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Abstract

Background: The EINSTEIN-Jr program will evaluate rivaroxaban for the treatment of venous thromboembolism
(VTE) in children, targeting exposures similar to the 20 mg once-daily dose for adults.

Methods: This was a multinational, single-dose, open-label, phase I study to describe the pharmacodynamics (PD),
pharmacokinetics (PK) and safety of a single bodyweight-adjusted rivaroxaban dose in children aged 0.5–18 years.
Children who had completed treatment for a venous thromboembolic event were enrolled into four age groups
(0.5–2 years, 2–6 years, 6–12 years and 12–18 years) receiving rivaroxaban doses equivalent to 10 mg or 20 mg
(either as a tablet or oral suspension). Blood samples for PK and PD analyses were collected within specified time
windows.

Results: Fifty-nine children were evaluated. In all age groups, PD parameters (prothrombin time, activated partial
thromboplastin time and anti-Factor Xa activity) showed a linear relationship versus rivaroxaban plasma concentrations
and were in line with previously acquired adult data, as well as in vitro spiking experiments. The rivaroxaban pediatric
physiologically based pharmacokinetic model, used to predict the doses for the individual body weight groups, was
confirmed. No episodes of bleeding were reported, and treatment-emergent adverse events occurred in four children
and all resolved during the study.

Conclusions: Bodyweight-adjusted, single-dose rivaroxaban had predictable PK/PD profiles in children across all age
groups from 0.5 to 18 years. The PD assessments based on prothrombin time and activated partial thromboplastin time
demonstrated that the anticoagulant effect of rivaroxaban was not affected by developmental hemostasis in children.

Trial registration: ClinicalTrials.gov number, NCT01145859.
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Introduction
In adults, rivaroxaban is associated with similar efficacy
and a significantly lower rate of major bleeding com-
pared with low molecular weight heparin (LMWH)
followed by dose-adjusted vitamin K antagonist [VKA]
therapy) in patients with acute venous thromboembol-
ism (VTE) [1].
Although adult data are the basis for planning

pediatric trials, it is important to assess potential differ-
ences between children and adults in terms of both
pharmacokinetics (PK) and pharmacodynamics (PD), be-
cause these may affect pediatric dosing algorithms. The
distinct differences in the coagulation system between
adults and children, referred to as developmental
haemostasis [2], may affect treatment with anticoagu-
lants in children. Specifically, the concentrations of co-
agulation factors are different in children and change as
they grow [2].
Therefore, it is important to understand whether

rivaroxaban treatment results in different PD responses
in children, compared with adults. To address this
question, previous in vitro spiking experiments were
performed in plasma obtained from children and neo-
nates, with the results suggesting that PD responses to
rivaroxaban across a range of age groups were similar to
those in adults [3, 4]. In these in vitro spiking experi-
ments, the prothrombin time (PT) and activated partial
thromboplastin time (aPTT), which have been frequently
used in adults to describe the PD properties of rivaroxa-
ban and their relationship to plasma concentrations,
were assessed to establish whether they displayed similar
properties in children [3, 4].
Physiological differences in children also affect the ab-

sorption, distribution, metabolism and excretion properties
of drugs [5]. Our physiologically based pharmacokinetic
(PBPK) model, which was used to predict pediatric rivar-
oxaban doses, takes into account growth and variability in
anthropometrics (e.g. body height, weight and body mass
index), anatomy (e.g. organ weight) and physiology (e.g.
blood flow rates) for the respective ages, as well as the
maturation of metabolism and excretion processes [6].
The purpose of the rivaroxaban EINSTEIN-Jr program

is to establish bodyweight-specific dosing regimens,

aiming at exposures similar to the rivaroxaban 20 mg
once-daily dose used for the treatment of VTE in adults.
A comprehensive development program – consisting of
several phase I, II and III studies – is underway to assess
the safety, efficacy and PK/PD of rivaroxaban in chil-
dren. The program was approved by both the Pediatric
Committee of the European Medicines Agency and the
United States Food and Drug Administration.
The main objective of this phase I study was to collect

PK/PD data in children aged 0.5–18 years who received
a single bodyweight-adjusted rivaroxaban dose.

