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Results  Seventeen patients, aged 3.4–14.7  year, treated 
for a variety of cancers had 99 doxorubicin and 119 dox-
orubicinol concentrations analysed from samples drawn 
between 0.5 and 336 h after the start of the infusion. Eleven 
patients had received previous doses of anthracyclines, 
with a median cumulative prior dose of 90  mg/m2 (range 
0–225 mg/m2). The median administered doxorubicin dose 
was 30  mg/m2 (range 25–75  mg/m2). Doxorubicin dispo-
sition was described by a three-compartment model with 
first-order elimination and metabolism to doxorubicinol. 
Body surface area was related to all clearance and distri-
bution parameters and age further influenced clearance 
(CL, 58.7 L/h/1.8 m2 for an average 8.4-year-old patient). 
Combined doxorubicin and metabolite exposure stimulated 
a temporary increase in cTnI in plasma, with a concentra-
tion of 11.8 µg/L required to achieve half-maximal effect. 
Prior cumulative anthracycline dosage received by patients 
was predictive of an increased cTnI baseline prior to a new 
doxorubicin dose.
Conclusion  Prior anthracycline exposure increased base-
line cTnI in a dose-dependent manner, consistent with the 
known cumulative risk of anthracycline exposure-induced 
cardiotoxicity.

Keywords  Doxorubicin · Anthracycline · 
Pharmacokinetics · Cardiotoxicity · Troponin · Children

Introduction

Anthracyclines play a vital role in the treatment of sev-
eral childhood malignancies, but their utility is clouded by 
dose-related cardiotoxicity [1–3]. These drugs, especially 
doxorubicin and daunorubicin, are used in up to about two-
thirds of paediatric oncology patients, and have a significant 

Abstract 
Purpose  Anthracyclines are a mainstay of the treatment 
of several childhood malignancies, but their utility is lim-
ited by dose-related cardiotoxicity. This study is aimed 
to explore the link between exposure of paediatric cancer 
patients to doxorubicin and its metabolite doxorubicinol, 
and cardiac troponin I (cTnI).
Methods  In a prospective pilot study plasma doxorubicin, 
doxorubicinol, and cTnI concentrations were measured in 
samples from children undergoing cancer chemotherapy. A 
mixed-effects population pharmacokinetic model for doxo-
rubicin and doxorubicinol and in combination with a turn-
over model for cTnI were developed.

Kuhan Kunarajah and Stefanie Hennig have contributed equally 
to this work.

In the original publication of this article, there were errors in the 
Appendix; this errors have now been corrected.

 *	 Andrew S. Moore 
	 andrew.moore@uq.edu.au

1	 The University of Queensland Diamantina Institute, 
Translational Research Institute, Brisbane, Australia

2	 School of Pharmacy, Pharmacy Australia Centre 
of Excellence (PACE), The University of Queensland, 
Brisbane, Australia

3	 Mater Medical Research Institute, The University 
of Queensland, Brisbane, Australia

4	 School of Pharmacy, Griffith University, Gold Coast, Australia
5	 Oncology Services Group, Children’s Health Queensland 

Hospital and Health Service, Brisbane, Australia
6	 UQ Child Health Research Centre, The University 

of Queensland, Brisbane, Australia
7	 Present Address: Department of Clinical Pharmacology,  

St. Vincent’s Hospital, Sydney, NSW, Australia

http://orcid.org/0000-0001-5972-3711
http://orcid.org/0000-0001-8062-1779
http://crossmark.crossref.org/dialog/?doi=10.1007/s00280-017-3309-6&domain=pdf


16	 Cancer Chemother Pharmacol (2017) 80:15–25

1 3

impact on therapeutic success [3]. However, a significant 
adverse-effect of doxorubicin therapy is dose-dependent 
late cardiotoxicity, with long-term survivors of paediatric 
malignancy having a five-fold to six-fold increased likeli-
hood of cardiac malfunction compared to healthy controls 
[4]. It has been reported that more than one-half of treated 
children will develop asymptomatic cardiac dysfunction, 
whilst one-sixth will develop significant heart failure sec-
ondary to cardiomyopathy [5]. Although not fully under-
stood, such cardiotoxicity may be due to the generation of 
free radicals, oxidative stress, reduced antioxidant enzyme 
activity and decreased thiol groups [1, 6]. Importantly, 
Olson et al. [7] provided evidence that doxorubicinol (the 
C-13 alcohol metabolite of doxorubicin) may contribute to 
cardiotoxicity associated with doxorubicin chemotherapy. 
Doxorubicinol is formed in the cardiac tissues and accu-
mulates in sufficient concentrations to compromise sys-
tolic and diastolic heart function, most likely by perturba-
tion of calcium homeostasis. In support, Mushlin et al. [8] 
subsequently published data from isolated rat aorta studies 
indicating that the time-related development of myocardial 
contractile dysfunction most likely involves doxorubicinol 
and doxorubicin acting in concert. With improved disease 
outcomes and increased survival, particularly in children, 
strategies aimed at reducing anthracycline-induced cardio-
toxicity are of importance [1].

