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1For a long time clinical trials were much rarer in children than in adults. In 2007 
the European Medicine Agency implemented the Pediatric Regulation to improve 
pediatric clinical research.[1] The number of pediatric trials and therewith the number 
of registrations of new pediatric medicines, dosage forms, and indications increased 
substantially after the implementation of the regulation.[2] However, this was only 
marginally affecting the off-label use rate in children in clinical practice. Before the 
implementation the off-label use rate in children was 18% to 66% for inpatients 
and 10.5% to 37.5% for outpatients. After the implementation this was decreased 
to 33.2% to 46.5% (inpatients) and 3.3% to 13.5% (outpatients).[3] This is due to the 
fact that a large number of the off-label drugs used in pediatric patients are off-
patent drugs. The regulation provides incentives for pharmaceutical companies 
to conduct pediatric clinical trials for new drugs, but also for off-patent drugs. 
However, the incentives for conducting clinical trials for off-patent drugs seem to be 
too low. In October 2017, the European Commission reported that only 3 (off-patent 
drugs) have been granted pediatric use marketing authorization (PUMA) since the 
implementation of the regulation.[2] 

Due to ethical issues and sometimes small numbers of pediatric patients, it is 
challenging to conduct pediatric clinical trials. Nevertheless, there is a clear need 
to treat pediatric patients with drugs of which the benefit(s) and risk(s) have been 
evaluated in children in a valid way. Therefore we should consider more often to 
expose children to the risks and the burdens of drug research, since without these 
trials, the off-label use continues and we expose children to potentially unsafe, 
ineffective or less optimal treatments. Recently, the European Union (EU) and the 
pharmaceutical industry jointly funded for 140 million euros the Conect4Children 
project, which aims to generate a trial-network in the member states of the EU to 
optimize the performance of clinical trials in pediatric patients.[4] 

Another option, next to clinical trials, is to use the information of the children who 
have received off-label treatment. By learning from the response of these patients to 
treatment in observational studies, optimalization and standardization can at least 
be sought and the care can be harmonized as much as possible for new patients. 
In the Netherlands, for the “kinderformularium” scientific literature is systematically 
reviewed to provide health care professionals with specific information on effective 
and safe doses in different age groups and also adverse drug events, contraindications 
and additional information which is important for using drugs in pediatric patients.[5] 
By providing this information a more uniform prescribing of drugs in children can be 
reached and and pharmacists are able to perform adequate medication surveillance 
(verifying dose, interactions, contra-indications etc). 
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Initiatives like the “kinderformularium” depend on the availability of well-designed 
randomized and observational studies. However, it is quite challenging to conduct and 
interpret studies in pediatric patients. Children are continuously changing in body size 
and composition, and also the physiological systems are developing (e.g. hemostatic 
and metabolic system).[6,7] The differences between age groups/ developmental stages 
should be taken into account when designing and analyzing a study with pediatric 
patients. In addition, as in adults, pediatric patients respond differently to the same 
medication. Important components are the already mentioned physical differences 
between pediatric patients, but also genetic variations contribute.[8] In recent years, 
more and more research has been devoted to study the influence of genetic variations 
on drug response (pharmacogenetics) in children.[8] By including both genetic and 
clinical factors in the choice of treatment and dosage, care for children can be further 
personalized, enabling optimization and safer treatments.

Vitamin K antagonists (VKAs) are an example of an off-patent drug group, which 
has been on the market already since the 1950s. In the Netherlands, two VKAs are 
on the market the short-acting acenocoumarol and long-acting phenprocoumon. 
VKAs are used to treat and prevent thromboembolic events [9]. The total number of 
pediatric patients using VKAs in the Netherlands has been quite stable over the last six 
years, approximately 500 users based on reimbursement data of the Dutch National 
Health Care Institute, as presented in figure 1.[10] In adults who use VKAs, one in five is 
using phenprocoumon.[11] In pediatric patients this was also the case until 2015. From 
2015 onwards this has increased to one in three, as shown in figure 1. Before 2015 
young patients of 1-6 years of age were almost exclusively prescribed acenocoumarol. 
Only 5% to 12% was using phenprocoumon. From 2015 onwards this changed to 44% 
to 53%. However, acenocoumarol is still the most prescribed VKA in pediatric patients 
in the Netherlands. 

VKA treatment in pediatric patients is challenging. Not only is there a large inter-
individual variability caused by genetic and clinical differences, but also a large intra-
individual variability over time in dose requirement. The direct oral anticoagulants 
(DOACs), which are already approved for adults for some years are an attractive 
alternative. They do not require INR measurements or dose adjustments unless dose 
adjustments are necessary based on kidney function or interacting drugs. At the 
moment, the first clinical trials of DOACs in pediatric patients have been completed 
and many will follow in the coming years. In the Netherlands, the number of users of 
DOACs (mostly rivaroxaban) in patients of 16-18 years* is rising and in 2017 the number 
of patients (of 16-18 years of age) was already higher than for phenprocoumon.[10] The 
use of DOACs in children less than 16 years is very rare. These patients still require 
VKA treatment. 

* Likely to comprise only patients of 18 years of age.
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1

Figure 1. Differences in number of acenocoumarol and phenprocoumon users over the last 6 years. [10]  
Note: the numbers of 2016 and 2017 are not the final number of users in these years, because 
reimbursement claims could still be made at the time that the data was provided. 

The number of studies, which has been conducted with acenocoumarol and 
phenprocoumon in pediatric patients is low. Only for acenocoumarol one study has 
been conducted to find the required starting dose in pediatric patients for different 
age groups.[12] For phenprocoumon this information is lacking and therefore the same 
starting dose as for acenocoumarol is used.[13] However, in adults a different starting 
dose is applied for both VKAs.[13] The reported quality of VKA therapy in pediatric 
patients in the Netherlands has been low with less than 50% of time in which patients 
were within therapeutic international normalized ratio (INR) range.[14] Factors 
influencing this quality have not been studied for these two VKAs. Furthermore, 
in adult and pediatric patients who use warfarin pharmacogenetic dosing models 
(including both genetic and non-genetic factors) have been developed to correct for 
inter-individual variability in dose requirement. Pediatric pharmacogenetic dosing 
models for acenocoumarol and phenprocoumon are lacking. 

With 500 pediatric users of VKAs in the Netherlands and with at least years to come 
before DOACs can possibly become the preferred treatment in pediatric patients it is 
important to study the use (including quality of anticoagulation) of VKAs in pediatric 
patients to improve VKA treatment. 
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THESIS AIM AND OBJECTIVES

This thesis aimed to study important knowledge gaps in the use of VKA therapy in 
pediatric patients and to develop dosing algorithms to improve their application.
The objectives were:
• To gain more insight in the quality, safety and effectiveness of VKA treatment in 

pediatric patients,
• To determine factors influencing anticoagulation stability of pediatric patients 

using VKA,
• To determine which clinical and genetic factors influence the required dose 

of acenocoumarol and phenprocoumon in pediatric patients and to develop a 
dosing algorithm based on these factors. 
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1OUTLINE OF THIS THESIS

This thesis contains seven manuscripts divided over three chapters. There is a 
general introduction (chapter 1) and a concluding general discussion highlighting 
the main findings, methodological challenges and future perspectives (chapter 5).

Chapter 2 contains two reviews. The first review (chapter 2.1) describes the 
challenges and potential of personalized medicine in pediatric patients using 
pharmacogenomics. This is described based on three examples: cisplatin induced 
ototoxicity in childhood cancer, optimizing VKA dosing, and effective treatment  
of asthma, which all show a different application of pharmacogenomics  
(prevention of adverse events, dose requirement, effectiveness). The second 
review (chapter 2.2) describes the use of oral anticoagulants in pediatric patients.  
Aspects that are discussed are the influence of the development of the hemostatic 
and metabolic systems, the evidence of DOACs and the current knowledge on 
dosing algorithms for VKAs in pediatric patients.

Chapter 3 contains three studies on the quality, effectiveness and safety of VKA 
therapy in pediatric patients. In the first study (chapter 3.1) the incidence of bleeding 
and thromboembolic events in pediatric patients using warfarin in England is 
determined. In the second study (chapter 3.2) the characteristics of the patients in  
the Children Anticoagulation and Pharmacogenetics Study (CAPS) cohort are 
described. Furthermore, the quality, effectiveness and safety of VKA therapy in these 
patients is studied. In chapter 3.3 patients within the CAPS cohort who had or had 
not a stable anticoagulation period are studied to find explanatory factors for not 
reaching a stable period within the first three months of VKA treatment. Moreover, 
the quality of anticoagulation control in patients who used both acenocoumarol 
and phenprocoumon are compared to evaluate if switching improves the quality of 
anticoagulation.

Chapter 4 contains two studies. In chapter 4.1 and 4.2 dosing algorithms are 
presented for acenocoumarol and phenprocoumon incorporating both genetic and 
non-genetic factors.
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2.1  Pharmacogenomics in 
Pediatric Patients:  
Towards Personalized 
Medicine 

     Hedy Maagdenberg, Susanne J. H. Vijverberg, Marc B. Bierings, Bruce C. 
Carleton, Hubertus G. M. Arets, Anthonius de Boer, and Anke H. Maitland-
van der Zee

    Pediatric Drugs 2016; 18 (4):251-60



20

ABSTRACT

It is well known that drug responses differ among patients with regard to dose 
requirements, efficacy, and adverse drug reactions (ADRs). The differences in drug 
responses are partially explained by genetic variation. This paper highlights some 
examples of areas in which the different responses (dose, efficacy, and ADRs) are 
studied in children, including cancer (cisplatin), thrombosis (vitamin K antagonists), 
and asthma (long-acting β2 agonists). For childhood cancer, the replication of data 
is challenging due to a high heterogeneity in study populations, which is mostly 
due to all the different treatment protocols. For example, the replication cohorts 
of the association of variants in TPMT and COMT with cisplatin-induced ototoxicity 
gave conflicting results, possibly as a result of this heterogeneity. For the vitamin 
K antagonists, the evidence of the association between variants in VKORC1 and 
CYP2C9 and the dose is clear. Genetic dosing models have been developed, but 
the implementation is held back by the impossibility of conducting a randomized 
controlled trial with such a small and diverse population. For the long-acting β2 
agonists, there is enough evidence for the association between variant ADRB2 
Arg16 and treatment response to start clinical trials to assess clinical value and cost 
effectiveness of genotyping. However, further research is still needed to define the 
different asthma phenotypes to study associations in comparable cohorts. These 
examples show the challenges which are encountered in pediatric pharmacogenomic 
studies. They also display the importance of collaborations to obtain good quality 
evidence for the implementation of genetic testing in clinical practice to optimize 
and personalize treatment.
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2.1

INTRODUCTION

Individuals with the same disease will often respond differently to the same drug. 
Some individuals will have a good response to the drug, while others experience 
little or no effect. Some patients will experience severe adverse drug reactions 
(ADRs), whereas others will not. In addition, some patients require a higher or 
lower dose compared with the standard dose defined in clinical trials to benefit 
optimally from the drug. In other words, personalizing drug treatment is required. 
Pharmacogenomics studies the relationship between genetic variation and drug 
responses. Single nucleotide polymorphisms (SNPs) can lead to changes in the 
function or the amount of proteins (e.g., enzymes, receptors, ion channels) and 
therefore in the drug response.[1] Pharmacogenomics covers associations with 
both germline and somatic mutations. In this review only the influence of germline 
mutations will be discussed.

The first pharmacogenomic studies were designed as candidate gene studies. The 
candidate genes are selected based on potential involvement with drug response, 
such as genes coding for metabolic enzymes and drug target proteins. However, the 
cause of a different drug response is not always in the potentially involved genes, 
which makes it difficult to choose candidate genes.

The design of a genome-wide association study (GWAS) is more data driven than 
the hypothesis-driven candidate gene association studies. In a GWAS, the whole 
genome of participants is screened for all frequently occurring SNPs. With GWAS, 
besides SNPs in candidate genes, also previously unknown associations between a 
specific SNP and a certain response to a drug can be found. The newest innovations 
in pharmacogenomics, enabled by the rapid improvement of genomics technology, 
are phenome-wide association studies (PheWAS), whole exome sequencing (WES), 
and whole genome sequencing (WGS), which bring new opportunities to study the 
association between response and genetic variants.[2]

Most pharmacogenomic research has been performed in adults. However, 
it is important to realize that findings in the adult population cannot be applied 
directly to the pediatric population.[3] Processes and systems (such as the metabolic 
system and hemostasis and drug biotransformation) are still under development in  
children.[3,4] Therefore, drugs may act differently in children compared with 
adults. Although genetic variations remain stable, the contribution to treatment 
heterogeneity may be different at a younger age. In this article, we highlight examples 
of pharmacogenomic studies in pediatric patients. Pharmacogenomic research in 
childhood cancer is, apart from the focus on tumor genetics, focused on predicting 
which patients will suffer from severe ADRs. In the treatment of thrombosis, the 
studies have focused on predicting the right anticoagulant dose for each pediatric 
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patient; and in asthma the main issue is to predict the efficacy of a bronchodilator 
drug. These are representative and extensively studied examples of the earlier 
mentioned sorts of differences in drug responses (ADRs, dose, and efficacy). These 
examples will give an insight into the challenges of pharmacogenomic research in 
children, but will also address the potential of pharmacogenomics to optimize and 
personalize treatment for children.

