
Vol.:(0123456789)

Clinical Pharmacokinetics 
https://doi.org/10.1007/s40262-020-00961-4

ORIGINAL RESEARCH ARTICLE

Population Pharmacokinetics of Docetaxel, Paclitaxel, Doxorubicin 
and Epirubicin in Pregnant Women with Cancer: A Study 
from the International Network of Cancer, Infertility and Pregnancy 
(INCIP)

Julie M. Janssen1 · Kristel Van Calsteren2 · Thomas P. C. Dorlo1 · Michael J. Halaska3 · Robert Fruscio4 · 
Petronella Ottevanger5 · Carolien P. Schröder6 · Ingrid Boere7 · Petronella O. Witteveen8 · Rebecca C. Painter9 · 
Ruud Bekkers10,11 · Vit Drochytek3 · Jos H. Beijnen1,12 · Alwin D. R. Huitema1,13 · Frederic C. H. Amant14,15

Accepted: 30 October 2020 
© Springer Nature Switzerland AG 2021

Abstract
Background  Based on reassuring short-term foetal and maternal safety data, there is an increasing trend to administer chemo-
therapy during the second and third trimesters of pregnancy. The pharmacokinetics (PK) of drugs might change as a result 
of several physiological changes that occur during pregnancy, potentially affecting the efficacy and safety of chemotherapy.
Objective  With this analysis, we aimed to quantitatively describe the changes in the PK of docetaxel, paclitaxel, doxorubicin 
and epirubicin in pregnant women compared with non-pregnant women.
Methods  PK data from 9, 20, 22 and 16 pregnant cancer patients from the International Network of Cancer, Infertility and 
Pregnancy (INCIP) were available for docetaxel, paclitaxel, doxorubicin and epirubicin, respectively. These samples were 
combined with available PK data from non-pregnant patients. Empirical non-linear mixed-effects models were developed, 
evaluating fixed pregnancy effects and gestational age as covariates.
Results  Overall, 82, 189, 271, and 227 plasma samples were collected from pregnant patients treated with docetaxel, pacli-
taxel, doxorubicin and epirubicin, respectively. The plasma PK data were adequately described by the respective models for 
all cytotoxic drugs. Typical increases in central and peripheral volumes of distribution of pregnant women were identified 
for docetaxel, paclitaxel, doxorubicin and epirubicin. Additionally, docetaxel, doxorubicin and paclitaxel clearance were 
increased in pregnant patients, resulting in lower exposure in pregnant women compared with non-pregnant patients.
Conclusion  Given the interpatient variability, the identified pregnancy-induced changes in PK do not directly warrant dose 
adjustments for the studied drugs. Nevertheless, these results underscore the need to investigate the efficacy of chemotherapy, 
when administered during pregnancy.

Key Points 

Pregnancy affects the pharmacokinetics of cytotoxic 
drugs.

Exposures were decreased in pregnant patients compared 
with non-pregnant patients.

Dose adjustments should be considered when maternal 
outcome is shown to be affected.Electronic supplementary material  The online version of this 

article (https​://doi.org/10.1007/s4026​2-020-00961​-4) contains 
supplementary material, which is available to authorized users.
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1  Introduction

Given that the pharmacology of drugs is typically 
unknown in the pregnant population, dosing in preg-
nancy is based on research in non-pregnant patients. Lit-
tle research is being performed in order to investigate 
the effects of pharmacological treatment on the pregnant 
patient and the foetus. The US Food and Drug Adminis-
tration (FDA) and the European Medicines Agency have 
released guidelines on how to cope with this highly vul-
nerable patient population [1–3]. It is advised to make use 
of the population pharmacokinetics (PK) approach. This 
method can quantify and explain the PK characteristics 
and variability in drug concentrations among individu-
als. In addition, this method enables optimal use of data 
from a very limited population and may limit the number 
of required PK assessments. The population PK approach 
can assess the effects of pregnancy on the PK and hence 
provide recommendations for dosing adjustments [1, 3].