A number of clinical risk factors for the development 
of doxorubicin related cardiotoxicity have been identified, 
including higher single and cumulative doses, younger age, 
and short infusion times [9]. More recently, genetic sus-
ceptibility to anthracycline-induced cardiotoxicity was rec-
ognised as a potential contributor to outcome in paediatric 
oncology patients, with a non-synonymous variant in the 
retinoic acid receptor γ (RARG) gene being highly associ-
ated with cardiotoxicity [10].

The use of doxorubicin is further challenging due to 
large inter-subject pharmacokinetic variability [11]. Age-
related differences in body weight and surface area as 
well as maturation processes can result in different expo-
sure in children given the same body-size adjusted dose of 
a cytotoxic drug. Kontny et al. [12] reported a population 
pharmacokinetic model for doxorubicin in adults and in 
children older than 3  years which explained much of the 
variability by differences in body surface area. Voller et al. 
[13] focused on children under 3 years, and noted an age-
dependent maturation of doxorubicin clearance with signif-
icantly lower clearances in very young children.

Markers of anthracycline cardiotoxicity frequently used 
in human clinical trials include cardiac troponin I (cTnI). 
Two recent reviews suggested that cTnI may be of prog-
nostic value in dealing with anthracycline cardiotoxicity 
[14, 15]. The development of biochemical markers have 
allowed for non-invasive measures of myocardial damage 

(troponin), and of the neurohumoral response that ensues 
in heart failure settings (natriuretic peptide) [16–19]. cTnI 
has been shown to be sensitive and specific for myocardial 
damage, and its use in the clinic has become common place 
in the diagnostic and prognostic evaluation of acute coro-
nary syndromes (ACS) [14, 17, 20]. Some clinical stud-
ies demonstrate that even small increases of troponin dur-
ing acute ischemic episodes are associated with increased 
risks of future cardiac events [17] and thus cardiac troponin 
monitoring during or after anthracycline therapy may be 
prognostically useful.

Although it has been demonstrated by others that doxo-
rubicin exposure correlates with response to treatment in 
childhood acute myeloid leukaemia (AML) [21], a causa-
tive link between doxorubicin pharmacokinetics and car-
diotoxicity is yet to be fully established or understood. The 
present study was designed to investigate the existence of 
a relationship, if any, between doxorubicin and doxorubi-
cinol pharmacokinetics and biochemical markers of cardio-
toxicity in children with cancer.

Methods

Patient eligibility and ethics

Paediatric oncology patients were recruited from the 
Royal Children’s Hospital, Brisbane, Australia (now Lady 
Cilento Children’s Hospital, Brisbane). Patients were eligi-
ble if younger than 18 years, were scheduled to receive at 
least two doses of doxorubicin for any form of childhood 
cancer, and they had not experienced any prior adverse 
events from doxorubicin. Details of previous anthracycline 
administration were recorded. The study was approved 
by the Royal Children’s Hospital Human Research Eth-
ics Committee (HREC), with informed parental consent, 
and where appropriate, a patient’s assent obtained for each 
participant. The maximum volume of blood collected from 
each patient was 2 mL/kg of body weight as approved by 
the HREC.

Study design, treatment, blood sampling

Doxorubicin was prescribed by the oncologist for each 
patient based on their body surface area. The stopping 
time of an intravenous infusion was taken as the point at 
which the line used to infuse doxorubicin was clear of vis-
ible (red) drug. Blood was drawn at the following time 
points: pre-infusion; then (post-infusion) 5–10 min, 1–2 h, 
2–12 h, 24–120 h (1–5 days), 168 h (7 days). The 24–120-h 
sampling period was chosen for logistical reasons and for 
patient convenience. Blood was collected via a venous 
catheter (Port-a-Cath, Hickman line), after withdrawal of a 



17Cancer Chemother Pharmacol (2017) 80:15–25	

1 3

5 mL discard of fluid/blood. The fluid/blood discards were 
kept for doxorubicin and doxorubicinol analysis to check 
for potential contamination of samples due to re-adsorption 
of drug to the catheter lumen during dosing and/or release 
of administered drug on sample collection.

Measurement of doxorubicin and doxorubicinol

Blood and discard blood/fluid for doxorubicin and doxo-
rubicinol were collected in EDTA tubes and transported 
on ice for processing within 5–10 min of collection. Sam-
ples were centrifuged at 1800g for 15 min at 24 °C and the 
plasma supernatants were stored at −80 °C.