PHARMACOGENOMICS IN CHILDREN

Childhood Cancer
In 2012, the worldwide estimated number of children under the age of 15 years 
diagnosed with cancer was 163,300.[5] The mean 5-year survival rates in the US are 
just above 80 %, but it largely depends on the type of cancer.[6] With the increase in 
survival rates, the ADRs, which can cause lifelong damage, are becoming increasingly 
important during and after treatment. Anticancer drugs that are well known for 
their ADRs are cisplatin (ototoxicity, renal toxicity), anthracyclines (cardiotoxicity), 
and vincristine (neurotoxicity). These ADRs can have a large impact on quality of life. 
Many pharmacogenomic studies in the field of childhood cancer have focused on the 
toxicity of treatment. However, clinical implementation of pharmacogenomic testing 
is still pending in many centers because of inconclusive study results or uncertainty 
about whether and for which patients implementation is clinically relevant. We will 
discuss cisplatin as an example. This drug has been associated with a risk of ototoxicity, 
which can be very impairing, especially for children who are developing their 
speech skills.[7] Several candidate gene studies have been conducted to investigate 
specific SNPs which are associated with an increased or decreased risk of ototoxicity. 
Variations in the following genes were found to influence the risk of cisplatin-induced 
ototoxicity: TPMT, COMT, ABCC3, SOD2, GSTT1*1, GSTP1, XPC, LRP2, Otos, SLC22A2, 
CTR1 and GSTM3*B.[8–18] However, a major issue is the reproducibility of these initial 
findings. Several groups have conducted relatively small candidate gene studies on 
the association between ototoxicity and variations in COMT and TPMT in different 
cohorts.[9,19–21] The cohorts are very heterogeneous (Table 1) and some lack statistical 
power. For TPMT, the association was replicated in two similar cohorts.[8,9] One small 
Spanish cohort (n = 38) also showed an association for TPMT; however, because of the 
lack of power it was not statistically significant (rs12201199, odds ratio (OR) 6.79, 95 
% confidence interval (CI) 0.34–13.71).[20] The association with COMT was replicated 
twice,[8,20] but in one of the studies the association was in the opposite direction.[20] 
Another problem with COMT and TPMT is the lack of information on the mechanism in 
which these two enzymes are involved in cisplatin-induced ototoxicity.
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Hagleitner et al. conducted a meta-analysis for COMT and TPMT in 2014 and 
found only a small association for COMT (rs4646316) (OR 1.52, 95 % CI 1.16–1.99,  
p = 0.003). For the analyzed TPMT mutations there was a trend towards increased 
risk (rs12201199; OR 2.15, 95 % CI 1.16–1.99, p = 0.003).[20] However, it is debatable 
if these results give an accurate effect estimation, because of the heterogeneity in 
populations of the included studies.

Recently, a GWAS failed to find any association for TPMT, COMT or any of the other 
genes studied in the candidate gene studies.[22] The GWAS study was conducted in 
238 pediatric patients with newly diagnosed brain tumors. A strong association 
was found for a mutation in ACYP2 (rs1872328, hazard ratio 4.5, 95 % CI 2.63–7.69,  
p = 3.9 × 10−8), which was replicated in a new cohort of 68 patients that was almost 
similarly treated as the discovery cohort. In the discovery and the replication cohorts, 
100 % of the patients that carried at least one mutated allele developed ototoxicity. 
In the patients with no mutated allele, still more than 70 % developed ototoxicity.[22]

ACYP2 encodes for an acylphosphatase which is, among other places, expressed 
in the cochlea.[23] The exact mechanism by which this mutation in ACYP2 increases 
the risk of ototoxicity is still unclear.

The problems with replication of the results found in the different candidate 
studies has led to an extensive discussion about the underlying reasons.[24–28] The 
replication issues could be largely due to small sample sizes and differences in the 
study populations (age, ethnicity, and type of cancer), scoring of ototoxicity, length 
of follow-up, cumulative dose of cisplatin, and concurrent drug treatment (e.g., 
use of otoprotectants and craniospinal irradiation) (Table 1). Heterogeneity also 
existed within the studies, like different treatment regimens and types of cancer. 
The heterogeneities complicate replicating the results and it is uncertain if the 
associations found are true or only a result of confounding or bias. At present, only 
TPMT is mentioned in the label information of cisplatin as a possible contributor to 
ototoxicity, but no clinical recommendations are provided.[29]

From these studies we can conclude that the mutation in ACYP2 seems to be an 
important predictor of ototoxicity in children, but that it explains only a small part 
(12.4 %) of ototoxicity.[22] More research is needed to replicate these findings, and to 
find practical solutions for the implementation of ACYP2 testing in clinical practice. 
Studies of the mechanism for TPMT and COMT involvement in cisplatin-induced 
ototoxicity and independent replication in similar cohorts are required.

For some patients the toxicity is unacceptable (e.g., ototoxicity for a patient 
who is blind). In such patients, decisions on therapy will be influenced by genetic 
polymorphisms that enhance the risk of developing toxicity. With the identification 
of significant risk variants, patients who are at an increased risk can be identified 
and might be given alternative treatments and/or undergo closer monitoring during 
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treatment and the follow-up period. Adapting complex treatment regimens in an 
attempt to reduce side effects is complicated since efficacy must remain intact. 
Different approaches maybe explored: identifying a protecting agent against 
ototoxicity is an attractive option. The knowledge gained from the identification 
of variants that influence the risk of cisplatin-induced ototoxicity can be used to 
identify new drug targets for protecting agents. This research is promising and will 
eventually lead to a more personalized anticancer treatment.

Thrombosis
In recent years there has been a higher incidence of thrombosis in children,[30] 
mainly due to intensified medical treatments and increased awareness of the risk 
of thrombosis. Currently, low molecular weight heparins (LMWHs) and vitamin K 
antagonists (VKAs) are the two drugs used in clinical practice for the treatment or 
prevention of venous thrombosis in pediatric patients. The relatively new direct oral 
anticoagulants (DOACs) are currently being tested in pediatric patients. In 2018, the 
first phase III studies with DOACs in pediatric patients will be completed. At this 
time, the VKAs are the only oral anticoagulants which are used for the treatment of 
thrombosis in pediatric patients.

VKAs inhibit the action of vitamin K epoxide reductase (VKORC1), which leads to 
lower levels of active vitamin K-dependent clotting factors, and thus to inhibition of 
the coagulation cascade.[31] In clinical practice, a large variability in dose requirement 
of VKAs is seen.[32] This is problematic because VKAs also have a narrow therapeutic 
window. Dosing all patients equally leads to an increased risk of bleeding and 
thrombotic events. In children, this problem is even more compelling because of 
the developing hemostatic system and the growing body. In the last decade, many 
studies have been carried out to explain the large interindividual dose variability in 
children and adults.[33,34] In addition to clinical factors such as age, weight, and gender, 
genetic factors play an important role [34]. Mutations in VKORC1 lead to less enzyme 
production and to a lower dose requirement. Loss-of-function mutations in CYP2C9 
(*2 and *3) lead to a decrease in the enzyme activity. The S-isomer of VKAs is almost 
completely metabolized by CYP2C9; therefore, the mutation leads to a decrease in 
the required dose.[31,35] To a lesser extent, mutations in CYP4F2 and CYP2C18 have  
also been found to be (possibly) contributing to the dose variability.[33,35–37]

Seven regression dosing models have been constructed for pediatric patients, 
almost all for warfarin.[38–44] No pediatric dosing model is available for acenocoumarol. 
What these pediatric models have in common is that factors related to ontogeny 
(i.e., age, weight, and height) explain roughly one-third of the dosing variability. The 
variability explained by the CYP2C9 and VKORC1 genotypes fluctuates between the 
different models. The CYP2C9 genotype explained 0.4[38] to 12.8 %[39] of the variability 
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in dose requirement, the VKORC1 genotype 3.7[38] to 47 %.[41] One of the possible 
explanations is the small sample size of the cohorts ranging from 37 to 120 children. 
Only two studies included at least 100 patients.[39,44]

Also, two pharmacokinetic/pharmacodynamic (PK/PD) dosing models have been 
built for pediatric patients.[45,46] Hamberg and Wadelius evaluated the regression and 
PK/PD models in a retrospective pediatric cohort.[34] Of the evaluated models, the 
PK/PD model of Hamberg et al.[46] performed best with regards to the proportion 
of patients for whom the predicted maintenance dose was within ±20 % of the 
observed dose. Hamberg et al. developed a tool for their model which can run 
on every computer without licensing for a program and is easy to use.[47] The best 
performing regression model incorporates the CYP2C9 and VKORC1 genotype, 
height, and indication and can be used with a simple pocket calculator.[39]

Until now, no randomized controlled trial (RCT) has been conducted with a 
regression dosing model in children. One trial has just started, in which a PK/PD 
dosing model is tested against standard dosing.[48] In adults, 12 RCTs have been 
carried out to evaluate the dosing algorithms.[49] These trials gave conflicting results 
with regards to improving the time within therapeutic range (TTR) and outcomes 
such as bleeding and thromboembolic complications. In a recent meta-analysis, a 
statistically significant increase in TTR and decrease in minor bleeding was found 
when comparing fixed standard dosing with genotype-guided dosing.[49]

Currently, the American College of Chest Physicians (ACCP) guideline for 
antithrombotic therapy and prevention of thrombosis does not recommend 
genotyping before starting VKAs in adults.[50] The FDA follows this recommendation, 
while still including information on the impact of pharmacogenomics in the drug 
label.[51] When genetic information is available, the physician can use this to adjust 
the dose. In pediatric patients, this information should not be used. Studies showed 
that the adult models overestimate the VKA dose in children.[39,42] Therefore, pediatric 
models should be used when genetic information is available. An RCT for examining 
a pediatric regression model does not seem to be a realistic option for determining 
the usefulness of genotyping before starting a VKA. The numbers of children using 
these drugs are very low, and therefore such a trial would be very costly and time 
consuming. We think the pediatric algorithms should be implemented and evaluated 
in a clinical setting. Using a dosing model can only lead to an increase in the quality 
of treatment. There are no risks involved, because adjustments of the dose can still 
be made based on the International Normalized Ratio (INR). The costs of using a 
model only consist of the price of genetic testing and these costs are already quite 
reasonable compared with other medical tests, and will probably decrease further 
over time. It might be possible that genotyping becomes cost effective, because 
when INR stability increases it is likely that fewer INR measurements will be needed, 
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and fewer bleeding and thrombotic events will occur. Evaluations should be carried 
out during implementation in order to determine if the genetic testing is increasing 
the quality of treatment and/or lowering the costs.

Asthma
Asthma is the most common chronic disease in children. Asthma is treated with a 
stepwise approach.[52] Short-acting β2 agonists (SABA) as needed are prescribed 
initially to relieve symptoms of bronchoconstriction. Inhaled corticosteroids (ICS) are 
added to the regimen if asthma symptoms persist to reduce the airway inflammation 
and are considered to be the cornerstone of asthma treatment.[52] Additionally, long-
acting β2 agonists (LABA) or leukotriene receptor agonists (LTRA) can be added 
if a child’s asthma remains insufficiently controlled. Although asthma treatment 
is effective in many patients, there is a large variability in the level of symptom 
control or lung function improvement. Already more than 15 years ago, Drazen et 
al. suggested that up to 80 % of the interindividual variants in drug response in 
asthmatic patients could be due to genetic variations.[53] Since then, candidate gene 
approaches and a handful of GWAS studies have described several genetic variants 
associated with asthma treatment response, yet effect sizes are often small and a 
successful replication remains rare.[54–56]

Pharmacogenomics of LABA seems closest to clinical implementation. An SNP of 
interest (ADRB2 Arg16) has been replicated and prospectively tested and the risk 
genotype is relatively frequent within the population. Variation in the gene that 
encodes the β2 receptor (ADRB2) is associated with LABA response in children,[57–59] 
yet not all studies point in the same direction.[60] Nevertheless, a recent meta-analysis 
of 4226 children of white Northern European and Latino origin showed that this 
variant (ADRB2 Arg16) was associated with an increased risk of asthma exacerbation 
when treated with ICS + LABA (OR 1.52, 95 % CI 1.17–1.99; p = 0.0021).[61] In addition, 
further evidence has been provided by a small prospective study of 62 children with 
the genetic variation randomized to ICS + LABA or ICS + LTRA. The trial showed that 
children treated in the ICS + LTRA arm had fewer exacerbations (exacerbation score 
of −0.39, 95 % CI −0.15 to −0.64; p = 0.049) and school absences (difference in scores 
of 0.40, 95 % CI −0.22 to −0.58; p = 0.005) compared with the group treated with ICS 
+ LABA.[62] Approximately 16 % of the children with asthma are homozygous for this 
variant,[57] and may benefit from genotyping before initiation of LABA treatment. 
Larger trials are necessary to assess the clinical value and cost effectiveness of 
ADRB2 genotyping.

Defining treatment response in asthma is complicated. Symptoms vary over 
time and different dimensions of response (lung function, exacerbations, and 
symptoms) can be associated with different genetic risk profiles.[63] Furthermore, 
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asthma consists of a heterogeneous population of various distinct phenotypes 
(e.g., eosinophilic versus neutrophilic asthma), which seems to differ for children 
and adults. Performing studies in children is therefore of the uttermost importance. 
Recently, the Pharmacogenomics in Childhood Asthma (PiCA) consortium has been 
formed to bring asthma researchers in this field together to perform meta-analyses 
in well-defined joined pediatric asthma cohorts.[61,64]

CHALLENGES AND FUTURE DIRECTIONS

Although the research field of pediatric pharmacogenomics is rapidly growing, 
few applications have made it to clinical practice. We have provided examples of 
three pediatric diseases where pharmacogenomics holds a promise to personalize 
treatment: childhood cancer, thrombosis, and asthma. These examples illustrate that 
gathering evidence for a pharmacogenomic association in children is challenging. 
Replication of genetic associations is complicated by the heterogeneity in both 
outcome measures and in small study populations in terms of ethnicity, disease 
phenotype, and age, which leads to underpowered biased studies. To overcome this 
obstacle, collaborations should be undertaken to enlarge the number of patients 
studied.

More studies have been performed on pharmacogenomic associations in adults, 
including a couple of RCTs, but unfortunately these results in adults cannot be simply 
extrapolated to children. Pharmacogenomic studies in pediatric populations remain 
essential. The therapeutic goal of a certain treatment is often different for adults 
and children. In addition, differences in co-medication, diet, and duration of drug 
use can also lead to dissimilar results. Before data can be extrapolated to children it 
should be clear if the association is not influenced by ontogeny. Children not only 
differ from adults in body size, but also in the dynamic expression of metabolic 
enzymes, drug transporters, and drug targets.[3,65] Furthermore, the organs involved 
in drug metabolism and elimination (liver and kidney) are under the influence of 
developmental processes during childhood.[3] Besides these physical differences, 
the disease can also manifest itself differently in children, as seen, for example, in 
asthma.[66] These differences make it hard to predict the PK/PD of a drug in children. 
The drug response can differ between children, but also within one child over time. 
Therefore, the extrapolation of results between children of different ages should 
be done with the same caution as the extrapolation of adult data to children. 
Pediatric patients span a period from birth to adulthood by most definitions. An 
RCT is still considered the gold standard to collect evidence. However, performing 
RCTs in children is complicated by the large sample sizes which are required, 
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especially in rare diseases such as cancer and thrombosis. For example, in the case 
of VKAs, obtaining the required sample size is a large problem. For the EU-PACT 
(European Pharmacogenetics of Anticoagulant Therapy) trial in adults, investigating 
the effectiveness of the pharmacogenomic dosing models for acenocoumarol, 
phenprocoumon, and warfarin, the calculated sample size was 400 per VKA.[67,68] To 
put this in perspective, in the Netherlands, currently only 226 children under the 
age of 15 years use VKAs.[69] To obtain the number of patients needed, international 
collaborations are essential. Besides the large sample size, the high costs of an RCT 
need to be considered. This type of research is usually not in the direct interest of 
pharmaceutical companies, especially if it concerns off-patent drugs. Therefore, it 
is difficult to find funding for these kinds of trials, and specific financial or other 
incentives might be required to bridge this obstacle.[70]

As stated in the introduction, the improvement of genomics technology creates 
opportunities to study pharmacogenomics in new ways. The newest is PheWAS, 
which is the opposite of GWAS. Instead of studying genetic associations with a 
predefined phenotype, patients with a certain mutation are the starting point to 
search for the matching phenotype. Other examples are WES/WGS in which all 
DNA mutations will be considered, in contrast to GWAS, which is directed to known 
(frequently occurring) SNPs.