Cancer complicates one out of 1000–2000 pregnancies 
[4]. In the treatment of pregnant cancer patients, clinicians 
were initially reluctant to use chemotherapy, as the short- 
and long-term effects of exposure of cytotoxic drugs on the 
foetus were unknown but feared. Recently, the treatment 
of pregnant women with cytotoxic drugs during pregnancy 
was shown to be well tolerated in the short and middle-to-
long term for both the mother and the foetus, when con-
sidering both cancer prognosis and perinatal and selected 
childhood outcomes. Safety for the foetus has been dem-
onstrated when chemotherapy has been administered after 
the first trimester [5]. The increased use of chemotherapy 
has resulted in an increase in livebirths and decrease in 
prematurity among pregnant cancer patients [4, 5].

With the empirical dosing approach based on non-
pregnant patient data, potential gestational effects on the 
human physiology are ignored. Anecdotal reports suggest 
less chemotherapy-related toxicity among pregnant women 
compared with non-pregnant women. Several physiologi-
cal changes have been described during pregnancy, which 
may in theory have an effect on the PK of drugs. The most 
pronounced changes include an increase in body fluids, 
such as plasma volume, extracellular water and total body 
water. Additionally, a decrease in plasma protein concen-
trations, increased glomerular filtration and changes in 
metabolizing enzyme activity have been reported [6]. It 
follows that these PK changes might thus result in over- 
or underexposure, which might have a substantial influ-
ence on the efficacy and development of toxicity of the 
treatment.

We previously reported that the PK of cytotoxic drugs 
is altered during pregnancy [7, 8]. For all of the drugs that 
were studied, lower drug concentrations were observed in 

pregnant patients during the second and third trimesters 
compared with non-pregnant patients [8]. A decrease in 
the area under the plasma concentration-time curve (AUC) 
was observed for docetaxel, paclitaxel, doxorubicin and 
epirubicin. However, this preliminary analysis was limited 
by the very small number of pregnant patients who could 
be included at that time, particularly for patients treated 
with docetaxel or paclitaxel. This small sample size and 
large interindividual variability hampered the determina-
tion of a continuous gestational effect on the PK of all four 
studied drugs. Despite the fact that the magnitude of the 
effect of pregnancy on PK is anticipated to be largest in the 
third trimester, a continuous relationship with gestational 
age (GA) is expected given the time-dependent change and 
interplay of the various physiological parameters. Consid-
ering the limitations of the previous preliminary analysis, 
the inclusion of patients in this patient cohort was contin-
ued and we report the updated results herein.

2 � Methods

2.1 � Patients and Sampling

PK datasets from previously reported analyses were 
extended with PK data for docetaxel, doxorubicin and epi-
rubicin from newly included pregnant patients. Patients 
were recruited from the International Network of Cancer, 
Infertility and Pregnancy (INCIP) registry (NCT00330447). 
This study was approved by Institutional Review Boards and 
Independent Ethics Committees at participating institutions 
and was carried out in accordance with the ethical principles 
of the Declaration of Helsinki.

PK samples were centrifuged and stored at – 80 °C after 
withdrawal. Subsequently, PK samples were transported to 
a central facility where drug concentrations were measured 
using validated bioanalytical methods [9, 10]. Previously 
published clinical trial PK data from non-pregnant patients 
were included and served as the control data (Table 1) [8]. 
For paclitaxel, the dataset from a recently published PK 
model was used and was enriched with our PK data from 
pregnant patients [11]. Due to the limited data, PK data 
collected postpartum were considered as being from non-
pregnant patients in the current analysis.

2.2 � Model Development

2.2.1 � Structural Model

The structural model was developed using the concentration-
time data collected from both pregnant and non-pregnant 
patients. For the description of docetaxel, doxorubucin 
and epirubicin concentrations, one- to three-compartment 
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models with linear elimination were first evaluated. For 
paclitaxel, a linear three-compartment model was first 
tested. However, a recently published PK model for pacli-
taxel performed better in terms of parameter precision and 
goodness-of-fit (GOF) plots [11]. This model consisted of 
a three-compartment model with first-order distribution to 
the first peripheral compartment (V2), saturable distribution 
to the second peripheral compartment (V3), and saturable 
elimination from the central compartment (V1).