Plasma samples were assayed for doxorubicin and doxo-
rubicinol [22]; presently, lower quantification limits were 
achieved using a Shimadzu LC-20 pump system with a RF-
10AXL fluorescence detector. The lower limit of quantifi-
cation (LLQ) was 4.7 ng/mL, at which the coefficients of 
variation (CV%) for doxorubicin and doxorubicinol were 
10.6 and 20.1%, respectively, and accuracies were 102 and 
92.6%, respectively. The lower limit of detection (LLD) 
was 0.95 ng/mL for both compounds.

Measurement of cTnI

Samples for determination of cTnI were collected, prior to 
the doxorubicin dose and at the same time points samples 
for doxorubicin concentrations were sampled, as in serum 
separator tubes and analysed without delay by immuno-
assay (UniCel DxI 800, Beckman Coulter Inc, Fullerton 
CA). The upper reference limit for this assay is <0.04 μg/L 
(=99th percentile), and concentrations ≥0.04 μg/L were 
taken as being positive for a cTnI leak.

Population model development

Modelling was conducted using NONMEM version 7.3 
[23], in combination with the Intel FORTRAN compiler, 
and PsN (Perl-speaks-NONMEM) version 4.1 [24]. Struc-
tural model parameter estimates, inter-individual variability 
(IIV) and residual unexplained variability (RUV) were esti-
mated using first-order conditional estimation with interac-
tion (FOCE + I).

The base pharmacokinetic model for doxorubicin and 
doxorubicinol was adapted from published studies [12, 
13]. Therefore, initially a 3-compartment model for doxo-
rubicin, and a 1-compartment for doxorubicinol was tested 
with first-order metabolism to doxorubicinol (Qm) fixed to 
32.1 L/h/1.8 m2 [12]. Other model structures were evaluated 
subsequently. Clearance of doxorubicin (CL) and doxorubi-
cinol (CLm), volumes of distribution of the central compart-
ment and the two peripheral compartment for doxorubicin 
(V1, V2, V3, respectively) and doxorubicinol (V4), and the 

inter-compartmental clearances for doxorubicin (Q2, Q3) 
were estimated. The metabolism from parent to metabo-
lite was included as metabolic clearance of doxorubicin 
into a ‘metabolite’ compartment. As mass units were used 
to describe the concentrations of doxorubicin and metabo-
lite, the CLm and V4 were adjusted using the molecular 
weight to account for the stoichiometric conversion from 
doxorubicin to metabolite. Estimation of IIV, including the 
off-diagonal elements (covariances) of the variance matrix, 
were tested on all parameters using an exponential error 
model. The RUV was estimated using proportional, additive 
and combined error models separately for doxorubicin, dox-
orubicinol and plasma cardiac cTnI. The first concentration 
after a given dose reported as below the LLD was assigned 
to half the value of LLD; any further concentration reported 
below the LLD within the same dosing interval were 
removed [25, 26]. Covariates available included weight, 
age, gender, height, and body surface area. These were ini-
tially screened graphically versus parameter estimates. An a 
priori assumption was made that all size covariates would 
influence all clearance and distribution covariates. Covari-
ates were retained in the model if biologically plausible and 
a statistically significant decrease in the objective function 
value (OFV) was noted. The OFV is an internally generated 
metric of NONMEM used to identify potential improve-
ments in fit of the model to the data. The difference between 
a pair of OFV values for nested models approximates the 
Chi-square (χ2) distribution, which can be hypothesis-tested 
for significance (χ2

1,0.05 = 3.84) [23]. The influence of 
continuous covariates was screened, in turn, using linear, 
power and exponential functions.

Pharmacokinetic parameters relating to drug transfer 
between peripheral compartments, and covariate relation-
ships related to effect were fixed to the final values of the 
doxorubicin-metabolite pharmacokinetic model, prior to 
evaluating the effect of doxorubicin and doxorubicinol 
exposure on plasma cTnI concentrations. The cardiotoxic 
exposure effect (E) of stimulation of cTnI release into 
plasma was described using an Emax function (Eq. 1):

where Emax is a dimensionless parameter which describes 
the maximum possible effect caused by drug exposure; 
ConcDox+Doxol is the combined plasma concentrations of 
doxorubicin (Dox) and doxorubicinol (Doxol); EC50 is 
the combined plasma concentration producing half-maxi-
mal effect. The time-course of plasma cTnI concentration 
following doxorubicin and doxorubicinol exposure was 
described using a turn-over effect model [27], where the 
cardiotoxic exposure effect of doxorubicin-stimulated and 
doxorubicinol-stimulated cTnI was described using the fol-
lowing functions (Eqs. 2, 3):