Methods
Subjects and study design
This was a multinational, multicentre, single-dose, phase
I study. Children were eligible if they had completed
standard anticoagulant treatment (i.e., unfractionated
heparin, low molecular weight heparin, fondaparinux or
vitamin K antagonists) for acute VTE at the time of riv-
aroxaban administration. The main inclusion and exclu-
sion criteria are listed in Table 1. Children were
stratified by age: 0.5–2, 2–6, 6–12 and 12–18 years.
Children received a single bodyweight-adjusted oral dose
of rivaroxaban (either as a tablet or oral suspension) that
was derived from PBPK model predictions that targeted
equivalent exposures to rivaroxaban doses of 10 mg or
20 mg in adults (10 mg-equivalent or 20 mg-equivalent).
Dose linearity was tested between the rivaroxaban
10 mg-equivalent dose and 20 mg-equivalent dose (i.e.
the licensed dose for treatment of VTE in adults after
initial treatment with rivaroxaban 15 mg twice-daily for
21 days) [7]. The study was conducted in a staggered
fashion, starting with the oldest children and the lower
dose first. An independent Data Monitoring Committee
evaluated the safety and PK/PD data from all children
before allowing the study to proceed to the next age or
dose/formulation cohort (Fig. 1).
The study aimed to achieve exposures within the adult

range; however, it was accepted that exposures in indi-
vidual children may be below the adult reference range.
Low exposure was not a concern because all children
had completed VTE treatment at study entry. Since
off-label use of preliminary established pediatric

Table 1 Main inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

• Children aged 0.5–< 18 years at the time of administration of the study
drug, who had completed treatment for VTE and were considered to
be at risk of recurrence, but with no current need for anticoagulation

• Children who could take oral medication
• Written informed consent (and age-appropriate assent) as per local
requirements

• Clinically stable children who could be treated on an ambulatory basis
• A normal prothrombin time and activated partial thromboplastin time

• Any condition requiring ongoing anticoagulation
• Known bleeding disorder
• Any major or clinically relevant bleeding event during previous VTE
treatment

• Abnormal coagulation test results within 10 days prior to study drug
administration

• Medical disorder, condition or history of such that would impair the
child’s ability to participate or complete this study in the opinion of
the investigator or sponsor

VTE venous thromboembolism
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rivaroxaban dose regimens could put children at risk for
thrombotic and bleeding complications, we refrain from
reporting the applied rivaroxaban dose regimens.
The protocol was approved by the Institutional Review

Board at each participating centre. The parent or legal
guardian provided written, informed consent and the
subject signed the assent form, if applicable.

Rivaroxaban administration
A single body-weight-adjusted dose of rivaroxaban was
administered up to 2 h after intake of a meal as either a
tablet or an oral suspension, depending on age. Children
aged ≥12 years received rivaroxaban as a tablet, those
aged 6–12 years received rivaroxaban as either a tablet
or an oral suspension at the discretion of the investiga-
tor, and children aged < 6 years received rivaroxaban as

an oral suspension. The oral suspension of rivaroxaban
was either administered as an undiluted suspension
(directly into the mouth) or as a diluted suspension
through mixing with a defined volume of non-sparkling
liquid at a target dilution ratio of 1:2 to 1:10 (volume of
rivaroxaban suspension:volume of dilution liquid).

Collection of blood samples
Blood samples for PD/PK analyses were collected within
specified time windows for each age group. Central la-
boratory coagulation tests (PT, aPTT and anti-Factor Xa
activity) were performed before study drug administra-
tion. Central laboratory PK blood sampling followed by
PD blood sample tests were carried out at different time
points after study drug administration depending on the
age group: at 90 min–5 h and 20–24 h in children aged
0.5–2 years and 2–6 years, with an additional

Repeat

NO

NO NO

NO NO

YES
Dose group
completed

Dose group
completed

Dose group
completed

Dose group
completed

Dose group
completed

PK similar to
PBPK-model?

PK similar to
PBPK-model?

PK similar to
PBPK-model?

PK similar to
PBPK-model?

PK similar to
PBPK-model?

YES YES

YES YES

Age group
12–<18 years:

20 mg eq.

Age group
6–<12 years:

10 mg eq.

Age group
6–<12 years:

20 mg eq.

Age group
2–<6 years:
10 mg eq.

Age group
12–<18 years:

10 mg eq.