2.2.2 � Stochastic Model

Between-subject variability (BSV) was evaluated for all 
parameters, using an exponential error model (Eq. 1):

where Pi represents the individual parameter estimate for 
individual i, Ppop represents the typical population parameter 
estimate as defined by the structural model, and ηi represents 
the BSV effect for subject individual i, which was assumed 
to be normally distributed following N (0, ω2). Residual 
unexplained variability (RUV) was described by a propor-
tional error model for all four drugs (Eq. 2):

where Cobs,ij represents the observed concentration for indi-
vidual i and observation j, Cpred,ij represents the individual 
predicted concentration, and εp,ij represents the proportional 
error distributed following N (0, σ2). Separate residual vari-
abilities were estimated for the data from pregnant and 

(1)Pi = Ppop × exp
(

�i

)

,

(2)Cobs,ij = Cpred,ij ×

(

1 + �p,ij

)

,

non-pregnant patients, as data were available from differ-
ent clinical studies and different bioanalytical methods were 
used.

2.2.3 � Covariate Analysis

In order to identify relationships between covariates and the 
structural model parameters, plots of �-values of the param-
eter of interest versus the covariate were visually assessed 
for trends. If available, total body weight (WT) at time of 
PK sampling was first tested in the PK model that included 
non-pregnant patients only (Eq. 3).

where P represents the WT-adjusted population parameter. 
All clearance (CL) and volume parameters (i.e. V1, V2 and 
V3) were scaled to the median WT in the dataset. The expo-
nents (COV) were fixed to 0.75 for CL parameters and 1 
for volumes of distribution according to allometric princi-
ples [12]. WT at time of PK sampling was available for all 
patients. Similarly, gender was tested as a covariate for the 
control patients, for the docetaxel, doxorubicin and epiru-
bicin models.

Next, relationships between GA and CL and volume 
parameters were univariately tested in the model. Follow-
ing visual inspection of the covariate plots, continuous 
models using GA or discrete gestational effects were con-
sidered. Covariate effects that were already present in the 
original paclitaxel PK model were retained in our model, 

(3)P = Ppop ×

(

WT

70

)COV

,

Table 1   Patient and dosing characteristics of the datasets used for the final models

GA gestational age, PK pharmacokinetic
a Median and range provided for datasets with more than one postpartum cycle

Docetaxel Paclitaxel Doxorubicin Epirubicin

Pregnant patients (n) 9 20 22 16
 Cycles (n) 10 25 27 22
 GA 13–28.9 weeks 1 11 14 13
 GA 29–40 weeks 9 14 13 9
 GA, weeks [median (range)] 31.8 (26.1–35.0) 31.0 (13.7–35.7) 28.7 (15.0–36.3) 26.8 (19.0–34.0)
 PK samples (n) 82 189 271 227

Postpartum (n)
 Cycles (n) 1 2 5 3

Administered dose (infusion duration) 100 mg/m2 (1 h) 60 mg/m2 (1 h)
80 mg/m2 (1 h)
175 mg/m2 (3 h)

25 mg/m2 (0.5 h)
50 mg/m2 (0.5 h)
60 mg/m2 (0.5 h)

100 mg/m2 (0.5 h)

 Days postpartum [median (range)]a 61 43 (30–56) 46.5 (28.0–61.0) 49.0 (49.0–56.0)
Non-pregnant patients (n) 35 [30] 689 [11] 66 [20] 66 [8]
 Cycles (n) 35 3046 67 68
 PK samples (n) 451 5956 310 749
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with the exception of bilirubin since this covariate was not 
prospectively collected for all pregnant patients. In addition, 
no further covariate testing was performed for docetaxel, 
doxorubicin and epirubicin, in addition to WT and gender, 
because of unavailability in the pregnant or non-pregnant 
populations.

2.3 � Model Selection and Evaluation

Discrimination between models was guided by physiologi-
cal plausibility, GOF plots, precision of parameter estimates 
and change in objective function value (dOFV). A drop of ≥ 
3.84 points, corresponding to a p value < 0.05 (Chi-square 
distribution with 1 degree of freedom [df]), was considered 
a significant improvement of the fit for hierarchical nested 
models. The adequacy of the models was assessed by GOF 
plots and visual predictive checks (VPCs) [13]. Parameter 
precision was assessed using the sampling importance resa-
mpling (SIR) procedure [14].

