/fm (% CV) 18.5 (30%) [10%] 17.8 [5–18]

BSV-Vdoxo’ol /fm (% CV) 37.3 (15%) [0%] 35.7 [24.7–48.0]

IOV

IOV-CLdoxo’ol/fm (% CV) 11.9 (43%) [49%] 11.4 [2.3–19.6]

IOV-Vdoxo’ol/fm (% CV) 9.39 (26%) [47%] 8.72 [2.64–13.3]

RUV

RUV-proportional-doxo’ol (% CV) 14.9 (12%) [12%] 14.6 [11.4–18.4]

BSV was calculated from
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
exp ω2 � 1ð Þ

p
and expressed as the CV%. Proportional RUV is expressed as CV%, and additive RUV as SD. RSE is expressed

as CV% (RSE of BSV, IOV and RUV is expressed in term of SD). Shrinkage of BSV, IOV and RUV is presented in square brackets. CI, confidence interval;
BSV, between-subject variability; CV%, coefficient of variation; dox, doxorubicin; doxo’ol, doxorubicinol; IOV, interoccasion variability; RSE, relative
standard error; RUV, random unexplained variability; SD, standard deviation.
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Discussion
Anthracyclines rank among the most effective anticancer
drugs. However, their clinical usefulness is hampered by the
risk of cardiotoxicity. Clinically, anthracycline-induced
cardiotoxicity is monitored by left ventricular ejection frac-
tion (LVEF) assessment. However, the cardiac side effect of
anthracyclines can take months or years to progress, and de-
creased LVEF is not observed until irreversible myocardial
damage has occurred. Earlier studies suggested that acute re-
sponses may be indicative of long-term anthracycline toxic-
ity [26, 27]. Therefore, understanding detectable acute
cardiac response after anthracycline exposure may provide a
useful insight for patients who could experience subsequent
anthracycline cardiotoxicity.

The development of population PK models for doxorubi-
cin and doxo’ol have been reported in previous studies [34,
40–42]. Doxorubicin is typically described by a three-
compartment model. In the current study, although the ob-
served concentration–time profile of doxorubicin exhibited
triexponential features, a three-compartment model was not
778 Br J Clin Pharmacol (2016) 82 773–783
stable. $PRIOR function was used to stabilize the structure
model with a priori information from Kontny et al. [34]. For
the PK of doxo’ol, a one-compartment model was used. The
disposition of doxo’ol is known to be formation rate limited
[43]. Parameter estimates of doxo’ol were consistent with
those in previous reports [34, 40–42]. Sequential and simulta-
neous fitting of the parent–metabolite data gave consistent
results. In the current study, BSV in doxorubicin and doxo’ol
PK parameters ranged from 10% to 40%, which is consistent
with previous reports (10–50%) [34, 40–42]. Some, but not
all, earlier studies reported BSA, aspartate transaminase, age,
creatinine clearance [42] and body mass index [41] as signifi-
cant covariates for doxorubicin and/or doxo’ol PK parameter
variability. No significant relationship was found between
patient-specific characteristics and PK variability in the pres-
ent study, which may have been due to the small sample size
and the relative homogeneity of the study participants.

In the present study, we sought to understand and charac-
terize the acute changes in plasma NT-proBNP concentra-
tions in response to doxorubicin treatment, which then
may provide a method to identify patients at high risk for



Figure 2
Goodness-of-fit plots for the population pharmacokinetic models of doxorubicin (doxo) and doxorubicinol (doxo’ol), and the pharmacodynamic
model of dox-induced N-terminal pro-brain natriuretic peptide (NT-proBNP) production. Identity plot of observed vs. population-predicted
(PRED) concentrations of doxo (A), doxo’ol (C) and NT-proBNP (E). Scatter plot of conditional weighted residuals (CWRES) vs. PRED concentra-
tion of doxo (B), doxo’ol (D) and NT-proBNP (F). Points represent the observations; dashed line shows smoothed (loess) line through the data; the
solid line shows the line of identity in panels A, C and E
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Table 3
Parameter estimate for the pharmacodynamic model of NT-proBNP