(1)E =
Emax · ConcDox + Doxol

EC50 + ConcDox + Doxol
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where kin is the zero-order release rate constant into plasma 
of cTnI, and kdeg is the first-order rate constant of loss from 
the plasms compartment. At steady state, baseline cTnI 
concentrations (CbasecTnI) is equal to the ratio of kin to kdeg 
according to Eq. 3. After the addition of the structural mod-
els for cTnI to the doxorubicin metabolite model, potential 
stochastic models were evaluated followed by covariate 
model development and model evaluation steps. Covari-
ates tested were infusion rates of doxorubicin on E and 
prior cumulative anthracyclines dose amounts (mg/m2) on 
CbasecTnI.

During model development goodness-of-fit (GOF) plots 
(if shrinkage was low), and prediction-corrected and var-
iance-corrected visual predictive checks (pcvcVPC) were 
used as diagnostics [28]. The percentile bootstrap 95% con-
fidence intervals around the final population model param-
eters were obtained in PsN using an automated non-para-
metric bootstrap with sample replacement of 500 runs [29]. 

(2)
dCcTnI

dt
= kin · (1+ E)− kdeg · CcTnI

(3)kin = CbasecTnI · kdeg

The NONMEM control stream used for the final model is 
shown in “Appendix”.

Results

Patients and dosing

Nineteen children aged 3.42–14.67  years (median 7.50) 
were enrolled on the study, of which 17 had blood sampled 
for analysis of one or two doses of doxorubicin (median 
age 7.00  years, range 3.42–14.67). Blood samples after 
a total of 24 doses of doxorubicin were analysed. Eleven 
patients had received doses of anthracyclines prior to the 
first observed dose in this study (median 100 mg/m2, range 
25–225 mg/m2). Six patients had not received any anthra-
cyclines prior to the first dose analysed. The median dose 
of previous anthracycline for all doses analysed was 95 mg/
m2 (range 0–225 mg/m2). Only one patient received dexra-
zoxane as a cardioprotectant. Patient characteristics are 
detailed in Table 1. Echocardiography was obtained as per 
individual patient treatment protocol or treating physician. 
No patient had any significant echocardiographic changes 

Table 1   Patient characteristics and doxorubicin dosing

a  Received 290 mg dexrazoxane prior to doxorubicin dose; F female, M male, ALL acute lymphoblastic leukaemia

Patient Age 
(year)

Sex Weight 
(kg)

Height 
(m)

Diagnosis Prior cumulative anthracy-
cline dose (mg/m2)

Doxorubicin 
dose (mg/m2)

Infusion 
time (h)

1 12.7 F 40.0 1.5 Hodgkin lymphoma 225 25 0.5

2 3.4 M 12.8 0.9 Hepatoblastoma 90 30a 1.5

150 30a 1.5

3 13.4 M 60.0 1.7 Non-Hodgkin lymphoma 120 60 0.5

180 60 1.0

4 6.3 F 20.5 1.1 Wilms’ tumour 100 50 6.5

5 7.8 F 28.3 1.2 Wilms’ tumour 200 33.3 5.0

6 9.8 M 31.3 1.3 T-ALL 100 25 0.25

125 25 0.25

7 7.5 M 25.5 1.2 Pre-B ALL 125 25 0.25

150 25 0.25

8 14.7 M 62.7 1.8 Synovial sarcoma 75 75 49.0

150 75 48.5

9 6.9 M 20.6 1.2 Pre-B ALL 0 25 0.25

25 25 0.25

10 5.3 M 16.9 1.1 Pre-B ALL 25 25 0.25

50 25 0.25

11 5.0 M 11.0 1.0 Neuroblastoma 0 75 72.5

12 14.5 F 37.3 1.5 Wilms’ tumour (relapsed) 120 30 6.75

13 5.2 M 25.0 1.2 Pre-B ALL 50 25 0.25

14 3.4 M 17.0 1.0 Neuroblastoma 0 75 72.0

15 3.8 M 17.0 1.0 Non-Hodgkin lymphoma 0 60 1.0

16 3.8 F 13.4 0.9 Neuroblastoma 0 75 68.8

17 12.9 F 88.6 1.6 Osteosarcoma 0 75 48.0



19Cancer Chemother Pharmacol (2017) 80:15–25	

1 3

Fig. 1   Observed concentrations (μg/L) versus time after dose (h) for doxorubicin, doxorubicinol, and cardiac troponin I (top) and conditional 
weighted residuals (CWRES) versus time after dose (h) for doxorubicin, doxorubicinol and cardiac troponin I (bottom)

Fig. 2   Final model describing 
doxorubicin, doxorubicinol and 
cardiac troponin I concentra-
tions over time. Included 
covariate relationships in the 
final model are associated with 
the symbol ‘~’ to the relevant 
parameter
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or abnormal fractional shortening during the course of the 
study.