2.4 � Simulations

Stochastic simulations using the final PK models were per-
formed to evaluate the effect of pregnancy on the exposure 
of the respective drugs. Individual concentration-time curves 
were simulated for patients treated at the dose regimen at 
which most patients in the pregnancy study were treated 
(i.e. 100 mg/m2 for docetaxel, 175 mg/m2 for paclitaxel, 60 
mg/m2 doxorubicin, and 100 mg/m2 for epirubicin, using a 
standardized body surface area [BSA] of 1.8 m2). Interin-
dividual variability was taken into account in these simula-
tions by using random sampling from a covariance matrix 
from the final PK model. For each simulation dataset, 2000 
patients were simulated (1000 pregnant patients and 1000 
non-pregnant patients). To determine the AUC from time 
zero to 48 h (AUC​48) and maximum plasma concentration 
(Cmax) of each drug, a dense sampling schedule was used in 
the simulations. The AUC​48 was determined by accumula-
tion of the concentration in the central compartment over 
48 h. The Cmax was the highest simulated concentration in 
the same interval. The time interval of 48 h was a standard-
ized time frame based on the time points for the observations 
in the datasets.

2.5 � Software

Non-linear mixed-effects modelling 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; Certara, Princeton, NJ, USA) was used as 
the graphical user interface for NONMEM [15–17], and R 

(version 3.4.3; The R Foundation for Statistical Computing, 
Vienna, Austria) was used for data management and graphi-
cal diagnostics [18].

3 � Results

3.1 � Docetaxel

A total of 533 plasma samples from 44 patients (9 pregnant 
and 35 non-pregnant patients) were available for docetaxel. 
In addition, PK samples were collected postpartum from one 
patient (Table 1). With the exception of one treatment cycle, 
all cycles in which PK samples were collected in pregnant 
patients took place during the third trimester. Median GA 
was 31.8 weeks (range 26.1–35.0).

The data were best described by a linear three-compart-
ment model with first-order elimination. WT was not avail-
able for the control patients and was therefore not tested 
as a covariate. The inclusion of gender did not result in a 
better description of the control data compared with the 
model without this covariate and was therefore not retained. 
After graphical exploration, it could be concluded that a 
continuous gestational effect could not be identified. A dis-
crete pregnancy effect was however estimated for CL, V1 
and V2, and an overprediction of the higher concentration 
was observed in pregnant patients (Electronic Supplemen-
tary Figs. S1 and S3). For pregnant patients, fold changes of 
1.08 (95% confidence interval [CI] 0.92–1.24), 1.19 (95% 
CI 0.90–1.50) and 1.12 (95% CI 0.82–1.50) were estimated 
for CL, V1 and V2, respectively. After inclusion of the preg-
nancy effect, GOF plots and VPCs showed an improved fit 
(Figs. 1 and 2); however, OFV did not decrease signifi-
cantly (dOFV = − 1.6 points, p = 0.665, df = 4) and BSV 
and RUV did not show a decrease. A trend for pregnancy-
induced changes was thus observed, albeit it could not be 
formally identified as a covariate. Final model parameters 
are depicted in Table 2. Simulations showed that docetaxel 
exposure in pregnant patients was lower in terms of both 
AUC​48 (mean ± standard deviation [SD] 3648 ± 892.3 ng 
× h/mL vs. 3916 ± 950.7 ng × h/mL) and Cmax (mean ± SD 
2759 ± 518.5 ng/mL vs. 2938 ± 548.9 ng/mL) compared 
with non-pregnant patients. Relative change in pregnant 
patients compared with non-pregnant patients is depicted 
in Fig. 2.

3.2 � Paclitaxel

A total of 6145 plasma samples from 708 patients (20 
pregnant and 688 non-pregnant patients) were available 
for paclitaxel. PK samples from pregnant patients were 
obtained in the second (n  =  11) and third trimesters 
(n = 14); median GA was 31.0 weeks (range 13.7–35.7). 
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A previously reported PK model was used as a starting 
point [11]. In this model, BSA, gender, bilirubin and age 
were included as covariates on the parameter describing 
the maximal elimination rate (VMEL). Since bilirubin 
levels were not measured for all pregnant patients at the 
time of PK sampling, bilirubin as a covariate was removed 
from the base model. This model was updated with the 
concentration-time curves of the pregnant patients, and 
the covariate effects for BSA, gender, bilirubin and age 

were retained for all patients. Continuous covariate rela-
tionships between GA and structural PK parameters could 
not be identified (see Electronic Supplementary Fig. S1). 
The inclusion of discrete covariate effects on V1, V3 and 
KMEL resulted in a decrease in OFV of 30 points (model 
without pregnancy effect vs. the base model; p < 0.00001, 
df = 3). Additionally, GOF (Fig. 1), covariate plots (Elec-
tronic Supplementary Fig. S1) and VPCs (Fig. 1) indi-
cated an improved model fit, and both BSV and RUV were 