Parameter (unit)
Estimate (RSE)
[Shrinkage]

Bootstrap
median [95% CI]

kin_0 (ng�ml�1 h�1) 110 (13%) 102 (73, 144)

kout (h
�1)* 1.66 (�) –

β (l�μg�1) 115 (22%) 98 (47, 166)

MTT (h) 34.7 (12%) 42 (30, 52)

BSV

BSV-kin_0 (% CV) 48.5 (22%) [8%] 51.6 (11.8, 87.1)

BSV-β (% CV) 73.9 (21%) [8%] 83.5 (37.0, 144)

BSV-MTT (% CV) 38.8 (34%) [8%] 34.8 (2.4, 61.1)

IOV

IOV-kin_0 (% CV) 27.8 (17%) [27%] 26.9 (18.4, 38.6)

RUV

RUV-BNP (% CV) 23.8 (15.2%) [23%] 23.6 (17.0, 32.3)

*this parameter was fixed to literature value. β, slope factor as de-
fined in Equation (3). BSV, between-subject variability; CI, confi-
dence interval; CV%, coefficient of variation; IOV, interoccasion
variability; kin_0, baseline production rate of NT-proBNP; kout,
degradation rate constant of NT-proBNP synthesis pathway; MTT,
mean transit time; NT-proBNP, N-terminal pro B-type natriuretic
peptide; RUV, random unexplained variability;. Shrinkage of BSV,
IOV and RUV is presented in square brackets.

Figure 3
Visual predictive check plots for the pharmacokinetic model of doxo-
rubicin (doxo) (A) and doxorubicinol (doxo’ol) (B), and the PK-PD
model of N-terminal pro-brain natriuretic peptide (NT-proBNP)
(C). Circles represent observations. Lines represent 5th (dashed),
50th (solid) and 95th (dashed) percentiles of observations; and
shaded areas represent the 95% confidence intervals of the 5th,
50th and 95th quantiles of the simulated data sets from the model
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later cardiac impairment. A population PK-PD model was
developed to describe the acute NT-proBNP response after
doxorubicin infusion. To the best of our knowledge, this is
the first report of the development of a PK-PD model for
anthracycline-induced NT-proBNP production. As the acute
response of NT-proBNP following anthracycline exposure is
a dynamic process, a PK-PD model provides a better descrip-
tion of this process than using a single summary statistic
(i.e. maximal observed NT-proBNP concentration). In the
PK-PDmodel developed here (Figure 1B), NT-proBNP produc-
tion and elimination are represented by the rate of kin and
rate constant kout. The effect of doxorubicin in stimulating
NT-proBNP production (Effectdox) is expressed as propor-
tional to the individual model-predicted plasma doxorubicin
(Cdox). The molecular pathway of NT-proBNP expression and
secretion is mimicked by the chain of transit compartments
(Transit 1–5) with the mean transit time MTT, which repre-
sents the delay between drug exposure and the NT-proBNP
response. It should be noted that the PK-PDmodel developed
here is greatly limited by PD sampling time points. As a result,
we had to fix the degradation rate constant of NT-proBNP ac-
cording to the previously estimated half-life of NT-proBNP
[37] in order to obtain a stable model. We were also unable
to differentiate between models with different numbers of
transit compartments. Simulation using model-estimated
typical parameter values (Figure S3) shows that plasma
NT-proBNP will gradually increase from 4 h to 35 h and de-
crease afterwards. While the model adequately described the
observed data, sampling at additional time points would help
to further improve the model. In an early study by Sandri et al.
[32], the acute NT-proBNP response was categorized into three
patterns: no change, a transient increase followed by a return
to baseline at 72 h, or a persistent increase. In the current study,



Figure 4
N-terminal pro-brain natriuretic peptide (NT-proBNP) concentra-
tions at different sampling times. Three different patterns of
NT-proBNP response were observed: minimal change (A), increase
at 24 h and decrease at 48 h (B) and persistent increase (C)

NT-proBNP after doxorubicin infusion
weobserved similar patterns.We groupedNT-proBNP responses
into three types of pattern, based on visual inspection (Figure 4).
The PK-PD model we developed was able to capture these types
of NT-proBNP responses in the current data set; however, greater
accuracy in prediction is needed due to high BSV.