Four of the 17 patients (23.5%) sampled had a con-
firmed leak of cTnI, defined as ≥0.04 μg/L, after doxo-
rubicin dosing. All four patients had positive troponin 
results within 24 h of a doxorubicin dose. Two patients, a 
male aged 13.6 years and a female aged 14.5 years, had a 
respective cTnI measurement of 0.1 and 0.05 μg/L imme-
diately prior to the observed dose of doxorubicin. Both 
patients received doses of doxorubicin of 180 and 120 mg/
m2, for 55 and 47 days, respectively, prior to the doxoru-
bicin dose monitored during this study. Of the six patients 
who had never been previously exposed to doxorubicin 
therapy, four had a baseline cTnI ≥ 0.01 μg/L. The maxi-
mum baseline level noted in this group was 0.03  μg/L, 
with an average of 0.016 μg/L. Of the 11 patients who had 
prior exposure to doxorubicin therapy, eight had a baseline 
cTnI ≥  0.01 μg/L. The maximum baseline level noted in 
this group was 0.08 μg/L, with an average of 0.023 μg/L.

Population modelling

One hundred doxorubicin concentrations (of which 15% 
were below the LLD), 120 doxorubicinol concentrations 
(11% below LLD), and 104 cTnI measurements were avail-
able for modelling. The data are illustrated in Fig. 1; 33% 
of doxorubicin and doxorubicinol samples were taken 
within 12  h of the start of the infusion, 14% of samples 
were taken between 12–24 h and 53% after 24-h post-dose. 
For all patients a baseline cTnI measurement was available 
and 50% of data points were measured within 12 h of the 
start of the infusion, 12% between 12–24 h and 38% after 
24-h post-dose.

The time-course of doxorubicin and doxorubicinol 
in plasma up to 336  h after administration was best 
described by the adopted compartmental model from 

the literature [12, 13] (Fig.  2, “Appendix”). The typical 
population CL for doxorubicin (IIV expressed as CV%) 
was 58.7 L/h/1.8  m2 (18.6%), and typical V1 was 32.2 
L/1.8 m2. The typical CLm was 19.3 L/h/1.8 m2 (29.4%), 
and V4 was 508 L/1.8 m2. The typical Qm was fixed; the 
estimated IIV of Qm was 33.2%. A combined additive-
logarithmic error model best described the RUV for 
both the parent and metabolite. As previously reported 
[13], age influenced CL significantly and improved the 
fit (ΔOFV = −39.9). Furthermore, the addition of BSA 
on all clearance and distribution parameters further 
improved the fit (ΔOFV = −33.3). No other factor fur-
ther significantly explained the variability in doxorubicin 
pharmacokinetics, or improved the fit of the model.

The maximum effect (Emax) on release of cTnI after 
combined exposure was estimated as 0.15, the first-order 
rate of cTnI degradation (kdeg) was 0.6  h−1 (representa-
tive of a turn-over half-life of 1.2  h), and the summed 
doxorubicin and doxorubicinol concentration required 
to achieve half-maximal effect (EC50) was estimated 
as 11.8  µg/L. With pre-dose cTnI concentrations avail-
able for all patients, the baseline cTnI was estimated as 
20.5 pg/mL (BSV 24.7%). Inclusion of prior cumulative 
anthracyclines doses received by the patients improved 
the model fit (ΔOFV = −4.9), and resulted in an esti-
mated cTnI baseline increase by 0.31% with every 1 mg/
m2 increase in prior to cumulative anthracyclines doses.

Standard GOF graphics supported the model building. 
Conditional weighted residuals versus time after dose 
(hours) for the final model are illustrated in Fig.  1. The 
pcvcVPC of the final model is shown in Fig. 3. The final 
model was evaluated using a non-parametric bootstrap 
which produced similar parameter estimates similar to 
those from the final model (Table 2), indicating that the 
estimates for the population PK parameters in the final 
model are robust and stable.