Repeat Repeat

Repeat Repeat

Fig. 1 Staggered approach; decision tree of the Data Monitoring Committee. PBPK, physiologically based pharmacokinetic; PK, pharmacokinetics
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measurement at 8–12 h in those aged 2–6 years. In chil-
dren aged 6–12 years and 12–18 years, measurements
were taken at 30–90 min, and 2–5, 8–12 and 20–24 h,
with an additional measurement at 4–8 h in those aged
12–18 years. Samples were taken by venepuncture, cen-
tral venous line or peripheral catheter. If blood was
withdrawn from a catheter, a sufficient amount of blood
had to be discarded prior to taking the PD samples to
avoid contamination of samples from heparinised lines.
Blood samples for PK were stored at or below − 15 °C
and analysed at the DMPK Bioanalytical Laboratory of
Bayer (Wuppertal, Germany) within 4 weeks of sampling.
Blood samples for PD analysis were frozen at − 20 °C, and
PT and aPTT were analysed within 4 weeks of sampling at
the Pathology and Clinical Pathology Laboratory at Bayer
(Wuppertal, Germany). Blood samples for anti-Factor Xa
activity were stored at − 15 °C and analysed within 4 weeks
of arrival at the Laboratory for Translational Assay Tech-
nology at Bayer (Wuppertal, Germany).

Pharmacodynamic assays
PT, aPTT and anti-Factor Xa activity were measured on
an ongoing basis at a central laboratory. The PD data
were analysed for their relationship to their respective
rivaroxaban plasma concentration in the various age
groups and compared with adult data. The adult refer-
ence population were healthy volunteers aged 19–
40 years (n = 171) receiving a single dose of rivaroxaban
10 mg, or aged 19–40 years (n = 101) receiving a single
dose of rivaroxaban 20 mg, who had been enrolled in
the adult phase I rivaroxaban program.

Prothrombin time assay
The PT assay was performed in accordance with the man-
ufacturer’s instructions using an STA Compact coagula-
tion analyser (Diagnostica Stago S.A.S., Asnières sur Seine
Cedex, France) with the use of STA NEOPLASTIN CI
PLUS 10® reagent (Diagnostica Stago S.A.S.) and an Inter-
national Sensitivity Index (ISI) of around 1.3.

Activated partial thromboplastin time assay
The aPTT assay was performed using a STA Compact co-
agulation analyser with the use of STA C.K. Prest 5® re-
agent (Diagnostica Stago S.A.S.). The test was performed
using standard methods in accordance with the manufac-
turer’s instructions.

Anti-factor Xa assay
Anti-Factor Xa activity was determined using a photo-
metric method in accordance with the recommendations
of the manufacturer (Technoclone GmbH, Vienna,
Austria) and with specific calibrators and controls
(Technoclone GmbH) for calibration. The limit of rivar-
oxaban detection was 0.1 ng ml− 1, with a lower limit of

quantification of 14.5 ng ml− 1 and an upper limit of
quantification of 433.3 ng ml− 1. The intra-day coeffi-
cients of variation were 1.92, 1.48 and 9.77% for the low,
medium and high concentrations, respectively; the
inter-day coefficients of variation were 4.44, 3.12 and
1.72% for the low, medium and high concentrations,
respectively.

Pharmacokinetic parameters
Rivaroxaban plasma concentrations were determined
using high-performance liquid chromatography–tandem
mass spectrometry after solid/liquid extraction [8]. The
calibration range of the procedure was from 0.500 μg l− 1

(lower limit of quantification) to 500 μg l− 1 (upper limit of
quantification). Mean inter-assay accuracy of back-calculated
concentrations (except lower limit of quantification) in the
calibrators ranged between 93.3 and 104.5% and precision
was ≤4.4%. Rivaroxaban plasma concentrations were calcu-
lated from the chromatographic raw data. PK parameters
(such as area under the plasma concentration–time curve
zero to 24 h [AUC], maximum plasma concentration [Cmax]
and minimum plasma concentration measured 20 to 24 h
after rivaroxaban administration [C_24h]) were determined as
described in the accompanying study [9].

Safety and tolerability
Each child was followed up for at least 7 days after rivar-
oxaban intake for the occurrence of adverse events
(AEs); for another 23 days thereafter, the investigator
had to report serious AEs.