There is no one method better than the others. Which method or combination of 
methods is the most appropriate depends largely on the research question/situation 
(e.g., knowledge about drug mechanism, available budget). Findings of a GWAS, for 
instance, can be subsequently replicated in a candidate gene study, which requires 
far fewer patients and is less expensive than an additional GWAS.

The progression from gathering evidence to clinical relevance is not easy. Even 
when an association is strong it does not mean that it is clinically relevant. For 
example, in the case of ACYP2 and ototoxicity, the association was quite strong, but 
it still could explain only 12.4 % of the ototoxicity cases. The clinical relevance largely 
depends on the relative frequency of the risk allele in the population of interest, the 
disease phenotype, the severity of the outcome, and the risk attribution of the risk-
allele to the outcome. Cost effectiveness of a pharmacogenomic test is inevitably 
necessary to reach clinical implementation. Even when the costs of genetic testing 
decline, other costs such as the costs of the possible alternative treatment, use of 
protective agents, and/or extra monitoring should be considered.

To be able to proceed with implementation of pharmacogenomic testing in 
children, consensus should be reached about what evidence is needed to implement 
a pharmacogenetic test into clinical practice if RCTs are not feasible. Furthermore, in 
some cases performing an RCT could be considered unethical. An important example 
of this is the risk of codeine-induced infant mortality based on a CYP2D6 genotype 



Pharmacogenomics in Pediatric Patients  |  31

2.1

of breastfeeding mothers.[71] This has led to a change in the registration of codeine. 
Codeine is no longer approved for pediatric use in the EU and is contraindicated in 
women during breastfeeding.[72]

When an RCT is impossible, at least worldwide replication studies are needed to 
support the generalizability of the association. This is only possible with international 
collaboration. However, the healthcare systems and availability of treatment options 
(e.g., differences in authorized VKAs) differ largely between countries and treatment 
protocols vary between countries, study populations, and over time. This makes 
finding a comparable replication cohort challenging. Therefore, international 
treatment harmonization would ease the process of worldwide replication studies.

Strong evidence in adults might support the associations found in pediatric 
patients. However, because of differences related to ontogeny, adult-derived 
information should be considered with caution and is not essential. This caution 
should also be applied when using the dosing guidelines available for adults. As seen 
in the example for VKAs, using the adult models would lead to an overestimation 
of the required dose. Pharmacogenomics needs to be considered as valuable 
information in addition to clinical parameters to guide treatment decisions.

It is important that consensus is reached about the evidence needed for 
implementation and that healthcare professionals also support these criteria; 
published, peer-reviewed clinical practice guidelines could be of particular help here. 
Clinicians need to be appropriately educated on the value of pharmacogenomic 
testing. Only then will pharmacogenomics be implemented in pediatric clinical 
practice.

CONCLUSION

Pharmacogenomics is a promising research field, but has not reached the pediatric 
clinic yet. International collaborations are needed to gain a more structured 
approach for pharmacogenomic research in children. When heterogeneity is 
reduced and research groups work together in order to obtain larger numbers of 
patients, it is possible to get stronger evidence, both qualitatively and quantitatively. 
The criteria for implementing a pharmacogenomic test without the presence of a 
supporting pediatric RCT should be further elaborated by healthcare professionals 
and researchers. Reaching consensus could lead to easier acceptance by healthcare 
professionals to the use of these tests in daily clinical practice.
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ABSTRACT

In pediatric patients oral anticoagulant agents are used for a variety of rare congenital 
conditions, after thromboembolic events and prophylactically. Evidence based 
treatment is challenging, given the small number of cases of highly varying ages and 
etiology. Treatment is often based on arbitrary extrapolations of recommendations 
for adults.

This review examines the differences between adults and children with regards to 
the risk factors, the hemostatic and metabolic system and the recent developments 
in new and personalized oral anticoagulant treatment in pediatric patients.
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INTRODUCTION

In pediatric patients vitamin K antagonists (VKAs) are used for a variety of generally 
rare congenital conditions, after thromboembolic events and as prophylaxis, e.g. 
after cardiac surgery for congenital heart disease.[1,2] The incidence of thrombotic 
events is quite low between 0.07 and 0.49 events/ 10,000 children[3–6] compared to 
adults with an incidence of 10 events/ 10,000 adults each year.[7] The recent years 
a rising trend was seen in the incidence of thrombosis in children,[8,9] mainly due 
to intensified medical treatments including central venous catheters, intensive 
chemotherapy (e.g. asparaginase) and increased awareness. VKAs are at this 
moment the only oral anticoagulants which are recommended in guidelines to 
prevent and treat thromboembolic events in children. Even though these drugs 
have been on the market for decades, the use is still off-label and the evidence for 
treatment of children with VKAs is limited and is largely based on extrapolations of 
recommendations for adults. 

Treatment with VKAs in general has difficulties like high inter and intra-individual 
variability in dose requirements. In addition, the unavailability of practical dose 
units especially for neonates further limits their use. Multiple studies have been 
conducted in pediatric patients to explain the variability in dose requirement and to 
better predict the starting dose for new patients who start a VKA.[10–19] VKA dosage is 
monitored with regular international normalized ratio (INR) assays. Optimal INR and 
duration of treatment are based on limited data in children or extrapolated adult 
data. 

Since 10 years the direct oral anticoagulants (DOACs) are available for adults. 
These drugs have the advantage of a standard dose and no need for laboratory 
measurements for dosing. In children the first phase 1 and 2 studies have been 
completed and phase 3 and 4 studies are currently recruiting patients. The estimated 
completion date of the first phase 3 study (primary outcomes: all symptomatic 
recurrent venous thromboembolism and major or clinically relevant non-major 
bleeding) is January 2019 (NCT02234843). 

Evidence in the adult population is not always a reliable source for the  
treatment of children.[20] Children with thromboembolic events differ from adults 
with regards to risk factors, coagulation characteristics and drug metabolism. 
Therefore conclusions from studies in adults are difficult to translate to children. 
Clinical studies in pediatric cohorts will be important to compare treatments  
and choose wisely for individual patients.
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MAJOR DIFFERENCES IN RISK FACTORS, HEMOSTASIS AND DRUG 
METABOLISM 

Risk factors for thromboembolic events in children
Inherited prothrombotic disorders play a diverse role in pediatric thrombosis. 
Some are in themselves clearly prothrombotic (e.g. protein S, C and antithrombin 
deficiency), others have an unknown impact, however become apparent in 
prothrombotic contexts like the use of oral contraceptives (e.g. heterozygous factor 
V Leiden mutation). 

In a large proportion of the cases of pediatric thrombosis an inherited 
prothrombotic disorder is present.[21,22] However, often the cause is multifactorial.[23]  
A meta-analysis of case control studies has shown that having any central venous 
catheter (CVC) or being admitted to the ICU increases the risk of developing a VTE 
(CVC: odds ratio (OR) 2.12, 95% confidence interval(CI) (2.00-2.25); ICU: 2.14 (1.97-
2.32)).[24] Smaller risk effects were shown for mechanical ventilation (1.56 (1.42-1.72)) 
and length of stay in the hospital (1.03 (1.03-1.03)).[24] In non-case control studies, 
including retrospective or prospective cohort studies, case series, cross-sectional and 
registry studies, CVC is the most prevalent acquired risk factors (pooled prevalence 
36%, 95%CI (23-4)]) next to oral contraceptive pill use (34% (11-56)), thrombophilia 
(28% (18-38)), and obesity (26% (8-45)).[24] For neonates and children younger than 
6 months of age with a VTE a higher prevalence of central venous catheter was 
demonstrated, 94% and 77%, respectively.[4,25] 

Pediatric patients with a venous thromboembolism differ from adults in that in 
the majority 

A clear difference between children and adults with a venous thrombosis is that for 
the majority of events in children at least one risk factor is identified and arise proximal 
to hospitalization. In adults 30-50% of the events are considered idiopathic.[26] 

Development of the hemostatic system
The hemostatic system changes during childhood and adolescence. In fact, the 

hemostatic system is developing during our entire lifespan.[27] However, most of the 
maturation of hemostasis takes place in the first 6 months of life. In the neonate the 
hemostasis is differently balanced than later in life. Neonates have a lower capacity 
to generate thrombin, a decreased fibrinolytic capacity, and they have a reduced 
capacity to inhibit coagulation proteins compared to adults.[20] 

Among the vitamin K-dependent coagulation factors (factor II, VII, IX and X) there 
are two distinct patterns of development. The mean level of factor VII is already at 
63% of adult level at birth and increases in the first 5 days of life to 85% of adult 
level.[28,29] However, the levels of factor II, IX and X are all lower than 50% at birth and 
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gradually increase to 74-81% of adult levels after 6 months of life.[28,29] At the age of 
16 years the levels are still statistically significantly lower than in adults.[28] 

The activity of thrombin is reduced in children. The cause of this is twofold. Firstly, 
the capacity to produce thrombin is reduced compared to adults because of the 
decreased levels of vitamin-K dependent coagulation factors and contact factors [30]. 
Secondly, the inhibition of thrombin by α2-macroglobulin, which complexes with 
thrombin, is increased.[28,29] The mean levels of α2-macroglobulin are approximately 2 
times higher than in adults throughout childhood and adolescence.[28,29] 

The natural anticoagulants protein C and protein S are available at very low levels 
at birth (36-39%).[29] After 6 months the level of protein S has increased to almost 
adult level, but protein C remains relatively low at 61% of adult level.[28,29] The level 
of protein C gradually increases during childhood and adolescence and is almost at 
adult level at age 16 (86%).[28] Antithrombin is at 60% at birth and reaches adult level 
at an age of 6 months.[29] 

A difference in the development of the hemostatic system between pre-term 
and full-term infants has been observed.[30] Of the vitamin K-dependent coagulation 
factors factor II and IX show reduced levels at birth for pre-term compared to full-term 
infants [30]. At 6 months of age, pre-term and full-term infants have a similar factor II 
level, but the factor IX level is still lower for pre-term infants.[30] The levels of protein  
S and C are lower at birth in pre-term infants and reach similar levels as full-term 
infants at 6 months of age [30]. However, antithrombin is lower at birth and is still at a 
lower level at 6 months of age for pre-term compared to full-term infants.[30] 

All these aberrant levels reflect a hemostatic system, which is balanced in a 
different way compared to the adult system and it even depends on the gestational 
age of the infant. This can cause a different response to oral anticoagulants. 

Development of drug metabolism
Most of the Cytochrome P450(CYP) enzymes are almost undetectable at birth, 
but rise during the first year of life.[31] For warfarin and acenocoumarol CYP2C9 is 
the main enzyme involved in the metabolism of these compounds.[32] The onset 
of expression of CYP2C9 is in the second and third trimester of pregnancy at low 
levels (10% of adult levels).[33] After birth, the expression gradually increases with a 
100-fold inter-individual variability in expression levels during the neonatal period.
[33] Between the age of one and ten years CYP2C9 has been shown to be expressed 
at 40-50% of adult levels.[33] However, a study by Takahashi in Japanese patients 
showed, that the oral clearance of unbound oral-S-warfarin is the highest during 
the prepubertal age and decreases at pubertal age to adult levels.[34] Therefore, it 
has been suggested that CYP2C9 shows a postnatal developmental pattern with 
low expression before birth, rising within the first 6 months of life to 100% adult 
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activity and then exceeds adult activity at prepubertal age returning to adult levels 
by the end of puberty.[35]

For most of the DOACs and for phenprocoumon CYP3A4 is an important 
metabolizing enzyme.[32,36] CYP3A4 has also been classified as having a postnatal 
developmental pattern.[37] CYP3A4 is expressed at very low levels during the entire 
childhood and adolescence and levels increase gradually over time.[38] 

PERSONALIZED DOSING OF VKAs WITH PHARMACOGENETIC 
MODELS

The inter- and intraindividual variability in dose requirements of children is a major 
problem when starting treatment with VKAs. Genetic differences can enhance 
interindividual variability. In adults, genetic variations in especially the genes encoding 
for Vitamin K epoxide reductase complex subunit 1 (VKORC1) and CYP2C9 have been 
shown to explain part of the interindividual variability in VKA dose requirement. It 
involves the single nucleotide polymorphisms VKORC1 1173 C>T rs9934438 and 
-1639 G>A rs9923231, which are in complete linkage disequilibrium, and CYP2C9*2 
rs1799853 and CYP2C9*3 rs1057910. VKORC1 is the target and CYP2C9 the main 
metabolizing enzyme for VKAs. The genetic variations make patients more sensitive 
to VKAs and therefore they require lower doses compared to patients without these 
genetic variations.