High BSV (38.8–73.9%, Table 3) was observed for PD pa-
rameters. Covariates were not found to be associated with
PD variability, which is probably because of the limited sam-
ple size in the current study. To our knowledge, covariate(s)
associated with NT-proBNP variability in patients with breast
cancer receiving doxorubicin have not been reported. In
other patient populations, polymorphisms in the BNP gene
and type A human natriuretic peptide receptor gene, cigarette
smoking, body mass index, age and blood pressure have been
associated with NT-proBNP variability [44–47]. Our model
would therefore be expected to provide a valuable framework
for future studies to identify clinical factors associated with
the acute response to doxorubicin.

The effect of coadministration of enalapril was tested on PD
parameters and found to be nonsignificant. While the effective-
ness of angiotensin antagonists in preventing anthracycline-
induced long-term cardiotoxicity has been demonstrated by
several small clinical trials [48–50], the effect on the immediate
cardiac biomarker response to anthracycline has not been re-
ported. In one clinical trial in patients with systolic heart failure
[39], investigators tested for the effect of enalapril administra-
tion on plasma NT-proBNP concentrations. After 6 months of
continuous therapy, they observed a 34% decrease in NT-
proBNP in the enalapril-treated group relative to controls. In
the present shorter-duration study in patients with breast can-
cer, we did not observe a covariate effect for enalapril on acute
NT-proBNP concentrations. Further, the NT-proBNP concentra-
tions that we report are similar to those reported by Romano
et al. [31] and Sandri et al. [32]. It should be noted that 16 out
of the 17 study participants had received at least one cycle of
doxorubicin treatment prior to the enrolment in the current
study. It is possible that the effect of enalapril would have been
more notable if it had been given before the first dose of
chemotherapy.

In addition to NT-proBNP, another commonly used
cardiotoxicity biomarker, troponin, was also quantified. In con-
trast to NT-proBNP, the concentration of troponin did not
change within 48 h following the doxorubicin infusion, which
was similar to the results of Romano et al. [31], who also reported
an increase in NT-proBNP but not troponin concentration in
most patients. Troponin is a structural protein of the myocar-
dium, and an increased troponin concentration is considered
to be a specificmarker ofmyocardial damage. The difference be-
tween levels of NT-proBNP and troponin following doxorubicin
infusion could suggest that the acute toxicity of low-to-medium
doxorubicin exposure mainly results in a decreased contractile
reserve, but not myocardial damage.

In conclusion, the PK-PD relationship of doxorubicin and
the acute NT-proBNP response was best described by a turnover
model with five transit compartments. The typical value of
mean transit time was estimated to be 34.7 h, which represents
the delay between doxorubicin exposure and the change in the
NT-proBNP concentration. High BSV was observed in PD pa-
rameters. Thismodel can be used in future studies to test impor-
tant patient-specific characteristics that influence PD variability,
and susceptibility to later cardiac symptoms.
Br J Clin Pharmacol (2016) 82 773–783 781
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Figure S1 Scatter plot of conditional weighted residuals
(CWRES) vs. time of the doxorubicin (A), doxorubicinol (B)
and N-terminal pro-brain natriuretic peptide (C) model.
Points represent the observations; dashed line shows
smoothed (loess) line through the data
Figure S2 Scatter plot of conditional weighted residuals
(CWRES) vs. population-predicted (PRED) concentration of
doxorubicinol (D) using a two-compartment metabolite
model (A) or log-transformed data (B). Points represent the
observations; dashed line shows smoothed (loess) line
through the data; the solid line shows the line of identity in
panel
Figure S3 Model-predicted N-terminal pro-brain natriuretic
peptides concentration 0–50 h following the doxorubicin
infusion
Table S1 Parameter estimate and relative standard error used
in the $PRIOR subroutine (from Kontny et al. [34]).
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