Statistical analysis
For any preliminary inspection of dose-dependent ex-
posure behaviour, the observed plasma concentration–
time data were compared with PBPK predictions for the
respective age groups or to data in adults [9].
Statistical evaluation was performed using the software

package SAS release 9.2 (SAS Institute Inc., Cary, NC,
USA). All variables were analysed by descriptive statis-
tical methods. The number of data available, and missing
data, as well as mean, standard deviation, minimum, me-
dian and maximum were calculated for metric data. Fre-
quency tables were generated for categorical data.
Summary statistics for subjects who received rivaroxa-

ban are presented separately according to dose, formula-
tion and age group. Individual listings of AEs are
provided. The incidences of treatment-emergent AEs
(TEAEs) and drug-related AEs are summarised by dose,
formulation and age group, using Medical Dictionary for
Regulatory Activities version 18 terms.
Baseline was defined as the last observation prior to

administration of the study drug. Baseline for centrally
assessed anti-Factor Xa activity was not measured and
was assumed to be zero. Etrough for the PD
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characteristics was defined as the minimum value in the
time interval 20–24 h for all subjects and values. Emax

for the PD characteristics was defined as the maximum
value in the time intervals excluding 20–24 h for all
subjects.
Relative changes from baseline were considered for PT

and aPTT, and absolute changes from baseline were
considered for anti-Factor Xa activity.
Pool reference data were based on BAY 59–7939 phase

I trials up to 11 November 2011 (unpublished data on file,
Bayer AG, Leverkusen, Germany). Selected subjects were
of white race, were valid for PK analyses and had received
a single dose of either rivaroxaban 10 mg or 20 mg under
fasted or fed conditions and did not use any other medica-
tion. Subjects were between 18 and 55 years old, had a
body mass index > 18 or < 30 kg/m2 and had serum cre-
atinine, alanine aminotransferase, and total bilirubin
values lower than the upper limit of normal.
Owing to the sparse sampling scheme and the limited

number of subjects who can be enrolled in a paediatric
study (for ethical and feasibility reasons), a visual compari-
son of the spread of individual PT, aPTT, anti-Factor Xa
activity and plasma concentration data in comparison with
adult data was considered most meaningful for the assess-
ment of potential differences between children and adults.

Results
From November 2010 to June 2015, a total of 59 chil-
dren from 18 sites in 7 countries (Australia, Austria,
Canada, France, Israel, Italy, United States) were en-
rolled and received rivaroxaban. All subjects were valid
for the PK, PD and safety analyses. Demographic and
baseline characteristics by age group and dose equiva-
lence are listed in Table 2.

Pharmacodynamics
Prothrombin time and rivaroxaban plasma concentrations
In all age groups, PT changes from baseline showed a
linear relationship versus rivaroxaban plasma concentra-
tions (Fig. 2), and the data were similar to those of
healthy adult volunteers receiving a single dose of rivar-
oxaban 10 mg or 20 mg. All individual PT data points
were within the prediction limits or within the individual
distribution of adult data points regardless of dose.
There was no apparent difference between the tablet
and oral suspension formulations in the correlation be-
tween PT and rivaroxaban plasma concentrations in the
age group 6–12 years.

Activated partial thromboplastin time and rivaroxaban
plasma concentrations
In all age groups, aPTT changes from baseline showed a
linear relationship versus rivaroxaban plasma

concentrations (Fig. 3), and data were similar to those
obtained from healthy adults. All individual aPTT data
points were within the prediction limits or within the in-
dividual distribution of adult data points, regardless of
dose. There was no apparent difference between the tab-
let and oral suspension formulations in the correlation
between aPTT and rivaroxaban plasma concentrations in
the age group 6–12 years. The correlation graphs for
aPTT were less steep than for PT, reflecting the lower
sensitivity of the aPTT assay to rivaroxaban compared
with the PT assay.

Anti-factor Xa activity and rivaroxaban plasma concentrations
The data seem to indicate a linear relationship of
anti-Factor Xa activity and plasma concentrations for all
age groups (Fig. 4). However, data are limited and must
be supplemented by further investigations in future tri-
als. In addition, it has to be noted that some individual
data points deviated from this linearity.