Since 2010, multiple studies have been carried out to build regression models to 
predict the right dosage of VKAs in pediatric patients (Table 1). These models were able 
to explain 34% to 82% of the inter- and intraindividual variation in dose requirements. 
Most studies were conducted in children who used warfarin[10–19] and two studies also 
included patients using phenprocoumon[10] or fluindione.[13] The studies are relatively 
small in comparison with the studies in adults. There is a large variability in percentage 
explained of the variation in VKA dose requirement by various genetic and non-genetic 
factors. Age and age-related factors (e.g. height, weight, body surface area) explained 
12% to 72% of the variability in dose requirement. Furthermore, having a Fontan 
circulation was found to explain 2.4% and 3.2% of the variability in two studies,[12,15] 
three other studies did not find an association with dose requirement.[14,18,19] Moreover, 
the target INR (range) was found to be associated with the required dose in halve of the 
studies (5 studies did and 6 studies did not find an association).[11,13,14,18,19] The reason 
why the target range (TR) was not always associated with the required dose could 
have been the result of the relatively small sample sizes. The influence of the TR could 
be very small because the different TRs are highly overlapping. Larger sample sizes 
would be required to make a distinction between the TRs in the dose requirement. 
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All studies found an association between VKORC1 genotype and dose requirement 
of VKAs, although the percentage explained varied from 2.8% to 47%. The CYP2C9 
genotype was only found to be associated in 8 of the 10 studies and explained  
0.3% to 26.6%. There was a trend towards VKORC1 explaining more of the  
variability compared with CYP2C9. Four studies also assessed the association 
between CYP4F2 genotype and the required dose, but none of the studies  
found an association.[13,15,16,18] 

Hamberg et al. and Lala et al. both constructed a pharmacokinetics/pharma-
codynamics (PK/PD) model derived from adult data and evaluated the model in a 
cohort of pediatric patients.[39,40] In the model of Hamberg et al. CYP2C9, VKORC1, 
age, weight, target INR range (TR) and baseline INR were incorporated in the  
model.[39] In the model of Lala et al. the same variables were included except TR and 
baseline INR.[40] In a retrospective evaluation of the different available models in a 
pediatric patient cohort the PK/PD model of Hamberg et al. performed best with a 
high proportion (45%) of patients for whom the predicted maintenance dose was 
within ± 20% of the observed dose. Of the evaluated regression models the model 
by Biss et al. performed best, 39% of the patients had a predicted maintenance dose 
within ± 20% of the observed dose.

A few studies did not develop a model, but have merely investigated the 
influence of genetic factors on the mean maintenance dose. For example in 41 
Egyptian pediatric patients no association was found between the mean daily 
warfarin maintenance dosages and CYP2C9 and VKORC1 genotypes. Age was 
the only variable that showed a statistically significant association with warfarin 
dosage.[41] In 37 Japanese pediatric patients a study on the pharmacodynamics 
and pharmacokinetics of warfarin, was the only pediatric study so far showing 
that CYP4F2 genotype influenced dose requirement.[42] This study also found a 
relationship between CYP2C9 genotype and warfarin clearance, but no association 
between VKORC1 genotype and warfarin sensitivity (INR/warfarin plasma unbound 
concentration).[42] These two studies were conducted in a small non-European 
pediatric patients. Both ethnicity and the small number of patients are a probable 
cause of not finding an association between these CYP2C9 and VKORC1 genotypes 
and the warfarin dose requirement. 

In adults much more research is conducted on constructing models and validating 
them in prospective clinical trials. In most studies in adults pharmacogenetic models 
showed a positive effect on the quality of the treatment with VKAs.[43,44]

Two studies calculated how well the adult warfarin model constructed by the 
International Warfarin Pharmacogenetics Consortium (IWPC)[45] predicted the 
maintenance dose for a cohort of children.[12,18] The calculated dosages correlated 
with the real maintenance dosages, but there was a continuous overestimation by 
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Table 2. Results of dabigatran phase 2 studies

NCT02223260 NCT01083732 NCT00844415

Age < 1 year of age 1-<12 years of age 12-<18 years of age
Indication VTE Primary VTE Primary VTE
Screened/treated 8 20/18 9
Completed 8 18 8
Treatment Liquid formulation of 

dabigatran at an age and 
weight adjusted dose

Single dose or multidose (twice 
daily for 3 days) of oral liquid 
dabigatran (dissolved granules)

Twice daily oral dabigatran for 
3 consecutive days at a weight 
adjusted dose. 

Bleeding events All type n=0 n=0 n=0
Recurrent TE Not assessed Not assessed n=1 (7 days after treatment)
SAE n=0 n=0 n=1 not study drug related
Total other AEs n=0 n=1 in the multidose group 

(leukopenia and dizziness)
n=2 (1 patient with abdominal 
discomfort and 1 patient with 
gastroesophageal reflux and 
abdominal pain)

Global assessment 
of acceptability and 
tolerability – immediately 
after dosing

Good n=6; 
Satisfactory n=1;
Bad; n=1

Good n=6;
Satisfactory n=3;
Not satisfactory n=6;
Bad n= 2;
Not assessed n=1

Not assessed

Taste global assessment 
of acceptability and 
tolerability –immediately 
after dosing

Not assessed Satisfactory n=5; 
Bad taste n=2; 
Very bad taste n=3; 
Missing n=8

Not assessed

VTE, venous thromboembolism; TE, thromboembolic event; SAE, serious adverse event; AE, adverse event.

Total number of clinical trials
n=28

Exclusively patients of 
≤ 18 years of age

n=22

Cardiac disease 
n=1

Thromboembolic event
n=19

Hemorrage while on 
dabigatran 

n=1

Prevention of thromboembolic events in ALL 
patients who have CVA and use ASP

n=1

Recruiting 
(March 2021)

Completed n=8 (6 with results)
Recruiting n=9 (January 2019)
Terminated or withdrawn n=2

Recruiting 
(February 2020)

Recruiting 
(May 2020)

Edoxaban (n=1)
Rivaroxaban (n=7) 
Dabigatran (n=6)
Apixaban (n=4)
Edoxaban (n=2)

Idarucizumab 
(n=1)

Apixaban (n=1)

Figure 1. Overview of studies carried out on DOACs in children. Source: clinicaltrials.gov.
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the model.[12,18] Causes for this overestimation can be the developing hemostatic 
system, but also metabolic changes as described above. 

DIRECT ORAL ANTICOAGULANTS

In adults four DOACs (dabigatran, rivaroxaban, apixaban and edoxaban) have 
been approved for the use in preventing and treating thromboembolic events. 
DOACs act by direct inhibition of factor Xa (rivaroxaban, apixaban, edoxaban) or 
thrombin (dabigatran). As described, levels of factor II and factor X are changing 
during childhood and do not reach adult levels until adolescence. Furthermore, 
the capacity to produce thrombin is reduced and the inhibition of thrombin by 
α2-macroglobulin is increased in children. Therefore the hemostatic system differs 
substantially between adults and children on the targets of DOACs, by which the 
effectiveness and safety can deviate from adult results and also between different 
pediatric age groups.

Two in vitro studies have been carried out with rivaroxaban in plasma of neonates 
and children. In plasma of healthy children the prothrombin time, activated partial 
thromboplastin time (aPTT) and anti-Xa assay did show linearity with adult values 
and no deviation. In neonates significant deviations were found for prothrombin 
time and aPTT (only at low concentrations of rivaroxaban) and lag time in thrombin 
generation. In children and neonates the response to increasing rivaroxaban 
concentrations was similar to adults.[46,47]

A single in vitro study has been conducted in plasma of children with dabigatran. 
This study showed a significant longer aPTT, thrombin time and ecarin clotting time in 
the pediatric groups compared with the adult group. The pediatric groups showed an 
increased sensitivity to dabigatran using the thrombin time. The response to increasing 
dabigatran concentrations was similar between the pediatric groups and adults.[48]

On clinicaltrials.gov 28 interventional studies with one of the four DOACs are 
listed which all include children as participants. Twenty-two studies were exclusively 
including patients of 18 years or younger. The first phase 1 and 2 studies with 
DOACs in children have been completed and more clinical trials are currently being 
conducted (Figure 1). The first results of a phase 3 study will only be available in 
January 2019 (NCT02234843). In most of the studies patients with thromboembolic 
events are included. Only 1 study is including patients with a cardiac disease. 

Six of the completed phase 2 studies have reported their results. Three studies 
were conducted with rivaroxaban and three with dabigatran. The three studies with 
dabigatran included 8 (NCT02223260 and NCT00844415) and 18 (NCT01083732) 
patients, with respectively patients of <1 year of age, 12 to < 18 years of age 
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and 1 to < 12 years of age (Table 2). Dabigatran was relatively well tolerated in 
all three studies. In one study no adverse events were found (NCT02223260), in 
another study 2 patients had relative mild adverse events of the gastrointestinal 
tract (NCT00844415)[49] and in one other study 1 patient developed leukopenia 
and dizziness (NCT01083732). Only 1 serious adverse event occurred, which was 
a recurrent venous thromboembolism 7 days after dabigatran was given and 
was considered not study drug related by the researchers.[49] To be able to dose 
children with dabigatran, specific pediatric formulations have been developed. In 
one study the taste was assessed of a formulation in which dabigatran granules 
were dissolved to form an oral liquid. The taste was graded bad to very bad in 5 

Table 3. Results of rivaroxaban phase 2 studies

NCT02564718 NCT02309411 NCT01684423

Age < 6 months of age 6 months to < 6 years of age 6 to < 18 years of age
Indication symptomatic or asymptomatic 

venous thrombosis
symptomatic or asymptomatic 
venous thrombosis

symptomatic or asymptomatic venous 
thrombosis

Screened/treated 11/10 51/46 68/63
Completed 9 46 62
Treatment Age- and body weight-adjusted 

0.5 to 3.2 milligram (mg) 
twice daily 
or age- and body weight-
adjusted 0.5 to 2.9 mg thrice 
daily. Both given as a
oral suspension of rivaroxaban 
for 7 days

Age- and body weight-adjusted 
rivaroxaban twice daily as an 
oral suspension (n=40) or SOC 
(n=6)

Doses are age- and body weight adjusted. 
Group 1 (12-<18 years of age; 
rivaroxaban tablet once daily for 30 days);
Group 2 (12-<18 years; SOC);
Group 3 (6-<12 years of age; rivaroxaban 
tablet once daily for 30 days);
Group 4 (6-<12 years of age; rivaroxaban 
suspension twice daily);
Group 5 (6-<12 years of age; SOC).

Bleeding events n=0 n=0 Group 1 n=3 non-major clinically 
relevant bleeding; 
Group 4 n=1 non-major clinical bleeding 
event; Group 2, 3 and 5 n=0.

Recurrent TE n=0 n=0 n=0
SAE n=1 in the thrice daily dose 

group
2-6 years of age rivaroxaban 
n=0; 
6 months – 2 years of age 
rivaroxaban n=2 (pyrexia and 
respiratory disorder); SOC n=1 
(headache).

Group 2 n=1 (MS relapse); Group 4 n=2 
(hypothalamic-pituitary disorder and 
Influenza B virus test positive);
Group 1,3 and 5 n=0.

Total other AEs n=1 in the twice daily dose 
group (vomiting)

56.0% 2-6 years rivaroxaban; 
73.3% 6 months-2 years 
rivaroxaban; 
50.0% SOC

Group 1: 9/11 (81.8%) 
Group 2: 8/13 (61.5%) 
Group 3: 6/13 (46.2%)
Group 4: 12/19 (63.2%) 
Group 5: 2/7 (28.6%) 

VTE, venous thromboembolism; TE, thromboembolic event; SAE, serious adverse event; AE, adverse event.
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of the 10 patients who assessed the taste. The global assessment of acceptability 
and tolerability was graded satisfactory to good in 7 of the 8 patients in one study 
(NCT02223260), however was found satisfactory to good in 9/18 patients in another 
study (NCT01083732). 

The three studies with rivaroxaban included 10 (< 6 months of age), 46 (6 to  
<6 years of age) and 63 (6 to < 18 years of age) patients, respectively NCT02564718, 
NCT02309411 and NCT01684423 (Table 3). No bleeding events were found in 
the two studies with the youngest age groups. However in the NCT01684423 
trial 4 non-major clinically relevant bleedings were observed (3 in the 12 to  
< 18 years of age rivaroxaban once daily group and 1 in the 6 to < 12 years of age 
rivaroxaban suspension twice daily group). None of the studies observed a recurrent 
thromboembolic event. However, quite a number of patients experienced adverse 
events in the groups using rivaroxaban. Adverse events were most likely in the 
trial with the oldest children (NCT01684423). In the group of patients of 12 to <18 
years of age 81.8% had an adverse event. In the group of children using rivaroxaban 
suspensions twice daily 12 out of the 19 patients (63.2%) experienced an adverse 
event. In the NCT02309411 also 56% and 73.3% of the patients were experiencing 
at least one adverse event. However, only a relatively small number of patients 
(n=5) had a serious adverse event in all three studies, including pyrexia, respiratory 
disorder, hypothalamic-pituitary disorder, and a positive Influenza B virus test.

The in vitro studies show that there are some differences in response to DOACs 
especially dabigatran which is acting on thrombin. Clinical studies need to establish 
if children and especially neonates are responding similarly to DOACs as adults on the 
surrogate and hard endpoints. The small clinical phase 2 studies of dabigatran show 
that it is relatively well tolerated and no bleeding events occurred. For rivaroxaban 
larger phase 2 studies have been conducted which show a low number of bleedings, 
no recurrent thromboembolic events, but a relative large number of adverse events. 
It seems that the safety and efficacy of both DOACs are promising. The phase 3 
studies need to show how the DOACs will perform with longer durations of use and 
if the number of patients with adverse events are similar to current treatment.

INDIVIDUALIZED ANTICOAGULANT TREATMENT IN CHILDREN: 
SUMMARY AND PERSPECTIVE

A child presenting with thrombosis due to an antithrombin deficiency cannot be 
adequately treated with heparin. Direct oral anticoagulants are an attractive quickly 
effective treatment, but require a pediatric dose and formulation. This is a rare but 
clear example of individualized anticoagulant treatment in a child that builds on 
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experience in adults and children. Studying factors that can be of value to improve 
pediatric anticoagulant treatment requires networks to acquire sufficient patient 
numbers. This allows studying the impact of pharmacogenomics in pediatric patients 
to define dosing algorithms for VKAs. The clear impact of various age categories, 
especially in neonates further adds to the complexity of the matter. We are currently 
in an era where many aspects of individualized anticoagulant treatment of children 
are being explored: using (genetic) dosing algorithms for VKAs, defining dosages for 
various age cohorts for DOACs, and comparing DOACs to standard treatment with 
regards to efficacy and safety. 

This is an exciting era for anticoagulant treatment, also in children. Only after a 
phase of joined efforts of many pediatric hematologists worldwide will we be able to 
pass a judgment on new individualized algorithms for treatment. 
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ABSTRACT 

Aims
This study assesses the incidence of bleeding and thromboembolic events in 
pediatric patients and characterises the patients with and without such events in 
England. 