Fig. 3   Prediction-corrected and variance-corrected VPCs for doxoru-
bicin (a), doxorubicinol (b) and cardiac troponin I (c). The raw data 
are represented as black circles and lines. Grey shaded areas are the 

90% confidence interval for the 5th, 50th, and 95th percentile of the 
simulated data. The length of the confidence interval areas illustrates 
bin size
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Discussion

The primary aim of this pilot study was to assess the rela-
tionship, if any, between doxorubicin pharmacokinetics 
and markers of cardiotoxicity.

cTnI concentration data were obtained for each set of 
doxorubicin and doxorubicinol concentrations, which facil-
itated description of the time-course of cTnI concentrations 
arising after doxorubicin administration. Increased doxoru-
bicin infusion rate and prior anthracycline dosing showed 

Table 2   Parameter estimates and bootstrap results for the final doxorubicin, doxorubicinol, cardiac Troponin I model

Final covariate model

CL
(

L/h/1.8m2
)

= 58.7× [1+ (BSA− 1.8)× 0.465]×

[

1+
(

Age
8.4

)0.736
]

V1
(

L/1.8m2
)

= 32.2× [1+ (BSA− 1.8)× 0.465]; Same parameterisation for all other clearance and distribution parameters in the model

CbasecTnI (µg/L) = 0.021× (1+ 0.00308 × (PCAMT− 90))

Where, BSA body surface area, Age individual patient’s age, PCAMT prior cumulative anthracyclines doses received by the patient

Bootstrap (median [95% CI])

Parameter Units Parameter estimate BSV % [shrinkage %] Parameter estimate BSV %

Doxorubicin and doxorubicinol pharmacokinetics

 Clearance of doxorubicin from central 
compartment (CL)

L/h/1.8 m2 58.7 18.6 [5] 59.9 [53.3–64.2] 17.5 [6.1–25.5]

 Central volume of distribution (V1) L/1.8 m2 32.2 – 32.4 [12.6–51.7] –

 Inter-compartmental clearance to 1st 
peripheral compartment (Q2)

L/h/1.8 m2 35.8 fixed – – –

 Volume of distribution for 1st peripheral 
compartment (V2)

L/1.8 m2 3810 fixed – – –

 Inter-compartmental clearance to 2nd 
peripheral compartment (Q3)

L/h/1.8 m2 65.1 fixed 22.3 [37] – 20.1 [11.5–32.6]

 Volume of distribution for 2nd periph-
eral compartment (V3)

L/1.8 m2 705 fixed 15.5 [53] – 15.5 [1.7–23.3]

 Clearance of doxorubicinol (CLm) L/h/1.8 m2 19.9 32.4 [12] 19.2 [14.2–25.6] 35.3 [12.1–46.7]

 Volume of distribution of doxorubicinol 
(Vm)

L/1.8 m2 508 – 490.3 [400.1–616.3] –

 Formation clearance to doxorubicinol 
(Qm)

L/h/1.8 m2 32.1 fixed 33.2 [11] – 32.5 [9.9–45.8]

Covariates

 Influence of age on doxorubicin  
clearance (power function exponent)

– 0.736 fixed – – –

 BSA influence (linear function) – 0.465 fixed – – –

Residual error

 Proportional for doxorubicin % 20.3 21.5 [14.7–25.7]

 Additive for doxorubicin μg/L 0.24 – 0.23 [0.19–0.28] –

 Proportional for doxorubicinol % 22.9 – 23.6 [15.5–30.3] –

 Additive for doxorubicinol μg/L 0.95 – 0.90 [0.42–1.4] –

Cardiac troponin I (cTnI)

 Rate of cTnI degradation (kdeg) /h 0.6 – 0.51 [0.34–0.85] –

 Baseline cTnI (CbasecTnI) μg/L 0.021 0.025 [12] 0.019 [0.016–0.025] 0.026 [0.002–0.035]

 Maximum effect on release of cTnI after 
doxorubicin (Emax)

– 0.15 – 0.14 [0.02–0.52] –

 Combined doxorubicin and doxoru-
bicinol concentrations required to 
achieve half-maximal effect (EC50)

μg/L 11.8 – 10.7 [3.85–64.2] –

 cTnI baseline increase (%) with every 
1 mg/m2 increase in prior cumulative 
anthracyclines doses

– 0.31 – 0.30 [0.10–0.50] –

 Proportional residual error for cTnI % 58.2 – 58.9 [47.3–69.2] –



22	 Cancer Chemother Pharmacol (2017) 80:15–25

1 3

linear relationships with baseline cTnI concentration; 
however, only prior anthracycline dosing could be shown 
to significantly increase baseline cTnI. For every 1 mg/m2 
increase in prior anthracycline therapy, there was a 0.31% 
increase in baseline cTnI, a result supported by a previous 
study which showed induction of cTnI soon after doxoru-
bicin administration [30]. The relationship between cumu-
lative anthracycline dose and baseline cTnI in the present 
study, and the extension of the pharmacokinetic model for 
doxorubicin to include cTnI, provided a novel aspect which 
contributes towards increasing an understanding of the 
dose-concentration-toxicity relationship in children with 
cancer. Presently, we showed evidence of a trend towards 
cTnI elevation shortly after doxorubicin administration in 
this population, with a subsequent resolution close to popu-
lation average cTnI baseline measurements within 100 h.