Pharmacokinetics
The PK of rivaroxaban in children were as expected. Irre-
spective of dose or formulation, the parameter values for
AUC, Cmax and C_24h obtained via population PK model-
ling for the entire age range (0.5–< 18 years) were com-
pletely contained within the enlarged expected ranges
based on PBPK modelling (Fig. 5). The results demon-
strated that the rivaroxaban pediatric PBPK model, used
to predict the doses for the individual body weight groups,
was confirmed by parameter values for AUC, Cmax and
C_24h obtained in this study.
The observed values for AUC, Cmax and C_24h were also

in good agreement with corresponding results obtained
using the healthy adult PBPK model and the adult VTE
treatment population PK model. However, although the
starting dose aimed for an exposure that was within the
adult exposure range, an observed exposure below the
adult reference range was accepted in individual children
to ensure that the adult exposure ranges after rivaroxaban
10 mg and 20 mg were not exceeded. As a result, children
younger than 6 years had a tendency towards lower expo-
sures than observed in adult VTE treatment patients, as
was predicted based on paediatric PBPK modelling. For
the rivaroxaban 20 mg-equivalent dose, a trend towards
lower than average predicted AUC and Cmax values in
children aged < 12 years was additionally seen, suggesting
absorption limitation for the higher dose equivalent in
younger children. Further details are provided in the re-
lated model validation paper [9].

Safety and tolerability
Rivaroxaban was well tolerated across all age groups.
There were no deaths, major bleeding events or
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Fig. 2 Prothrombin time changes from baseline for all ages and all doses with (a) rivaroxaban tablet and (b) rivaroxaban suspension. Light grey
dots are data points from healthy adult volunteers; coloured dots represent individual data from children. A linear relationship was assumed for
the concentration–response curve. 99% prediction intervals were used to depict the variability in the pooled data. The two reference populations
consisted of healthy adult volunteers from phase I trials, who received either a single dose of rivaroxaban 10 mg (age 18–40 years, n = 171), or a
single dose of rivaroxaban 20 mg (age 18–40 years, n = 101). PT change from baseline (x-fold) is individual PT at a distinct time point, divided by
individual PT prior to drug administration. eq., equivalent; PT, prothrombin time

Kubitza et al. Thrombosis Journal           (2018) 16:31 Page 7 of 13



0 100 200 300 400 500

A

Rivaroxaban concentration (µg l–1)

R
el

at
iv

e 
aP

P
T

 c
h

an
g

e

4

3

2

1

Age group 12–<18 years: tablet 20 mg eq.

Age group 12–<18 years: tablet 10 mg eq.

Age group 6–<12 years: tablet 20 mg eq.

Age group 6–<12 years: tablet 10 mg eq.

0 100 200 300 400 500

B

Rivaroxaban concentration (µg l–1)

R
el

at
iv

e 
aP

P
T

 c
h

an
g

e

5

4

3

2

1

Age group 6–<12 years: 
suspension 10 mg eq.

Age group 6–<12 years: 
suspension 20 mg eq.

Age group 2–<6 years: 
suspension 10 mg eq.

Age group 2–<6 years: 
suspension 20 mg eq.

Age group 0.5–<2 years: 
suspension 10 mg eq.

Age group 0.5–<2 years: 
suspension 20 mg eq.

Fig. 3 Activated partial thromboplastin time changes from baseline for all ages and all doses with (a) rivaroxaban tablet and (b) rivaroxaban
suspension. Light grey dots are data points from healthy adult volunteers; coloured dots represent individual data from children. A linear relationship
was assumed for the concentration–response curve. 99% prediction intervals were used to depict the variability in the pooled data. The two reference
populations consist of healthy adult volunteers from phase I trials, who received either a single dose of rivaroxaban 10 mg (age 18–40 years, n = 171),
or a single dose of rivaroxaban 20 mg (age 18–40 years, n = 101). aPTT change from baseline (x-fold) is individual aPTT at a distinct time point, divided
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non-major clinically relevant bleeding events observed.
Overall, 16 of the 59 children (27.1%) reported at least
one TEAE. Most TEAEs were of mild (10/59; 16.9%) or
moderate (5/59; 8.5%) intensity. Of these, one child, a

17-year-old boy with several prothrombotic risk factors
had a pelvic venous thrombosis 7 days after the single-
dose of rivaroxaban. There were no TEAEs or serious
AEs caused by procedures required in the protocol. No
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differences in the frequency of AEs across dose, formula-
tion or age groups were apparent. TEAEs considered to
be related to rivaroxaban were reported in 4 of the 59
children (7%): abdominal discomfort (mild intensity, no
treatment required), dyspepsia (mild intensity, no treat-
ment required), allergic dermatitis (moderate intensity,
remedial therapy given) and urticaria (mild intensity, re-
medial therapy given). All of these drug-related TEAEs
resolved. Laboratory parameters (i.e., hemoglobin, blood
platelets, creatinine, total and direct bilirubin and

alanine aminotransferase) and vital signs (i.e., blood
pressure and heart rate) were not affected by rivaroxa-
ban administration.