Methods
Data were obtained from the UK Clinical Practice Research Datalink (CPRD) in the 
period between April 1997 and February 2016. Using a cohort design, we identified 
all patients who had ≥1 prescription for warfarin, who were ≤18 years of age and 
could be linked to both Hospital Episode Statistics and Office for National Statistics 
mortality data. Patients were followed from the date of the first prescription of 
warfarin until end of warfarin use, 19 years of age, transfer out of practice, end of 
data collection or death, whichever came first. 

Results
In total, 307 patients were included in the analysis (median age 15 years, 46.6% 
female, 40.7% with a cardiac indication). Bleeding events occurred in 3.33 
patients/100 patient years (PY; 95%CI:2.01-5.23) with a total of 5.79 events/100 
PY (4.03-8.08). Patients with a bleeding event were on average younger (p=0.025) 
compared to patients without a bleeding event. Within patients who used warfarin 
for primary prophylaxis of thromboembolic events, 1.50 patients/100 PY (0.61-
3.13) experienced a thromboembolic event with only one event per person (1.47 
events/100 PY [0.60-3.06]). 

Conclusions
The incidence of bleeding and thrombotic events in pediatric patients using 
warfarin was low. However, younger patients appeared to be more prone to develop 
a bleeding event. To reduce the incidence of bleeding and thromboembolic events 
even more, further research is required to elucidate more risk factors. 
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INTRODUCTION

Vitamin K antagonists (VKA) are used in pediatric patients to treat or prevent 
thromboembolic events in patients with congenital or acquired heart diseases. 
Dosing of VKA is complex with large inter- and intra-individual variability in VKA 
dose requirement. It is even more challenging in pediatric patients, because of the 
developing hemostatic system in these patients. Under- and overdosing of VKA can 
result in thromboembolic events and bleeding events, respectively. 

Until now, only one large Canadian study and several smaller studies (<100 
patients) have reported on the occurrence of thromboembolic and bleeding events 
in pediatric patients using warfarin. The incidences of thromboembolic events 
ranged from 0 to 2.6/100 patients years.[1–6] The incidences of bleeding events  
ranged from 1.5 to 39/100 patient years (major events 0.5 - 8/100 patient years;  
minor events 2.3 - 31/100 patient years).[2–7] Some studies did not report incidence 
rates, but merely reported the number of patients with a bleeding event. The number 
of patients with minor bleeding events varied from zero patients with event(s) to 
almost every patient having at least one event.[8–12] 

However, the range in incidences is wide. This is probably caused by the small 
sample sizes of most studies. To our knowledge the incidence of bleeding and 
thromboembolic events during warfarin use in a large European pediatric population 
has never been reported. Studying the incidences in large cohorts will give us more 
insight what the actual incidence of bleeding and thromboembolic events are. 
Information on the frequency of such events and characteristics of pediatric patients 
experiencing them can enable the identification of high-risk patients and provide 
targets for improving management of warfarin therapy in this special patient 
population.

In this light, we aimed to assess the incidences of bleeding and thromboembolic 
events during the use of warfarin therapy in pediatric patients and to characterise 
patients with and without such events in England.

METHODS

Data source and study population
Data were obtained from the Clinical Practice Research Datalink (CPRD), an 
anonymized database containing computerized medical records of primary 
care practices in the UK, representing around 6.9% of the population.[13] Data 
recorded in CPRD include demographic information, prescription details, clinical 
events, preventive care provided, specialist referrals, hospital admissions and 
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major outcomes since 1987. Primary care diagnoses are recorded in CPRD using a 
hierarchical clinical coding system (Read codes). For this study, only patients that 
were eligible for linkage with the national Hospital Episodes Statistics (HES) and 
mortality data from the Office for National Statistics (ONS) were included. The HES 
data contain details of all admissions to National Health Service (NHS) hospitals 
in England from April 1997.[14] The ONS provided data for the causes of death and 
the exact date as recorded on death certificates by a medical doctor from January 
1998.[15] HES and ONS mortality data are deterministically linked to primary care 
data using a combination of identifiers including the patient’s unique NHS number, 
gender, date of birth and postal code. About 75% of all practices in England (57% of 
all UK CPRD practices) are linked to HES and ONS.

The study was designed as a retrospective cohort study in the period from April 
1997 to February 2016. Patients who had at least one prescription of warfarin and 
were less than 19 years of age were identified. Only patients with linkage to the HES 
and ONS were included in the analysis. Patients were followed from the index date 
(first prescription) until they discontinued warfarin therapy, transferred out of practice, 
reached the age of 19 years, end of data collection or death, whichever came first. 

Exposure
For each patient, we identified all prescriptions for warfarin prescribed by a general 
practitioner. Based on the information available in CPRD, it was not possible to 
exactly determine the duration of each warfarin prescription. Instead, the median 
time between prescriptions of warfarin was calculated for each patient. This median 
duration was subsequently trimmed to a minimum of 28 days and a maximum of 
84 days. For patients with only one prescription of warfarin the duration was set 
to 28 days. Also, INR measurements were used as a proxy for continuing warfarin 
treatment. 

Because patients are expected to use warfarin continuously until there is no 
longer an indication for its use, we assumed a continuous exposure to warfarin from 
the first prescription until the end date of the last prescription as primary exposure 
definition. A patient was considered to have discontinued therapy when no new 
prescription or INR measurement was available within 1 year from the end date 
of the previous warfarin prescription or INR measurement. The end date of this 
treatment period was based on the date of last prescription or INR measurement 
plus the individual median duration of a warfarin prescription. 

In a sensitivity analysis, the exposure definition was adjusted to see the impact of 
assuming that patients were unexposed to warfarin after a gap of 14 days. A patient 
could have multiple exposure periods. As with the primary exposure definition, 
patients were considered to have discontinued therapy when the gap was longer 
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than 1 year. Both exposure definitions are illustrated in Figure 1. 

Figure 1. Exposure definitions. Definition in which everyone is assumed exposed from first 
prescription of warfarin until end of follow-up (definition 1) and sensitivity analysis without the 
assumption of continuously exposure during follow-up (definition 2). Definition 1 has one exposure 
period. Definition 2 has 2 exposure periods to warfarin. 

Outcomes
Bleeding and thromboembolic events were defined by hospital diagnoses at discharge 
in HES (ICD-10 codes) or by a relevant Read code for bleeding or thromboembolic 
events. Fatal events, cause of death being a bleeding or thromboembolic event, 
were identified using the linked mortality data from the ONS and deaths recorded 
in CPRD. 

Other variables
Descriptive covariates measured at baseline included age, sex, indication for warfarin 
use, body surface area (BSA), body mass index (BMI), and the history of bleeding and 
thromboembolic events. During warfarin use concurrent anticoagulant/antiplatelet 
drug therapy, use of vitamin K, and total duration of warfarin use was determined. 

For calculating BSA and BMI, the most recent record of weight, height and BMI to 
initiation of warfarin was determined. The time window, which was allowed between 
the measurement and the initiation of warfarin treatment, depended on the age of 
the patient at the time of cohort entry. Time windows were constructed using the 
World Health Organisation growth tables of height and weight for age.[16–19] For each 
age the duration of time in which the mean height increased no more than 5 cm and 
the mean weight no more than 2 kg was determined. The time window for BMI was 
kept on the smallest time window (height or weight) at each age. The applied time 
windows can be found in the supporting information Table S1. Only when height 
and weight were assessed within this time window, they were used for calculating 
the BSA (formula of Haycock) and BMI. If a BMI-value was entered in the age-specific 
relevant time window for assessing BMI, this measurement was used.

Indications for use of warfarin were assessed by reviewing both the CPRD and 
HES records before and up to 14 days after the first prescription of warfarin. The 

1st prescription

Median time between 
warfarin prescription

=

Gap > 14 days 
& < 1 year Gap < 14 days 

Prescriptions or 
INR measurements

Definition 1

Definition 2

End of follow-up
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most likely indication, which was the closest to the first prescription of warfarin use, 
was used as the indication for warfarin therapy. 

Concurrent antiplatelet drug therapies evaluated were aspirin, clopidogrel, and 
dipyridamole. For each of these drugs it was determined whether there was at least 
one prescription during the use of warfarin. 

The history of the study outcomes was determined by reviewing if there were any 
recorded outcome-related Read codes or ICD-10 codes before initiation of warfarin 
treatment. Patients with a thromboembolic event as indication for warfarin use 
automatically had a history of thromboembolic events. 

Data analysis
All events with the same Read code were clustered when recorded within 14 days 
(bleeding events) or 40 days (thromboembolic events) of each other to reduce the 
possibility of counting the same event multiple times. Also, similar ICD codes and 
Read codes were clustered manually when they occurred within 14 days. Incidence 
rates were calculated as the number of events divided by the number of years 
of warfarin use. Two numerators were used: one including only the first event of 
each patient and one including all events during follow-up. For calculating the 
incidence using only the first event as the numerator, the patient was censored at 
this event. The incidences for bleeding and thromboembolic events were analyzed 
separately. With the available information, it was not possible to distinguish the 
indication from recurrent events. Therefore, only the incidence of thromboembolic 
events in patients using warfarin for primary prophylaxis was determined. Primary 
prophylaxis was defined as patients having no history of thromboembolic events or 
a thromboembolic event at start of warfarin therapy. Patients were also excluded 
from this analysis when the indication for warfarin use was unknown, since a 
thromboembolic event could have been the indication.

The characteristics of patients with and without a bleeding event were compared 
using t-tests/ Mann-Whitney U-test for continuous variables and Chi-squared test 
and/or the Fisher’s exact test for categorical variables, as appropriate. A p-value of 
<0.05 was considered statistically significant. 

Two sensitivity analyses were conducted. The first sensitivity analysis was to 
determine the effect of another exposure definition, as described above. A second 
sensitivity analysis was performed to determine the effect of including only patients 
with one year of prior history in CPRD available. 
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CPRD has a privacy policy in which no cell should be reported which contains less 
than 5 patients/events. If this was the case, this will be depicted as <5. IBM SPSS 24.0 
was used for data analysis.

Scientific approval
The study protocol was approved by the Independent Scientific Advisory Committee 
for Medicines & Healthcare products Regulatory Agency Database Research on the 
8th of June 2015, protocol number 15_043R.

RESULTS

We identified 693 patients with a first prescription of warfarin of whom 307 patients 
were included in the analysis (Figure 2). The cohort consisted of a nearly equal 
number of females (46.6%) and males, with a median age of 15 years (Table 1). 

Total selection
n=693

Linked to HES & ONS

Start after UTS

n=31

n=34

n=372

n=341

no

yes

yes

Final cohort
n=307

n=321

TE cohort 
n=142

no

no

Start warfarin inside 
HES linkage window Ɨ  

History of TE or 
unknown indication 
for warfarin use

Figure 2. Flowchart of included patients. UTS, up to standard; ONS, Office of National Statistics;  
HES, Hospital Episode Statistics. Ɨ HES linkage window 01-04-1997 until 29-02-2016.



64

Table 1. Patient characteristics at start of warfarin therapy

Total cohort

n=307

Sex (female), n (%) 143 (46.6)

Age at start in years, median (IQR) 15 (5-16)

<1, n (%) 18 (5.9)

1-3, n (%) 34 (11.1)

4-6, n (%) 43 (14.0)

7-9, n(%) 12 (3.9)

10-12, n (%) 18 (5.9)

13-15, n (%) 46 (15.0)

16-18, n(%) 136 (44.3)

BMI (kg/m2), median (IQR)Ɨ 20.73 (17.70-24.30)

BSA (m2), median (IQR)Ɨ 0.27 (0.21-0.29)

Indication for warfarin use, n (%)

Cardiac 125 (40.7)

Thromboembolic event 142 (46.3)

Other 25 (8.1)

Unknown 15 (4.9)

Duration of current use (years), median (IQR) 0.56 (0.24-1.78)

<3 months, n (%) 77 (25.1)

3-6 months, n (%) 61 (19.9)

6-12 months, n (%) 63 (20.5)

> 1 year, n (%) 106 (34.5)

History of bleeding, n (%) 41 (13.4)

History of thromboembolic events, n (%) 150 (48.9)

Concurrent antiplatelet use‡, n (%) 16 (5.2)

BSA, body surface area; BMI, body mass index.
Ɨ Available for n=69.
‡ Includes aspirin and dipyridamole.

Furthermore, 16.9% of the patients was below the age of 4 years and 59.3% was 
older than 13 years of age. The most common indications for warfarin use were 
of cardiac nature (40.7%) or a thromboembolic event (46.3%). A more detailed 
description of the indications can be found in the supporting information Table S2. 
A substantial proportion of patients used warfarin for less than 3 months (25.1%) 
or for more than 1 year (34.5%). A history of bleeding was present in 13.4% of the 
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patients. A history of thromboembolic events, this could also be the indication for 
the warfarin use, was present in 48.9% of the patients. Sixteen patients concurrently 
used antiplatelet drugs, predominantly aspirin. No vitamin K was prescribed by a 
general practitioner during warfarin therapy. 

Bleeding events
In total 17 patients experienced one or more bleeding events with an incidence 
of 3.33/100 patient years (Table 2). When taking all events (n=32) into account the 
incidence rate increased to 5.79/100 patient years. The most common bleeding events 
were epistaxis (7 patients with a total of 7 events) and gastrointestinal bleedings  
(<5 patients with a total of 7 events). Other types of bleeding (<5 patients) were 
hematuria, abnormal vaginal bleeding, cerebral bleeding, hemothorax, and 
spontaneous ecchymosis. Patients who experienced a bleeding event often had 
multiple events (41% had ≥2 events; maximum of 7 events). A large proportion of 
the patients had their first bleeding within the first few weeks of warfarin treatment 
(Figure 3). In 24% of the patients with a bleeding event this occurred within 15 days 
after the start (median time to first event 8.1 months). Patients with a bleeding 
event were younger (median of 6 versus 15 years, p=0.025) and were using  
warfarin for a longer period (median 3.30 versus 0.55 years, p=0.004) compared to 
patients without a bleeding event. The proportion of patients with a history of 
bleeding events before the start of warfarin therapy was similar in patients with a 
bleeding (11.8%) and patients without a bleeding event (13.4%). A similar number 
of patients with a bleeding event had an indication for warfarin use of cardiac  
nature (n=7) or were using warfarin after a thromboembolic event (n=6). None of  
the patients with a bleeding event were concurrently using an antiplatelet agents 
during warfarin treatment. 