An estimated turn-over half-life of 1.2  h was calcu-
lated, which is in keeping with the range that has been 
noted in rats [27], and in humans, with an observed a 
cTnI half-life of 2 h [31]. It is unclear if earlier and more 
frequent troponin sampling, perhaps during or shortly 
after doxorubicin dosing, would have made a difference 
to the results. Although increased cTnI measurements 
are useful prognostically in terms of doxorubicin-cardi-
otoxicity in patients [14], we caution that the relatively 
low levels of cTnI presently recorded are reflected in 
the parameter estimates of Emax and EC50, and should be 
applied with some caution with respect to wider extrapo-
lation. It is also important to note that the prior cumula-
tive doses of doxorubicin ranged from 0 to 225  mg/m2, 
but in clinical practice doses much higher than 225 mg/
m2 are more typically associated with significant myocar-
dial injury [32]. Recent work by Nathan et  al. indicated 
that the incidence of congestive heart failure approached 
10% in children exposed to cumulative doses above 
300  mg/m2 at 20-year follow-up after treatment [32]. 
Thus, the relatively low cumulative doses of doxoru-
bicin presently prescribed may also have contributed to 
the relatively low doxorubicin-induced troponin (cTnI) 
concentrations. Nonetheless, there was a significant rela-
tionship between prior cumulative anthracycline dose and 
baseline cTnI. Looking for trends in troponin and rela-
tive increases from previous baseline values may reveal 
evidence of early cardiotoxicity, and thereby assist in the 
monitoring and avoidance of progression of cardiotoxic 
effects.

The importance of monitoring doxorubicin cardio-
toxicity has been recognised previously, especially given 
the increased survival rates in modern paediatric oncol-
ogy practice, but it still unclear what the long-term out-
comes of doxorubicin treatment in childhood are later in 
life. There is some evidence that in high-risk paediatric 
acute lymphoblastic leukaemia, elevated levels of cTnI 

and N-terminal pro-brain natriuretic peptide (NT-proBNP), 
which is a marker of ventricular wall stress, are detected 
within 90 days of anthracycline therapy, and are associated 
with impaired left ventricular function cardiac function up 
to 4  years after therapy is completed [33]. However, it is 
unclear if this impaired cardiac function persists later in life, 
and whether elevated troponin concentrations immediately 
after doxorubicin dosing correlate with persistent impaired 
cardiac function up to decades after chemotherapy.

Clearly, in extending the conclusions of this study, fur-
ther investigation and validation with a larger independ-
ent dataset is warranted, and also with other chemothera-
peutic and novel targeted therapies to determine whether 
cardiotoxic effects can be monitored by TnI levels, and 
whether these relationships with other medications are 
similar to those presently observed.

Conclusion

This pilot study identified that prior anthracycline expo-
sure and infusion rates correlated with baseline cTnI levels, 
which may be useful in the assessment of long-term car-
diotoxicity risk prediction. Such a relationship was noted 
despite the relatively low cumulative doses of doxorubicin 
observed. The present study contributes to an improved 
understanding of the factors underscoring dose-concentra-
tion-toxicity relationships in children with cancer.
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$PROBLEM    DOX PK
$INPUT     COM ID DAT1=DROP TIME AMT RATE DV
MDV FLAG CMT BQL OCC WT AGE SEX HT BSA BSTM 
PSTM INFRATE PCAMT CPCAMT
$DATA       DoxData_SH14.csv IGNORE=#
$SUBROUTINE  ADVAN13 TRANS1 TOL=3
$MODEL NCOMP = 5

COMP(CENT)
COMP(PER1)
COMP(PER2)
COMP(MET)
COMP(TROP)

$PK
;;------- COVARIATES ---------------------------
TBASEPCAMT=THETA(21)*(PCAMT-90)
FBSACL=(1+(BSA-1.8)*(THETA(10)))
FAGE=(1+(AGE/8.4)**THETA(9))
;;------------ PK parameters ------------------
TVCL  = THETA(1)*FAGE*FBSACL
TVV1  = THETA(2)*FBSACL
TVQ2  = THETA(5)*FBSACL
TVV2  = THETA(6)*FBSACL
TVQ3  = THETA(7)*FBSACL
TVV3  = THETA(8)*FBSACL

TVCLM = THETA(11)*FBSACL
TVV4  = THETA(12)*FBSACL
TVQM = THETA(13)*FBSACL

;;----- Trop model  ---------------------------
TVKDEG  = THETA(16)        
TVTBASE = THETA(17)*(1+TBASEPCAMT)   
TVEMAX  = THETA(19)                
TVEC50  = THETA(20