Fig. 1   Visual predictive checks of the final pharmacokinetic models 
for docetaxel, paclitaxel, doxorubicin and epirubicin, stratified by 
population. Solid lines and darker blue areas represent the median 
observed values and simulated 80% confidence interval around the 

median. Dashed lines and light blue areas represent the 10% and 90% 
percentiles of the observed values and 80% prediction intervals of the 
simulated percentiles (n = 1000)

Fig. 2   Relative change in AUC​
48 and Cmax for docetaxel, 
paclitaxel, doxorubicin and 
epirubicin in pregnant patients 
compared with non-pregnant 
patients using the final phar-
macokinetic models (n = 1000; 
relative change (%) = ((preg-
nant – non-pregnant)/non-
pregnant) × 100%). AUC​48 area 
under the plasma concentration-
time curve from time zero to 
48 h, Cmax maximum plasma 
concentration



	 J. M. Janssen et al.

reduced. The typical fold change in V1, V3 and KMEL 
for pregnant patients was 2.27 (95% CI 1.57–3.10), 2.28 
(95% CI 1.54–3.63), and 1.32 (95% CI 1.03–1.69), respec-
tively. Simulations showed lower AUC​48 (mean ± SD 

14.8 ± 3.48 μmol × h/L vs. 16.9 ± 4.40 μmol × h/L) and 
Cmax (mean ± SD 3.69 ± 0.906 μmol/L vs. 4.85 ± 1.50 
μmol/L) in pregnant patients compared with non-pregnant 
patients.

Table 2   Parameter estimates of the final models for docetaxel, paclitaxel, doxorubicin and epirubicin

CL clearance, VMEL maximal elimination rate, KMEL plasma concentration at half VMEL, V1 central volume of distribution, Q1 intercompart-
mental clearance between the central and first volumes of distribution, VMTR maximal transport rate from the central to the first peripheral 
volume of distribution for paclitaxel, KMTR plasma concentration at half VMTR, K21 rate constant of the distribution from the first peripheral to 
the central volume of distribution for paclitaxel, V2 first peripheral volume of distribution, Q2 intercompartmental clearance from the central to 
second peripheral volume of distribution, V3 second peripheral volume of distribution, CI confidence interval, CV% percentage coefficient of 
variation, RUV residual unexplained variability, SIR sampling importance resampling, BSA body surface area
a 95% CI values were obtained from the SIR
b VMEL = 31.8 × (BSA/1.8)1.38 × (AGE/61)−0.317 × 1.12male
c Factor change, e.g. the docetaxel clearance for a typical pregnant patient can be calculated by CLpregnant = 44.6 L × 1.08 = 48.2 L

Parameters Estimate (95% CIa)
Docetaxel Paclitaxel Doxorubicin Epirubicin

Structural parameters
 CL, L/h 44.6 (41.0–48.1) – 41.7 (37.1–46.5) 84.5 (78.6–90.30)
 VMEL, μmol/hb – 31.8 (29.5–34.6) – –
 KMEL, μmol/L – 0.459 (0.404–0.527) – –
 V1, L 9.19 (7.94–10.5) 12.1 (11.3–12.9) 10.1 (8.80 – 11.8) 12.2 (11.4 – 13.1)
 Q1, L/h 5.96 (5.33–6.64) – 11.4 (9.61 – 14.0) 14.5 (12.8 – 16.1)
 VMTR, μmol/h – 175 (165–186) – –
 KMTR, μmol/L – 1.63 (1.49–1.79) – –
 K21, h-1 – 1.19 (1.12–1.27) – –
 V2, L 7.35 (6.33–8.62) – 25.4 (17.8–36.1) 9.90 (8.70–11.4)
 Q2, L/h 14.2 (12.8–15.8) 16.9 (16.0–17.7) 38.2 (34.4–42.6) 69.6 (63.8–75.4)
 V3, L 381 (338–437) 267 (246–289) 756 (606–987) 1100 (988.7–1227)