Table 2. Incidence of thromboembolic and bleeding events 

  Total number of patients Number events PY IR/100 PY (95% CI)

First event

Bleeding 307 17 510 3.33 (2.01 - 5.23)

Thromboembolic 142 6 399 1.50 (0.61 - 3.13)

All events

Bleeding 307 32 552 5.79 (4.03 - 8.08)

Thromboembolic 142 6 408 1.47 (0.60 - 3.06)

IR, incidence rate; PY, patient years; CI, confidence interval.
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Thromboembolic events
There were 6 patients using warfarin for primary prophylaxis who experienced a 
thromboembolic event during warfarin therapy (incidence rate 1.50/100 patient 
years), see Table 2. These patients had only one event per person, yielding an 
incidence rate of 1.47 events/100 patient years. The six thromboembolic events 
which occurred, included among others acute myocardial infarction and pulmonary 
embolism. These thromboembolic events occurred between 0.21 to 13.4 years after 
the start (median 2.1 years), see Figure 3. Most patients with a thromboembolic 
event had a cardiac disease leading to warfarin use. 

Figure 3. First occurrence of bleeding and thromboembolic events after start of warfarin therapy. 

Sensitivity analysis
Similar incidence rates for bleeding and thromboembolic events were found when 
the exposure definition was changed to exclude the gaps between the exposure 
periods of warfarin (see supporting information Table S3). When calculating the 
incidences only for patients with a prior history in CPRD of one year before the 
start of warfarin treatment (n=212) less patients experienced one or more bleeding 
events (n=9; 2.52/100 patient years) and thromboembolic events (n<5; 1.10/100 
patient years), results are shown in the supporting information Table S4.
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Fatal events
Less than 5 patients died during the use of warfarin. Causes of death were a 
thromboembolic event, an underlying heart disease, or unknown.

DISCUSSION

Results from this retrospective cohort study showed that the incidence of bleeding 
(3.33/100 patient years) and thromboembolic events (1.50/100 patient years) in 
pediatric patients using warfarin is quite low. However, some patients experienced 
many bleeding events. When taking multiple events per patient into account the 
incidence increased to 5.79 bleeding events per 100 patient years. 

The method for calculating the incidence of bleeding events differs between 
previously conducted studies. In some, the total number of events was used, while 
in others only the number of patients having one or more events counted in the 
numerator. This can have a substantial impact on the incidence rates, because 
patients with one event tend to have subsequent events, as was shown in our study. 
We therefore calculated both. 

The incidence of patients with a bleeding event of 3.33/100 patient years is in 
line with the findings of Streif et al. They found an incidence of 2.8 patients with a 
bleeding event per 100 patient years in a similar Canadian cohort of 319 pediatric 
patients with diverse indications.[3] The incidence of 5.79 bleeding events/100 
patient years is quite low compared to the incidences found by two other studies. 
One study in 38 pediatric patients with Kawasaki disease found an incidence of 8 
major bleeding events/100 patient years and 31 minor bleeding events/100 patient 
years.[7] Another study in 25 patients with prosthetic heart valves found an incidence 
of 4 major bleeding events/100 patient years.[2] Unfortunately, with the available 
information we were not able to classify bleeding events in minor and major events. 

We found that especially in the first few weeks the incidence of bleeding events 
was high. We showed that 24% of the patients with this outcome had their first 
bleeding event within 15 days after the start of warfarin treatment. This finding is 
in line with the study by Shaw et al. who reported that of the 7 observed major 
bleeding events 4 occurred within the first 6 weeks of use.[20]

The reported incidence of thromboembolic events varies in literature from no 
events to 2.6/100 patients years.[1,2,4–6] The incidence rate of 1.50/100 patient years 
found in our study is in the middle of this range. The study by Streif et al. found 
no events in patients with primary prophylaxis.[3] Five smaller pediatric studies (one 
study in patients with cardiomyopathy and 4 studies in patients with prosthetic heart 
valves) found incidences of 0 (3 times), 2.3, and 2.6/100 patient years.[1,2,4–6] Although 
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the incidence of thromboembolic events we found was low, the optimum would be 
that no events occur during treatment. Other studies showed that this is possible.
[1,2,4–6] Low quality of anticoagulation control could be a reason for the occurrence  
of the events. Unfortunately, the number of available INR measurements within 
CPRD was too low to study anticoagulation control, as only 20% of the patients  
in our study had more than 10 INR measurements available. The lack of INR data  
does not mean that patients are not monitored, but is explained by the fact 
measurements outside the general practice (e.g. at anticoagulation clinics or 
hospitals) are not collected in CPRD. Strengths of this study are that we could 
define a relatively large cohort of pediatric patients of all ages and with a broad 
range of indications for warfarin therapy using a large, well renowned data  
source for observation epidemiological studies. Furthermore, we included data from 
both general practice and hospital, which gives a total view on the incidence of 
clinical and non-clinical bleeding and thromboembolic events. 

Using an administrative database such as CPRD has the advantages of identifying 
many pediatric patients spread over a large geographical area at relatively modest 
costs. However, it also has the disadvantage of not necessarily having all information 
of clinical interest available. 

We were not able to calculate the incidence of thromboembolic events for  
patients with secondary prophylaxis. Some general practitioners appeared to 
repeat the indication multiple times in the database. Therefore, with the available 
information we were not able to distinguish the indication from new recurrent 
thromboembolic events. 

Potentially, we could be missing the first period of warfarin therapy. The first 
prescription of warfarin by the general practitioner was in at least a quarter of the 
patients more than one month after the date that the indication was diagnosed. There 
could be multiple reasons for this observation. The first and most common cause 
was that patients were hospitalized and got warfarin prescribed by the specialist at 
the start of treatment (this could take up to a few months). A second cause could 
be, that some patients were not treated in a general practice connected to CPRD 
at the start of warfarin therapy and moved to a CPRD connected general practice 
(this could be years after the start of warfarin therapy). Missing the information of 
the first period of warfarin therapy could have resulted in an underestimation of the 
incidence of bleeding events, since the risk of bleeding events is especially high in 
the beginning of treatment.

Due to unavailability of information on medication given in the hospital, we 
were unable to determine if a patient was using (low molecular weight) heparin at 
the time of a bleeding event. For three bleeding events, it might be possible that 
(low molecular weight) heparin was given at the time of the event, based on the 
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diagnoses at discharge. However, this is unlikely for all the other bleeding events. We 
therefore think that not having this information available only has minimal impact 
on the incidence rate of bleeding events found in our study. 

For confidentiality reasons, we are not able to report on the specific number and 
type of thromboembolic and bleeding events occurring in our cohort, nor on specific 
causes of death. From a clinical point of view, we think it is good to emphasize we 
observed a rather heterogeneous picture of outcome events without evidence of 
any clustering within certain types of events. 

The integrated HES database we used for this study contained only the first 
decimal digit of the ICD-10 code. Some codes distinguish between bleeding, 
thromboembolic or other events in the second or third decimal digit. Therefore, we 
were not able to include some of the ICD codes that describe these events. This could 
have resulted in an underestimation of the number of events and the incidences of 
both bleeding and thromboembolic events. However, as these events should also 
be captured by the data in CPRD, we think that the effect on the incidences is low. 

Due to missing the daily dose information of warfarin, the exact warfarin 
exposure period was unknown. Therefore, we assumed that everyone was exposed 
continuously from first to last prescription of warfarin. However, our sensitivity 
analysis showed that similar incidences were obtained when warfarin exposure was 
more strictly defined. This shows that it was valid to make the initial assumption of 
continuous exposure from first to last prescription of warfarin. The incidences found 
in patients with at least one year of prior history in CPRD were lower compared to 
the incidences found in the total cohort. However, the number of events was low 
and the confidence intervals overlap with the incidence rates found in the full 
cohort. In addition, all patients with an age of less than 1 year were excluded, due 
to the inability to have at least one year of prior history in CPRD, which could have 
reduced the incidences of bleeding events. 

In conclusion, the incidence of bleeding and thromboembolic events in pediatric 
patients using warfarin is low. However, a large proportion of the bleeding events 
occurred during the first few weeks of warfarin use and younger patients appeared 
to be more prone to developing a bleeding event. Further research is needed to 
elucidate more risk factors of bleeding and thromboembolic events in pediatric 
patients and to be able to optimize the care around warfarin treatment in this 
vulnerable group of patients. 
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3.1

SUPPORTING MATERIAL

Table S1. Time windows height, weight and BMI

  Valid time window (months)
Age Height, weight and BMI
<1 1
1 2
2 4
3 6
4 7
5 8
6 9
7 10

Height Weight and BMI
8 10 9 
9 10 7 
10 10 6 
11 9 6 Ɨ

12 10 6 Ɨ

13 8 6 Ɨ

14 8 6 Ɨ

15 10 6 Ɨ

16 12 6 Ɨ

17 18 6 Ɨ

18 24 6 Ɨ

BMI, body mass index.
Ɨ Kept on 6 months. 
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Table S2. Detailed indications for the cohort of warfarin users (n=307)

Indication for anticoagulation Number of patients, n (%) 

Cardiac 125 (40.7)

Valve 34 (11.1)

Fontan circulation 15 (4.9)

Cardiomyopathy 10 (3.3)

Arrhythmia 5 (1.6)

Kawasaki disease 6 (2.0)

Other 10 (3.3)

Unclear, cardiac problems in past 45 (14.7)

Thromboembolic event 142 (46.3)

Cerebral 21 (6.8)

Other TE 109 (35.5)

Thrombophlebitis around start 12 (3.9)

OtherƗ 25 (8.1)

Unknown 15 (4.9)

Ɨ Consists of prophylactic, nephrotic syndrome, cancer, hemolytic uremic syndrome and a clotting factor disorder. 

Table S3. Results sensitivity analysis 1 – change in exposure definition

  Total number of patients Number events PY IR/100 PY (95% CI)
First event
Bleeding 307 17 439 3.87 (2.33, 6.08)
Thromboembolic event 142 5 340 1.47 (0.54, 3.26)
All events
Bleeding 307 29 474 6.12 (4.17, 8.67)
Thromboembolic event 142 5 348 1.43 (0.53, 3.18)

IR, incidence rate; PY, patient years; CI confidence interval.

Table S4. Results sensitivity analysis 2 – adding inclusion criterion ≥1 year of prior history in CPRD

Total number of patients Number events PY IR/100 PY (95% CI)
First event
Bleeding 212 9 358 2.52 (1.23, 4.62)
Thromboembolic event 97 <5 273 1.10 (0.28, 3.00)
All events

Bleeding 212 12 378 3.18 (1.72, 5.40)

Thromboembolic event 97 <5 273 1.10 (0.28, 3.00)

IR, incidence rate; PY, patient years; CI confidence interval.
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ABSTRACT

Background
The use of vitamin‐K antagonists (VKAs) in pediatric patients is rare and information 
on the quality and safety of treatment with acenocoumarol and phenprocoumon is 
limited.

Objectives
To assess the quality, safety and effectiveness during the first year of acenocoumarol 
and phenprocoumon treatment in pediatric patients in the Netherlands.

Methods
The Children Anticoagulation and Pharmacogenetics Study (CAPS) was designed as 
a multicenter retrospective follow‐up study. Patients who used acenocoumarol or 
phenprocoumon at an age of ≤ 18 years, were selected from four pediatric hospitals 
and one anticoagulation clinic in the Netherlands. The quality of treatment was 
assessed by calculating the percentage of time in therapeutic INR range (TTR) for 
the first month and for every 3 months of use during the first year of treatment. 
Effectiveness and safety were assessed by the number of thromboembolic and 
bleeding events.

Results
In total, 213 patients participated, of whom 187 (155 acenocoumarol; 32 
phenprocoumon) were included in this analysis. The mean TTR was 47.0% and 51.4% 
in the first month of use for acenocoumarol and phenprocoumon, respectively. 
After the first 3 months the mean TTR for both VKAs was above 64%. In 14.6% 
(acenocoumarol) and 31.3% (phenprocoumon) of the patients a bleeding event 
occurred during the first year of treatment; no thromboembolic events were 
reported.

Conclusions
The quality of anticoagulation treatment was low during the first month of use and 
leaves room for improvement. After the first month it increased to an acceptable 
level. However, bleeding events occurred frequently during the first year.
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INTRODUCTION

Vitamin‐K antagonists (VKAs) are used in children to treat or prevent thromboembolic 
events.[1] Other than those seen in adults, pediatric indications are dominated by 
congenital heart disease and its complications. Worldwide, warfarin is the most 
prescribed VKA. Therefore, most VKA‐related research was focused on the use of 
warfarin in adults. However, in several countries, including the Netherlands, Germany 
and Spain, acenocoumarol and/or phenprocoumon are used. 

In relation to the pharmacokinetics and pharmacodynamics of drugs, it is 
commonly known that children cannot be considered as small‐sized adults.[2] The 
metabolic and hemostatic systems are still in development, which influences the 
response to VKAs. Most knowledge on the kinetics and effectiveness of VKAs is 
obtained from adult patients. As a result, guidelines on the use of VKAs in children 
are based on relatively low‐grade‐quality evidence.[1,3,4] This makes it challenging 
to assess the required dose of VKAs in children, which can impair the quality, 
effectiveness and safety of the treatment. 

The percentage of time in the therapeutic international normalized ratio (INR) 
range (TTR) is a frequently used parameter for the quality of VKA treatment. 
Anticoagulation is stated to be poor when the TTR is below 60–65%, because 
below this range VKAs and antiplatelet therapy have been shown to result in  
similar antithrombotic effectiveness in a population of adult patients with atrial 
fibrillation.[5] When the TTR is above 70% the anticoagulation control is defined  
as high by the European Society of Cardiology.[6] These definitions of anti- 
coagulation control are all based on studies in adults. Considering there is no 
information available for pediatric patients, this is currently the only definition  
that can be used to classify the quality in pediatric patients. 