;;------------ Between subject variability --------
IIVCL   = ETA(1)
IIVCLM  = ETA(2)
IIVQM   = ETA(3)
IIVQ3   = ETA(4)
IIVV3  = ETA(5)
IIVTBASE = ETA(6)

;;------------ parameter estimates --------
CL  = TVCL* EXP(IIVCL)
V1  = TVV1
Q2  = TVQ2
V2  = TVV2
Q3  = TVQ3 *EXP(IIVQ3)
V3  = TVV3*EXP(IIVV3)
CLM = TVCLM*EXP(IIVCLM)
V4  = TVV4
QM  = TVQM*EXP(IIVQM)

EC50 = TVEC50
EMAX = TVEMAX
KDEG = TVKDEG
TBASE = TVTBASE*EXP(IIVTBASE)
KSYN = TBASE*KDEG

;;------------- Rates --------------------------------
K12=Q2/V1
K21=Q2/V2
K13=Q3/V1
K31=Q3/V3
K10=CL/V1
K14=QM/V1
K41=0
K40=CLM/V4

S1= V1
S4= V4
S5 = 1

;;-------------- DES ----------------------------------
A_0(5)  = TBASE ;KSYN/KDEG

$DES
CD      = A(1) / V1            ; Dox
CM      = A(4) / V4            ; Doxol

EFF     = (EMAX*(CD+CM)) / (EC50 + (CD+CM))

DADT(1) = -K10*A(1)-K12*A(1)-K13*A(1)+K21*A(2)+K31*A(3)
DADT(2) = K12*A(1) - K21*A(2)
DADT(3) = K13*A(1) - K31*A(3)
DADT(4) = K14*A(1) - K40*A(4)
DADT(5) = KSYN*(1 + EFF)- KDEG*A(5)

;;----------------------RUV ----------------------------
$ERROR            (ONLY OBSERVATIONS)
DOX =A(1)/V1
MET =A(4)/V4
TROP = A(5)

IPRED=0 

IF (CMT.EQ.1) THEN ;Dox
IPRED=DOX       
W=SQRT((THETA(3)*IPRED)**2 + THETA(4)**2)
ENDIF

IF (CMT.EQ.4)THEN ;Doxol
IPRED=MET       
W=SQRT((THETA(14)*IPRED)**2 + THETA(15)**2)
ENDIF

IF (CMT.EQ.5)THEN ;cTnI
IPRED=TROP        
W=THETA(18)*IPRED
ENDIF

IRES=DV-IPRED
IF(W.EQ.0) W=1
IWRES=IRES/W
Y= IPRED+W*EPS(1)

;;------INITIALS -------------------------------------
$THETA
(0, 58.7)       ; 1 CL
(0, 32.2)       ; 2 V1
(0, 0.203)      ; 3 Prop.RE (sd) Dox
(0, 0.238)      ; 4 Add.RE (sd)  Dox
(0, 35.8) FIX    ; 5 Q2
(0, 3810) FIX    ; 6 V2
(0, 65.1) FIX    ; 7 Q3
(0, 705) FIX     ; 8 V3
(0, 0.736) FIX   ; 9 CL age exp
(-5.55, 0.465,0.819) FIX ; 10 BSA COV
(0, 19.9)       ; 11 CLM
(0, 508)        ; 12 V4
(0, 32.1) FIX    ; 13 Qm
(0, 0.229)      ; 14 Prop.RE (sd) Doxol
(0, 0.954)      ; 15 Add.RE (sd)  Doxol
(0, 0.587)      ; 16 Kdeg Trop  k = 0.3 ~ t1/2 = 2 hours ~ steady state ~ 8-10h
(0, 20.5)       ; 17 TBASE
(0, 0.582)     ; 18 Prop.RE trop (sd) cTnI
(0, 0.154)      ; 19 EMAX
(0, 11.8)        ; 20 EC50  CD+CM
(0, 0.00308)    ; 21 TBASEPCAMT
$OMEGA BLOCK(2)
0.0344        ;1 BSV CL
0.0523 0.116  ;2 BSV CLM

$OMEGA 0.11   ;3 BSV QM
$OMEGA 0.0497 ;4 BSV Q3
$OMEGA 0.0241  ;5 BSV V3
$OMEGA 0.0607  ;6 BSV TBASE
$SIGMA 1 FIX  ; Residual error

$ESTIMATION METHOD=1 INTER MAXEVAL=9999 NOABORT SIG=3 PRINT=1
$COVARIANCE

Appendix: NMTRAN control stream for the final 
model
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