Discussion
A single body-weight-adjusted dose of rivaroxaban, as pre-
dicted by PBPK modelling, targeting equivalent exposures
to the fixed dose administration of rivaroxaban 10 mg and
20 mg used in adults [9], was used to compare PK/PD
profiles of children aged 0.5–18 years to adults.

A D

B E

C F

Fig. 5 a Area under the plasma concentration–time curve from time 0–24 h (AUC); (b) maximum plasma concentration (Cmax) and (c) minimum
plasma concentration measured 20–24 h after rivaroxaban administration (C_24h) versus age for rivaroxaban 10 mg dose equivalent; and (d) AUC,
(e) Cmax and (f) C_24h versus age for rivaroxaban 20 mg dose equivalent, for children and adolescents between 6 months and 18 years of age,
compared with the corresponding PBPK model predictions for children and adolescents, simulated via PBPK modelling and population PK modelling
(box-whisker plot indicating the percentiles 5, 25, 50, 75 and 95). The grey shaded region shows the interval between the 5th and 95th percentiles of
the population simulations with the PBPK model, the dashed shaded region shows an enlarged expected range due to uncertainties of some
physiological parameters in children that may affect the absorption and clearance. The upper limit of this expanded range was calculated as 1.5 x 95th
percentile and the lower limit was calculated as 0.5 x 5th percentile of the PBPK model estimate. PBPK, physiologically based pharmacokinetic;
PK, pharmacokinetics
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The PK data confirmed the predictions of the PBPK
model that target an exposure of single-dose rivaroxaban
in children similar to that in healthy adults receiving sin-
gle doses of rivaroxaban 10 mg or 20 mg. Comparing
AUC, Cmax and C_24h parameters in children with those in
an adult VTE population showed that the data from chil-
dren < 10 years old were in the lower range of the adult
data. This was an expected finding because the doses were
targeting the adult reference range; however, because of
uncertainties of the prediction, lower doses were chosen
in this trial. This uncertainty in the predictions was specif-
ically applicable to children < 10 years old. Because only
children who had completed their treatment for VTE were
eligible for this study, lower exposure compared with
adults was not a therapeutic issue. Based on this concept,
it was clear that the doses used in this phase I study will
need to be adapted for future phase II studies.
The PD effects of rivaroxaban in children were also in

agreement with the adult data. The correlation between
PT changes from baseline and plasma concentrations
was linear and within the reference range of healthy
adult volunteers in both dose groups. Importantly, this
was a consistent finding over the complete age range,
from 0.5–18 years, and for both tablets and oral suspen-
sion. Similar results were observed for aPTT. The cor-
relation between anti-Factor Xa activity and plasma
concentration was linear, as described by the manufac-
turer of the assay. It should be noted that the
anti-Factor Xa assay is displayed in μg/L as plasma con-
centration, but it is nevertheless a coagulation assay. As
such, the anti-Xa assay can be influenced by
pre-processing procedures (e.g. blood draw technique,
too long time until measurement), which may contribute
to falsely high or low values. In contrast, the determin-
ation of plasma concentration by HPLC (which is the
gold standard) is much more stable and less prone to
pre-processing procedures. The results of this study
were in line with the in vitro data, which showed that
rivaroxaban had no age-related effect on PT, aPTT or
anti-Factor Xa activity. A dose-dependent prolongation
of PT and aPTT was found in response to rivaroxaban
across the complete age range tested in vitro [3, 4]. To-
gether, the results of the in vitro and phase I studies in
children demonstrated that the anticoagulant effect of
rivaroxaban is not affected by developmental hemostasis
in the age range of 0.5 to 18 years. In addition, these
data demonstrated that bodyweight-adjusted dosing of
rivaroxaban in children achieves predictable PK/PD pro-
files irrespective of the dose or formulation. Conse-
quently, the PK–PD relationship for rivaroxaban in
children is similar to that in adults.
Although anticoagulants have been studied in both

adults and children, paediatric studies have included much
smaller numbers of subjects [10]. The aim of pediatric

studies in general is to achieve PD effects similar to those
in adults, because this is considered to preserve safety and
efficacy, and it is generally considered not feasible to per-
form large randomised trials in children.
Several studies have evaluated the pharmacology of