The reported TTR in children using a VKA, mostly warfarin, varies between 39 
and 92.9%.[7-14] The level of the TTR is largely dependent on differences in patient 
populations (i.e. age and genetic composition) and the management of VKA therapy 
(patient self‐testing, patient self‐management [self‐testing and self‐dosing], 
management by an anticoagulation clinic or general care strategies).[7,15] Moreover, 
other factors play a role, such as the method of calculating the TTR, the type of 
VKA, if the TTR includes the initiation period of the VKA or not and the predefined 
therapeutic INR range (TR).[16-18] 

This article presents the characteristics from the Children Anticoagulation and 
Pharmacogenetics Study (CAPS). Up to now acenocoumarol and phenprocoumon 
have not been widely studied in children. We assessed the quality, safety and 
effectiveness during the first year of acenocoumarol and phenprocoumon treatment 
in the Netherlands. 
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METHODS

Study design
The study protocol from CAPS was approved by the UPPER Institutional Review 
Board of the Division of Pharmacoepidemiology and Clinical Pharmacology of 
Utrecht University. CAPS is a multicenter retrospective follow‐up study in four 
pediatric hospitals in Amsterdam, Utrecht, Rotterdam and Groningen, and the 
Leiden anticoagulation clinic, in the Netherlands. CAPS was designed to study the 
pharmacogenetics of acenocoumarol and phenprocoumon in children. Children 
aged 18 years or younger, who used one of the two VKAs after 1 January 1995, were 
invited to participate. Patients (and/or their parents or legal guardians if appropriate 
for the age of the patient) who provided written informed consent were eligible 
for participation. The follow‐up of a patient ended at the date of data collection 
at the anticoagulation clinic (between 11 January 2014 and 10 March 2016), when 
they became 19 years of age, when they stopped VKA therapy or when they were 
lost to follow‐up. For these first analyses only the first year of use was taken into 
account. Patients were excluded from these analyses when the start date of VKA use 
was unknown or when no (valid) INR information was available within the first year. 
All data were collected using a digital form in the study database. No standardized 
method for information collection was available, because every hospital had a 
somewhat different system for storing the data (on paper/electronically). INR values, 
dosing information, indication, TR and weight and height were all retrospectively 
collected from the patient records of the hospital and the anticoagulation clinic(s) 
managing the VKA therapy of the patient. Furthermore, information was collected 
at the time that the informed consent was given by a short patient questionnaire, 
including questions about weight and height at the start of VKA use. 

Table 1. Criteria for calculating the quality parameters

Time to 
INR in TR

TTR + number of INR measurements Number of  
dose changes  
of >10%

First month months
1-3

Months 
4-6/ 7-9/ 10-12

INR within 5 days x x x - -
No missing dose and INR information for ≥ 7 days 
during transition from hospital to anticoagulation clinic

x x x - -

Number of INRs/month required - ≥ 3 ≥ 2 ≥ 1 -
No hospital readmission for surgery x x - -
≥90% of the daily dosages should be available for the 
specific period

- - - - x

INR, international normalized ratio; TR, therapeutic INR range; TTR, percentage time in therapeutic INR range;
x, required; -, not required.
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Quality assessment
For primary assessment of the quality of treatment, only patients using acenocoumarol 
or phenprocoumon for the first time during follow‐up were included. To assess the 
quality of treatment, four parameters were calculated: the time to an INR in TR, 
TTR and the percentage of time below and above TR. Additionally, the number of 
INR measurements and the number of dose changes of more than 10% in mean 
daily dose between two INR measurements were calculated. The parameters were 
calculated for the first month and every 3 months during the first year of treatment. 
Patients had to fulfil the criteria specified in Table 1 to be included in the calculation 
of the specified parameter. The TTR was calculated using the Rosendaal method.[19] 
This method assumes linearity between two INR measurements. When there were 28 
days or more between two INR measurements, linearity was no longer assumed and 
the time between these two INR measurements was not included in the TTR. 

Effectiveness and safety assessment
Effectiveness and safety were assessed during the first year of treatment by the 
number of INRs below 2 (no therapeutic effect expected) or above 6 (increased risk 
of bleeding events[20]), the use of vitamin K, and by reviewing the free text of the 
patient’s records at the anticoagulation clinics for mention of both clinical or non‐
clinical bleeding or thrombotic events. Furthermore, the hospital records regarding 
correspondence on outpatient consultations, discharge letters and clinical notes 
during a hospital stay were checked for one of these events. Thromboembolic events 
were defined as new (recurrent/incident) thromboembolic events after the start of 
the VKA. Bleeding events were defined as all events describing an abnormal bleed 
somewhere in the body. All events were manually coded as types of event based on 
the location in the body. 

Statistical analysis
To compare the characteristics of the acenocoumarol and phenprocoumon cohorts, 
a chi‐squared test, an independent sample t‐test or a Mann–Whitney U‐test was 
used. Spearman correlation, independent sample t‐test or one‐way anova were used 
to assess the associations between number of INR measurements, number of dose 
changes of more than 10%, age, TR, and patient self‐testing with the TTR. Because 
of the low sample size these analyses were performed on all patients, without 
distinguishing between the two VKAs. Also, the difference in time below, within and 
above TR between patients with and without a bleeding event was tested using an 
independent sample t‐test. The data were analyzed using the statistical software 
SPSS version 23.
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RESULTS

In total, 573 pediatric patients who used a VKA, were identified and invited in  
writing to participate in the study. We were able to get in contact with  
485 patients, and of these patients, 213 gave informed consent. Of these  
patients, 172 started with acenocoumarol, 34 with phenprocoumon and seven  
with warfarin (see Fig. 1). Seventeen acenocoumarol and two phenprocoumon 
patients were excluded as a result of an unknown start date and/or no (valid) 
available INR measurements during the first year of VKA use. Furthermore, the  
seven patients who started on warfarin were excluded. Table 2 provides an  
overview of the characteristics of the acenocoumarol and phenprocoumon  
cohorts. The characteristics of the two cohorts differed statistically significantly  
in the distribution of age (P = 0.001), indication for VKA use (P < 0.001) and  
duration of VKA use (P = 0.005). An important difference between the two cohorts 
was the percentage of patients using the VKA for a cardiac indication.  
For acenocoumarol this was 63%; for phenprocoumon it was 38%. This difference  
in indication for VKA use also had an effect on the duration of use, which was  
more than 1 year for 58.1% of patients on acenocoumarol and 28.1% of patients  
on phenprocoumon (Table 2). 

Figure 1. Flowchart of the patients included in the acenocoumarol and phenprocoumon cohort.

Start with warfarin
n=7

Excluded 
n=17

Unreachable or unwilling to participate 
n=360

Total selected patients
n=573

Acenocoumarol cohort
n=155

Phenprocoumon cohort
n=32

Excluded
n=2

Start with phenprocoumon 
n=34

Start with acenocoumarol 
n=172

Patients informed consent
n=213
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Table 2. Characteristics of the patients starting with acenocoumarol or phenprocoumon therapy

Acenocoumarol (n=155) Phenprocoumon (n=32) P-value

Gender (female), n (%) 75 (48.4) 17 (53.1) 0.625
Age at start of VKA use in years, n (%) 0.001
<1 24 (15.5) 8 (25.0)
1-3 37 (23.9) 7 (21.9)
4-6 22 (14.2) 1 (3.1)
7-9 17 (11.0) 0 (0)
10-12 18 (11.6) 0 (0)
13-15 22 (14.2) 5 (15.6)
16-18 15 (9.7) 11 (34.4)
European ethnicity, n (%) 131 (84.5) 29 (90.6) 0.580
Indication for anticoagulation, n (%) <0.001
Fontan procedure 40 (25.8) 5 (15.6)
Prosthetic heart valve 32 (20.6) 0 (0)
Dilated cardiomyopathy 18 (11.6) 7 (21.9)
Deep vein thrombosis/
pulmonary embolism

48 (31.0) 13 (40.6)

Aneurysm 4 (2.6) 0 (0)
Pulmonary hypertension 2 (1.3) 0 (0)
Cerebral* 4 (2.6) 2 (6.3)
Prophylactic after surgical procedure† 0 (0) 5 (15.6)
Other cardiac indication‡ 6 (3.9) 0 (0)
Antiphospholipid syndrome 1 (0.6) 0 (0)
BMI at the start of VKA use§, median (IQR) 15.7 (14.2-17.6) 16.4 (15.1-21.1) 0.064
BSA at the start of VKA use§¶ , median (IQR) 0.80 (0.57-1.31) 1.25 (0.61-1.83) 0.109
TR, n (%) 0.770
Extra low (2.0-2.5) 9 (5.8) 2 (6.3)
Low (2.0-3.0) 27 (17.4) 4 (12.5)
Standard (2.0-3.5) 82 (52.9) 21 (65.6)
High (2.5-4.0) 33 (21.3) 5 (15.6)
Extra High (3.5-4.5 (5)) 4 (2.6) 0 (0.0)
Duration of use, n (%) 0.005
<3 months 20 (12.9) 10 (31.3)
3-6 months 33 (21.3) 8 (25.0)
6-12 months 10 (6.5) 3 (9.4)
>1 year 90 (58.1) 9 (28.1)
Unknown 2 (1.3) 2 (6.3)
Patient self-testing, n (%) 67 (43.3) 11 (34.4) 0.433
Patient self-monitoring, n (%) 12 (7.7) 0 (0) 0.225
Switching between VKA, n (%) 17 (11.0) 2 (6.3) 0.167

VKA, vitamin K antagonist; BMI, body mass index; IQR, interquartile range; BSA, body surface area; TR, therapeutic international 
normalized ratio range. * consists of sinus thrombosis, cerebrovascular accident, cerebrovascular insufficiency with brainstem 
infarction. † consist of prophylactic use after a stent placement (n=2) or orthopedic surgery (n=3). ‡ consist of supraventricular 
tachycardia, arrhythmia, Blalock-Taussig shunt, and impaired left ventricular function. § known for n=151 (acenocoumarol) and n=29 
(phenprocoumon). ¶ calculated using the formula of Haycock.
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In the first year of the VKA treatment, patient self‐testing occurred in 43.3% of 
patients for acenocoumarol and 34.4% for phenprocoumon. Only a small proportion 
of the patients using acenocoumarol (7.7%) had complete self‐management (self‐
testing and self‐dosing).

Quality of treatment
Within 7 days more than two‐thirds of the patients had an INR within TR; within 14 
days this percentage increased to more than 80%. The overall quality of treatment, 
as expressed by the TTR, was 47.0% and 51.4% for users of acenocoumarol and 
phenprocoumon, respectively, during the first month of treatment (Fig. 2). When 
considering the first 3 months of treatment the TTR was 54.6% for acencocoumarol 
and 63.0% for phenprocoumon. After the first 3 months of treatment the TTR 
ranged between 64.7% and 69.1% for acenocoumarol and 65.8% and 75.4% for 
phenprocoumon in the 3‐month periods thereafter. At the beginning of treatment, 
when out of TR, time was most often spent below TR. Later in treatment, this was 
shifting to a more equal division of the time out of TR between above and below TR 
(Fig. 2).

During the first month a large number of INR measurements was carried out 
(more than twice each week). In the months thereafter, this decreased to less than 
once a week. The frequency of dose changes of more than 10% decreased over time, 
from a median of 2.3 (acenocoumarol) and 3.2 (phenprocoumon) dose changes per 
month in the first 3 months to less than one dose change per month in the last 3 
months of the first year (Table 3).

The TTR was negatively correlated (P < 0.05) with the number of INR measurements 
in the first 9 months of VKA treatment and with the number of dose changes during 
the first year (Table S1). For age, a positive correlation existed with the TTR in the 
first 3 months (r = 0.398, P < 0.001). In the rest of the first year of VKA treatment this 
effect was less clear, but there was still a trend towards a higher TTR with increasing 
age (Table S1). There was a trend for higher mean TTRs in patients who used patient 
self‐testing compared with patients who were tested by an anticoagulation clinic. 
Only for months 7 to 9 was the difference (12%) statistically significant (Table S2). 
There was a statistically significant difference (P < 0.001) between the TTR and the 
different TRs (Table S3). The patients with an extra low (2.0–2.5) or high (3.5–4.5/5) 
TR had a lower TTR compared with patients with a standard TR (2.0–3.5), which 
persisted throughout the year (Fig. 3).
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3.2Figure 2. The mean percentage of time below, within and above therapeutic INR range within the 
first month and month 1-3 (Q1), month 4-6 (Q2), month 7-9 (Q3) and month 10-12 (Q4) of the first 
year of acenocoumarol (left) and phenprocoumon (right) treatment.
INR, International Normalized Ratio; Q, Quarter.

Effectiveness and safety of treatment
During the first year of follow‐up no (recurrent) thromboembolic events occurred. 
Bleeding events were quite common for both VKAs. They occurred at least once 
in 14.8% of the patients using acenocoumarol and in 31.3% of the patients using 
phenprocoumon (Table 4). The most commonly reported bleeding events were 
nosebleeds and (unexplained) bruising. None of the events could be explained by an 
INR value above 6 at the last measurement before the event. However, there seems 
to be a trend that patients with a bleeding event over the first year of treatment 
had a higher or equal percentage within, a lower or equal percentage below and a 
higher or equal percentage of time above therapeutic range compared with patients 
without a bleeding event (Table S4). Only in the third quarter of the first year was 
the percentage of time below therapeutic range statistically significantly lower in 
the patients with a bleeding event compared with the patients without a bleeding 
event (P = 0.001).

Although there were no (recurrent) thromboembolic events during the first 
year, more than 90% of the patients experienced at least once an INR of less than 2  
(Table 4). For both VKAs around one‐third of the total number of INRs per patient 
was below 2. INRs higher than 6 occurred less frequently. These were present at 
least once in 58.1% and 34.4% of the acenocoumarol and phenprocoumon users, 
respectively. Furthermore, these INRs made up a small fraction of the total INRs 
per patient (7.9% for acenocoumarol and 4.0% for phenprocoumon). Not all INRs 
above 6 resulted in vitamin K administration. Only 8.4% of the patients were treated 
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with vitamin K in the acenocoumarol cohort, which was statistically significantly  
(P < 0.001) lower than the 34.4% of the patients in the phenprocoumon cohort.

DISCUSSION

The study shows that the quality (defined as the TTR) of VKA treatment in pediatric 
patients in the Netherlands is acceptable after the first 3 months of use. The TTR 
ranged between 64.7% and 69.1% for acenocoumarol and 65.8% and 75.4% for 
phenprocoumon. However, the TTR was lower during the first month (± 50%). 
Furthermore, the frequency of INR measurements and dose changes of more than 
10% was high during the first 3 months of VKA treatment. Although the INR was 
frequently out of range and also in the extreme areas (< 2 and > 6), this was not 
associated with bleeding or thromboembolic events. However, a large proportion 
of the patients (14.8% for acenocoumarol and 31.3% for phenprocoumon) still had 
at least one bleeding event during the first year. No thromboembolic events were 
reported.