Gestational effect (proportional)c

 CL 1.08 (0.92 – 1.24) – 1.14 (1.00–1.28) –
 KMEL – 1.32 (1.03–1.69) – –
 V1 1.19 (0.90–1.50) 2.27 (1.57–3.10) 1.08 (0.85–1.35) 1.79 (1.49–2.12)
 V2 1.12 (0.82–1.50) – – 2.94 (1.91–4.29)
 V3 – 2.28 (1.54–3.63) – –

Between-subject variability (CV%)
 CL 26.1 (21.1–32.2) – 38.2 (31.7–49.1) 29.2 (24.8–34.9)
 VMEL – 18.9 (16.4–21.8) – –
 V1 33.5 (24.8–43.2) – 35.6 (28.4–46.6) 20.1 (15.4–25.8)
 Q1 – – – 34.8 (26.8–43.2)
 VMTR – 26.3 (23.8–28.9) – –
 KMTR – 60.1 (52.4–68.2) – –
 Q2 20.0 (13.5–27.4) 47.3 (43.6–51.4) – 29.0 (23.8–35.1)
 V3 – 33.8 (29.5–39.0) 71.0 (56.9–89.8) 29.2 (22.6–36.1)

Intersubject variability (CV%) –
 V1 – 47.1 (42.6–52.0) – –
 VMEL – 16.4 (14.7–18.2) – –

RUV (proportional, CV%)
 Pregnant patients 24.9 (21.5–29.7) 48.8 (44.6–54.1) 32.1 (29.5–35.1) 28.3 (25.9–31.3)
 Non-pregnant patients
 Retrospective cohort 1
 Retrospective cohort 2
 Prospective cohort

23 (21.3–24.9) 14.1 (13.6–14.5)
45.7 (39.0–53.9)
29.0 (27.1–31.1)

38.3 (33.6–43.1) 16.4 (15.1–17.8)
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3.3 � Doxorubicin

A total of 580 samples from 87 patients (26 pregnant and 
61 non-pregnant patients) were available for doxorubicin. 
Data from four pregnant patients were excluded because 
of sampling errors; for these patients, infusion and sample 
withdrawal times were unavailable. PK samples from preg-
nant patients were collected during the second (n = 14) and 
third trimesters (n = 13); median GA was 28.7 weeks (range 
15.0–36.3).

A linear three-compartment model with first-order elimi-
nation best described the doxorubicin data. The inclusion 
of WT as a covariate resulted in an improved fit of the 
non-pregnant data (dOFV = − 65.3 points; p < 0.00001, 
df = 4). Thus, all CL and volume parameters were scaled to 
a standard WT of 70 kg for both pregnant and non-pregnant 
patients. The inclusion of gender did not result in a better 
description of the control data compared with the model 
without this covariate and was therefore not retained. 
Graphical exploration indicated higher CL and V1 in preg-
nant patients compared with non-pregnant patients; however, 
there was no clear trend of a continuous gestational effect 
(electronic supplementary Fig. S1). Moreover, the GOF 
plots showed an overprediction of the concentrations for the 
pregnant patients (electronic supplementary Fig. S3). For 
pregnant patients, fold changes of 1.13 (95% CI 1.00–1.28) 
and 1.08 (95% CI 0.85–1.35) were estimated for CL and V1. 
The addition of these pregnancy effects resulted in improve-
ments in GOF (electronic supplementary Fig. S2) and VPCs, 
and both BSV in CL and the RUV decreased. Nevertheless, 
the VPCs of the final model still indicated that the variability 
in the observed concentrations was lower in pregnant versus 
non-pregnant patients, which was not captured by the simu-
lated percentiles (Fig. 1).

The inclusion of discrete covariate effects on CL and V1 
resulted in a decrease in OFV of 5.7 points (model with-
out pregnancy effect vs. the base model, p = 0.059, df = 2). 
Simulations showed that the doxorubicin exposure in preg-
nant patients was lower in terms of both AUC​48 (mean ± SD 
2090 ± 736.1 ng × h/mL vs. 2324 ± 812.4 ng × h/mL) and 
Cmax (mean ± SD 2223 ± 393.5 ng/mL vs. 2371 ± 396.1 ng/
mL) compared with non-pregnant patients.