unfractionated heparin, LMWH and warfarin in pediatric
populations [10]. These studies indicated that higher
bodyweight-based dosing was necessary for the youngest
patients in order to achieve similar PD effects to those ob-
served in adults, likely as a result of an inverse correlation
between body-weight-normalised clearance of these drugs
[10]. However, these anticoagulants have several short-
comings in children. For example, the anti-Factor Xa ac-
tivity of LMWHs is dependent on its binding to
antithrombin. However, antithrombin levels can vary
widely in children according to their age, as well as with
underlying medical conditions [11, 12]. As a result, the
usually predictable dosing profile of LMWHs seen in
adults may be affected and the anticoagulant effect re-
duced. Another key practical limitation of LMWHs is the
need for parenteral administration, which may be challen-
ging for both children and their parents and may nega-
tively impact on compliance and acceptance of treatment
duration [13]. VKAs are only available as tablets and,
therefore, there is no age-appropriate formulation for
younger children, who are not able to swallow tablets.
Crushing tablets and dividing them to facilitate adminis-
tration may result in inaccurate dosing. In addition, fre-
quent blood sampling is necessary for monitoring.
PK, PD and safety data relating to the use of newer an-

ticoagulants in children are also limited. Data from three
small phase II clinical trials of dabigatran in children
aged < 12 months (n = 8), 1–12 years (n = 18) and
12-18 years (n = 9) are available [14–16]. Children aged
< 12 years received a single dose of dabigatran oral liquid
formation based on an age- and body weight-adjusted
nomogram yielding an exposure equivalent to 150 mg in
adults; adolescents received dabigatran capsules, admin-
istered twice-daily for 3 days, at a weight-adjusted dose
targeting 80–100% of the 150 mg dose used in adults.
Across all three studies, dabigatran was generally well
tolerated and the PK/PD profile was similar to the estab-
lished profile in older patients with VTE [14–16]. The
FondaKIDS trial showed that fondaparinux (0.1 mg kg− 1

once-daily) in children resulted in a similar PK profile to
that seen in adults receiving standard dosing. However, a
relatively small number of subjects were enrolled (n = 24)
with few subjects in each age cohort, thereby limiting
the extrapolation of results to the broader pediatric
population [17]. Two intravenous, direct thrombin in-
hibitors, bivalirudin and argatroban, have also been
evaluated in pediatric populations. In a study of 16 in-
fants (aged < 6 months) and another study of 18 chil-
dren (aged 0.5–18 years) with VTE, bivalirudin was
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shown to have an acceptable safety profile and predict-
able PD effects [18, 19]. A further study of 110 children
undergoing cardiac catheterisation showed that the PK/
PD response of bivalirudin in prophylactic doses was
similar in children and in adults [20]. Argatroban was
evaluated in 18 children requiring non-heparin anticoa-
gulation and was found to provide adequate levels of
anticoagulation and to be well tolerated [21].
Our study had some limitations. First, this was a rela-

tively small study because it is very difficult to enrol chil-
dren in clinical studies, particularly phase I studies where
there is no direct therapeutic benefit for the individual
child. However, because the aim of the trial was to deter-
mine the PK and PD of rivaroxaban in children, this small
number of subjects was acceptable. Second, the trial cov-
ered a large age range, which meant that several factors
may contribute to the variability for both PK and PD pa-
rameters. Third, as with most pediatric trials, sparse sam-
pling schemes had to be used. Guidelines specify pediatric
blood sample volume limits ranging from 1 to 5% of total
blood volume over 24 h and up to 10% of total blood vol-
ume over 8 weeks [22]. These limitations underline the
necessity of comprehensive investigations and of under-
standing all the relevant factors that may influence the
PK/PD properties of anticoagulants in children.

Conclusions
Bodyweight-adjusted, single-dose rivaroxaban has pre-
dictable PK/PD profiles in children across all age groups.
The PK data are in good agreement with the PBPK
model predictions and support the use of the model for
further dose and dosing regimen optimisation. The PD
assessments are in agreement with the results of a previ-
ous in vitro study and demonstrat that the anticoagulant
effect of rivaroxaban is not affected by developmental
hemostasis in the age range of 0.5–18 years. Our data
support the EINSTEIN-Jr phase II and III studies, which
will assess the safety and efficacy, as well as the PK and
PD properties, of rivaroxaban for the treatment of VTE
in the pediatric population.
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