3.4 � Epirubicin

A total of 976 plasma samples from 80 patients (16 pregnant 
and 64 non-pregnant patients) were available for epirubicin. 
PK curves from pregnant patients were obtained both in the 
second (n = 13) and third trimesters (n = 9); median GA was 
26.8 weeks (range 19.0–34.0).

The data were best described by a linear three-compart-
ment model with first-order elimination. The inclusion of 
WT and gender did not improve the model and were thus 

not included. Continuous covariate relationships between 
GA and structural PK parameters could not be identified 
(see Electronic Supplementary Fig. S1). However, the inclu-
sion of discrete covariate effects on V1 and V2 resulted in a 
decrease in OFV of 60 points (p < 0.0001, df = 2); however, 
GOF, VPCs and covariate plots (electronic supplementary 
Fig. S1, and Fig. 1) showed an improved model fit, and BSV 
and RUV decreased. Similar to doxorubicin, the variability 
in the observed concentrations was overpredicted for the 
pregnant population. The typical fold change in V1 and 
V2 of pregnant patients was 1.79 (95% CI 1.49–2.12) and 
2.94 (95% CI 1.91–4.29), respectively. Simulations showed 
slightly lower AUC​48 (mean ± SD 1992 ± 508.5 ng × h/
mL vs. 1997 ± 512.3 ng × h/mL) and Cmax (mean ± SD 
2108 ± 355.4 ng/mL vs. 2233 ± 411.5 ng/mL) in pregnant 
patients compared with non-pregnant patients.

4 � Discussion

With this analysis, we report on the updated population 
analysis of the effect of pregnancy on the PK of docetaxel, 
paclitaxel, doxorubicin and epirubicin. Previously reported 
models were extended with newly collected data. With this 
addition, the datasets changed substantially. The PK models 
were therefore re-estimated and covariate effects were re-
assessed. Additionally, we successfully determined the effect 
of pregnancy on the saturable PK of paclitaxel.

For all four drugs, typical increases in the central volume 
of distribution of pregnant patients were observed. Increases 
were estimated for docetaxel and epirubicin V2 and pacli-
taxel V3 in pregnant patients. Additionally, increases in CL 
were observed for docetaxel and doxorubicin, and in KMEL 
for paclitaxel. For docetaxel, only modest increases in typi-
cal parameters were observed and the inclusion of these 
pregnancy effects in the model did not result in a statisti-
cally significant improvement of the model, meaning that the 
PK model for non-pregnant patients, which is characterized 
by large BSV, also accounts for the small changes in doc-
etaxel PK during pregnancy. However, GOF plots and VPCs 
showed an improved description of both the pregnant and 
non-pregnant data. The VPCs for doxorubicin and epirubicin 
did however show a slight overprediction of the variability 
in the pregnant population. This might be explained by the 
large BSV within the included non-pregnant population, 
while this variability may be lower in pregnant patients since 
this is a much more homogeneous population (all relatively 
young, non-pretreated females without much comorbidity).

All drugs in this analysis are mainly eliminated by hepatic 
CL. Docetaxel, paclitaxel, doxorubicin and epirubicin are 
all metabolized by cytochrome P450 (CYP) 3A4, whereas 
paclitaxel is also metabolized by CYP2C8 and epirubicin is 
also metabolized by UGTB7. A modest increase in CYP3A4 
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activity during pregnancy has been described, therefore 
a change in the CL of drugs metabolized by CYP3A4 is 
expected. For CYP2C8 and UGTB7, gestational changes 
have not yet been described [6]. Despite the known preg-
nancy-related increase in CYP3A4 activity, an effect of preg-
nancy could not be identified for the CL of epirubicin. Doc-
etaxel and paclitaxel are largely distributed to the peripheral 
tissues and are highly protein bound, while doxorubicin and 
epirubicin are both distributed to the peripheral tissues and 
show moderate protein binding to albumin. As the albumin 
and α1-glycoportein concentrations decline during preg-
nancy and body fluids increase, an increase in the central 
and peripheral volumes of distribution was expected.

We were not able to identify continuous gestational 
effects on the PK of either docetaxel, paclitaxel, doxoru-
bicin or epirubicin. Quantitative analyses have shown that 
the largest changes in glomerular filtration rate, body fluids, 
metabolizing enzyme activity and plasma protein concentra-
tions occur gradually in the first 12 weeks following con-
ception. Thereafter, changes remain relatively small until 
the end of the third trimester [6]. Contradictory results have 
been reported regarding the foetal safety of chemotherapy 
during the first weeks after conception. The extent of dis-
tribution of cytotoxic drugs across the placenta varies per 
drug and the safety of administration of cytotoxic drugs 
during organogenesis is still not fully unravelled [19]. For 
this reason, patients were treated with chemotherapy in the 
second and third trimesters only. The absence of PK data 
obtained during the first trimester can most likely explain 
the unidentifiability of a continuous gestational effect in our 
analysis. The effect of WT on doxorubicin PK and the effect 
of BSA, gender and age on paclitaxel PK were included 
in the respective PK models. Although several covariates 
have been reported to have an influence on the PK of the 
investigated cytotoxic drugs, no additional covariates could 
be investigated due to a lack of available data [20–23]. Addi-
tionally, the effect of bilirubin on the PK of paclitaxel was 
removed from the PK model because bilirubin levels were 
not measured at the time of PK sampling in the pregnant 
population. Several methods for handling missing covari-
ates have been proposed in the past [24, 25]. As the change 
in bilirubin levels during pregnancy has not been described 
quantitatively, using such methods could potentially lead to 
the introduction of bias in the bilirubin covariate effect [6, 
26]. Nevertheless, as covariates could have explained part of 
the interindividual variability in PK and differences between 
pregnant and non-pregnant patients, our results from non-
pregnant patients are similar to the previously reported PK 
models.

Using a population PK approach, we were able to spec-
ify the gestational effects on the PK of the aforementioned 
drugs, despite the limited number of patients available. In 
addition, the population PK approach enabled the use of all 

available data from non-pregnant patients as control data. 
Previously identified covariates, such as gender, WT and 
age, were included in the models, thereby accounting for 
potential differences between the pregnant and non-preg-
nant patient populations. To our knowledge, this PK analysis 
included the largest number of pregnant patients receiving 
chemotherapy thus far. PK data from non-pregnant and 
pregnant patients were combined, allowing for an adequate 
estimation of structural models, and, most importantly, the 
gestational effects.

The results of our analysis provide a good approximation 
of the pregnancy-related changes in the PK of docetaxel, 
paclitaxel, doxorubicin and epirubicin in patients who will 
potentially be treated with these drugs. For all four drugs, 
decreased systemic drug exposures were observed in preg-
nant patients, although the effects were relatively small 
compared with the observed interpatient variability. The 
decrease in exposure suggests that, potentially, a higher dose 
should be administered to pregnant patients. However, an 
exposure–response relationship has not been described for 
the four cytotoxic drugs described in this study, in neither 
non-pregnant nor pregnant patients. Despite being the largest 
dataset with PK in pregnant cancer patients, the current data-
set is too small to assess the effect of lower exposure on tox-
icity and efficacy; therefore, the magnitude of impact of the 
typical underexposure in pregnant patients on the efficacy 
of these drugs remains unknown. In breast cancer patients 
and patients with Hodgkin lymphoma, no significant differ-
ences in long-term overall survival were observed between 
pregnant and non-pregnant patients; however, significant 
numbers of patients would be needed to find an effect on 
long-term survival, if possible at all [27–29]. Long-term effi-
cacy results from pregnant patients, derived from the INCIP 
registry (www.cance​rinpr​egnan​cy.org), continue to be col-
lected to address this question. As the effects found on PK 
are relatively small compared with the overall interpatient 
variability, it is advised to administer paclitaxel, docetaxel, 
epirubicin and doxorubicin similarly in pregnant and non-
pregnant patients.

5 � Conclusion

From this analysis, it can be concluded that the plasma con-
centrations of four widely used cytotoxic drugs, i.e. doc-
etaxel, paclitaxel, doxorubicin and epirubicin, are decreased 
in pregnant women. The population PK models adequately 
described the effect of pregnancy on the PK of these four 
drugs, despite the limited number of pregnant patients. 
These data underscore the need to further investigate mater-
nal prognosis when chemotherapy is used during pregnancy. 
Only when this maternal outcome is affected do alternative 
drugs (characterized by a smaller influence of gestational 

http://www.cancerinpregnancy.org
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changes) or dose adjustments based on efficacy and toxicity 
of these drugs in pregnant patients need to be considered. 
The PK models developed in this study can be used to guide 
any future dose adjustments.
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