In adults, high (above 4–5) or low (below 2) INRs are correlated with major 
bleedings and thromboembolic events, respectively.[20] We were not able to find 
such associations. However, we did see that patients with bleeding events tended 
to have more time above range and less time below range, mostly not statistically 
significant, compared with patients without a bleeding event. However, because of 
the low number of events we didn’t have enough power to study this. The number 
of complications could have been higher. Because of the retrospective nature of 
the study such complications may not have been retrieved. Another possibility 
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Figure 3. Percentage of time in therapeutic INR range (TTR) by therapeutic range (TR) among users 
of acenocoumarol and phenprocoumon combined. Α. During the first three month of vitamin K 
antagonist (VKA) use. Β. During the last three months of the first year of VKA use.
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Table 3. Treatment quality during the first year of treatment with acenocoumarol and 
phenprocoumon

Acenocoumarol n = 155 Phenprocoumon n = 32
Achieving TR 139 31
≤ 7 days, n (%)* 106 (76.3) 21 (67.7)
≤ 14 days, n (%)* 131 (94.2) 27 (87.1)
Number of days, median (IQR) 4.0 (2.0-7.0) 4.0 (3.0-12.0)
Number of INRs per month, median (IQR)
<1 month 10.0 (7.0-13.0) 110 9.0 (7.0-12.0) 30
Month 1-3 6.0 (4.7-7.7) 101 6.2 (4.3-10) 26
Month 4-6 3.7 (2.7-4.3) 94 4.3 (2.3-5.0) 19
Month 7-9 3.3 (2.5-4.3) 80 4.3 (2.0-4.3) 11
Month 10-12 3.0 (2.3-4.0) 77 2.7 (2.0-3.3) 6
Number of dose changes >10% per month, median (IQR) 
Month 1-3 2.3 (1.3-3.3) 152 3.2 (1.7-4.0) 32
Month 4-6 0.8 (0.3-2.0) 110 0.7 (0.3-3.0) 21
Month 7-9 0.7 (0.3-1.7) 91 1.0 (0.0-2.7) 14
Month 10-12 0.7 (0.0-1.3) 81 0.3 (0.0-1.0) 11

INR, international normalized ratio; TR, therapeutic INR range; IQR, interquartile range. * The percentages are based on the number of 
patients fulfilling the criteria for the parameter during that specific period, not on the total cohort.

Table 4. Effectiveness and safety parameters during first year of acenocoumarol and phenprocoumon 
treatment 

Acenocoumarol (n = 155) Phenprocoumon (n = 32)

n (%)
Mean 
rate*

Mean fraction of 
total INRs‡, % n (%)

Mean 
rate*

Mean fraction of 
total INRs‡, %

Thrombotic events 0 (0) 0 - 0 (0) 0 -
Bleeding events 23 (14.8) 1.35 - 10 (31.3) 1.50 -
Type of bleeding event - -
Nosebleed 13 (8.4) 4 - 2 (6.3) 2 -
Bruising with unknown cause 7  (4.5) 2 - 1 (3.1) 1 -
Increased bruising on impact 5  (3.2) 1 - 2 (6.3) 2 -
Hematuria 2  (1.3) 1 - 0 (0) 0 -
Blood in stool (melena) 1  (0.6) 1 - 1 (3.1) 1 -
Hematemesis 0 (0) 0 - 1 (3.1) 1 -
Eye bleeding 0 (0) 0 - 1 (3.1) 1 -
Other† 0 (0) 0 - 3 (9.4) 1 -
INR<2 153 (98.7) 8.96 33.2 30 (93.8) 8.93 28.3
INR>6 90 (58.1) 2.03 7.9 11 (34.4) 1.45 4.0
Use of vitamin K 13  (8.4) 1.15 - 11 (34.4) 1.18 -

INR, international normalized ratio; n, number of patients experiencing at least one event; -, not applicable.* For type of bleeding event 
the maximum rate is shown instead of mean rate. † consists of: bleeding at implantable cardioverter-defibrillator (n=1) and prolonged 
bleeding after injury (n=2) ‡ fraction of INR<2 or >6 of the total INR measurements of a patient.
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is that events were prevented because of the intensive monitoring policy of the 
anticoagulation clinics with children on VKAs. In our cohort, INR measurements 
were carried out more often (three INR measurements/month) than recommended 
in the adult ACCP guideline of one INR measurement per 4–12 weeks,[21] and the 
minimum of one INR measurement per month recommended for children.[4] This 
allows rapid dose adjustments when needed. Furthermore, the hemostatic system is 
still developing during childhood.[22] This might well be related to differences in risks 
of bleeding and thromboembolic events in comparison to adults.

Our TTRs were mostly higher (47–75.4%) than the TTRs found by Spoor et al. of 
just under 50% during the first year of treatment in children using acenocoumarol 
and phenprocoumon in the Netherlands.[11] A possible explanation for this difference 
is the larger proportion of patients in their cohort with a duration of follow‐up/use 
of less than 3 months (46% compared with 16% in our cohort). In the first months, 
INR values show more fluctuation than in later periods, which reduces the overall 
TTR. This is also supported by our TTRs in the first month/first 3 months, which were 
around 50%. The TTRs of 65–75% after the first 3 months of treatment in our study 
are similar to the overall TTR of 63% found in the similar warfarin cohort of Biss et 
al.[8] Our TTRs during the different time periods after the start of VKA therapy are  
also similar to the TTRs found in adults, changing from 54% in the first month  
to 75% after the first 3 months.[23]

As expected, there was a clear association between the TR and the TTR during the 
first year. The TTR in the lower and narrower TR of 2.0–2.5 and the higher TR of 3.5–4.5 
(5.0) were significantly lower compared with the TTR in children with a TR of 2.0–3.5. 
This is in line with the findings of previous studies in adults.[17, 18] The study by Meier 
et al. showed that a narrow TR of 2.0–2.5 led to more INRs below 2 compared with a 
TR of 2.0–3.0.[18] Gadisseur et al. showed that a TR of 2.5–3.5 resulted in a significantly 
higher TTR than a TR of 3.0–4.0.[17] However, for both extreme TRs the numbers of 
patients were very low in our cohort. Furthermore, it is possible that patients were 
dosed with the aim of achieving a different TR than the one stated in the patient 
record, which reduces the calculated TTR. Interestingly, patients with the same 
indication often had different TRs stated in the patient records (data not shown). 
This indicates that possibly individual patient characteristics or the preference of the 
physician has an influence on the choice of the TR.

Although the TTR was on average indicative of an acceptable anticoagulation 
control, the standard deviation was large for both VKAs. For patients with low TTRs 
it is important to identify the causes (patient‐specific and/or management‐related 
factors) and to search for a way to improve these TTRs. Although we did not find 
any thromboembolic events in the first year, we did find that a large proportion 
of patients experienced bleeding events. Furthermore, the very frequent INR 
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measurements and dose changes of more than 10% were common in the patients 
with lower TTRs, which can impair patient satisfaction and increase costs.

Earlier studies have shown that patients who self‐test and self‐manage can 
improve quality of life, patient satisfaction and TTR.[12, 14, 24] As a result of the large 
standard deviations of the TTRs, we only found a statistically significant association 
between patient self‐testing and the TTR during the seventh to ninth months of use. 
However, there was a clear trend of higher TTRs after the first 3 months for patients 
who were self‐testing their INRs. Involving patients in their anticoagulation control 
by self‐testing or self‐management might be a way to improve the TTR, especially 
during the maintenance phase.

A meta‐analysis of all randomized controlled trials in adults has shown that 
using a pharmacogenetic dosing algorithm increases the TTR, especially in the first 
months of use.[25] No such pediatric dosing algorithm exists yet for acenocoumarol 
and phenprocoumon. With the data from CAPS we will develop a pediatric 
pharmacogenetic‐guided dosing algorithm for both VKAs. With this model it will be 
easier to predict the appropriate starting dose for individual patients, which might 
reduce the number of INR measurements and dose changes and increase the TTR.

A limitation of this study was the small number of patients, especially for 
phenprocoumon. Phenprocoumon is far less frequently used as a first VKA in pediatric 
patients in the Netherlands compared with acenocoumarol. Furthermore, the 
retrospective data collection might have resulted in incomplete or misinterpretation 
of data. With the available data we were not able to study the cause of low TTRs, such 
as diet, fever and/or concurrent drug therapy. Some information about concurrent 
drug therapy was available, but was too incomplete to use in the analysis. A strength 
of our study is that our cohort was composed of patients from different sites in the 
Netherlands, making it a representative sample of the Dutch pediatric population 
using VKAs. With the provided information on patient and treatment characteristics, 
physicians from other countries should be able to translate the results to their own 
situation.

In conclusion, the overall quality of acenocoumarol and phenprocoumon 
treatment in pediatric patients in the Netherlands is acceptable, but can be improved. 
Especially during the first month, the quality of VKA treatment is low, and during the 
first year of treatment a substantial number of bleeding events occurs. Developing a 
dosing algorithm can improve VKA anticoagulation and increase patient satisfaction, 
with fewer INR measurements, dose adjustments and possibly bleedings.
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SUPPORTING INFORMATION

Table S1. The association between TTR and number of INRs, number of dose changes of more than 
10% and age during the first year of VKA use

TTR in 
Month

Number of INRs Number of dose 
changes of >10%

Age

n r p-value n r p-value n r p-value
1-3 127 -0.275 0.002 127 -0.294 0.001 127 0.398 <0.001
4-6 113 -0.390 <0.001 110 -0.412 <0.001 113 0.181 0.055
7-9 91 -0.213 0.042 86 -0.335 0.002 91 0.364 <0.001
10-12 83 -0.213 0.053 82 -0.473 <0.001 83 0.209 0.058

TTR, percentage time in therapeutic INR range; VKA, vitamin K antagonist; sd, standard deviation.

Table S2. The difference in mean TTR between patients who do and do not use self-testing during 
the first year of VKA use

TTR in 
Month

Patient self-testing

n
no, 
mean (sd)

yes, 
mean (sd) p-value

1-3 127 56.8 (20.1) 54.3 (18.3) 0.550
4-6 113 62.8 (21.5) 68.7 (21.5) 0.154
7-9 91 59.0 (26.7) 71.3 (19.0) 0.018
10-12 83 66.4 (21.1) 70.6 (23.1) 0.400

TTR, percentage time in therapeutic INR range; VKA, vitamin K antagonist; sd, standard deviation.

Table S3. The mean TTR of patient with different TRs during the first year of VKA use

TR

TTR in month n
2.0-2.5, 
mean (sd)

2.0-3.0, 
mean (sd)

2.0-3.5,
mean (sd)

2.5-4.0, 
mean (sd)

3.5-4.5 (5),
mean (sd) p-value

1-3 127 30.4 (5.1) 57.3 (15.6) 60.8 (19.4) 54.8 (16.9) 17.2 (3.7) <0.001
4-6 113 37.5 (19.4) 63.1 (20.4) 71.3 (20.2) 64 (18.3) 30.3 (11.0) <0.001
7-9 91 35.3 (13.0) 65.2 (17.9) 69.6 (22.4) 72.4 (23.1) 28.5 (14.7) <0.001
10-12 83 39.4 (13.7) 64.0 (23.3) 78.3 (17.5) 68.1 (19.3) 40.9 (29.9) <0.001

TR, therapeutic INR range; TTR, percentage time in therapeutic INR range; VKA, vitamin K antagonist; sd, standard deviation.
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Table S4. Differences in percentage time below, within and above therapeutic INR range between 
patient with and without bleeding events

Bleeding event Independent sample 
t-test

Percentage of time (%)
No Yes 

mean (sd) n mean (sd) n p-value 

First month Below 33.6 (22.7) 112 25.3 (23.7) 28 0.090

  Within 47.3 (22.4) 112 50.6 (25.5) 28 0.336

  Above 19.2 (18.6) 112 24.1(25.0) 28 0.492

Month 1-3 Below 29.3 (18.7) 100 21.5 (22.3) 27 0.068

  Within 54.6 (19.0) 100 62.5 (21.3) 27 0.968

  Above 16.1 (13.0) 100 16.0 (14.5) 27 0.064

Month 4-6 Below 21.3 (18.9) 90 16.6 (16.2) 23 0.273

  Within 65.0 (21.4) 90 66.0 (22.8) 23 0.419

  Above 13.7 (13.8) 90 17.4 (20.5) 23 0.839

Month 7-9 Below 18.0 (18.4) 70 7.8 (8.1) 21 0.001

  Within 63.4 (22.5) 70 74.6 (24.4) 21 0.825

  Above 18.6 (17.2) 70 17.6 (22.5) 21 0.053

Month 10-12 Below 14.8 (16.3) 68 15.1 (24.9) 15 0.949

  Within 68.9 (20.6) 68 68.7 (29.4) 15 0.979

  Above 16.4 (16.7) 68 16.2 (20.4) 15 0.975

INR, International Normalized Ratio; IQR, interquartile range; sd, standard deviation.
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ABSTRACT

Background
A large proportion of pediatric patients treated with vitamin K antagonists (VKAs) 
does not obtain stable therapeutic International Normalized Ratio (INR) values 
within a few months of treatment. Therefore, this study aims to identify explanatory 
factors for not obtaining a stable anticoagulation period within 3 months after the 
start of acenocoumarol or phenprocoumon and to study whether switching between 
these two VKAs affects anticoagulation control, expressed as the percentage time in 
therapeutic INR range (TTR), and INR stability.

Methods
The patient cohort of the Children Anticoagulation and Pharmacogenetics Study 
was used. It consists of pediatric patients who used acenocoumarol and/or 
phenprocoumon after January 1995. Clinical and genetic information was collected 
and tested with Cox regression for association with obtaining a stable anticoagulation 
period. A stable period was defined as ≥3 consecutive INRs within therapeutic range 
over a period of ≥3 weeks.
The half-year period before and after switching between acenocoumarol and 
phenprocoumon was compared at patient level on TTR and INR stability. 

Results
In total 157 patients (median age 6.0 years; 51.6% female) were included in the 
analysis of whom 43% had a stable period within 3 months of treatment. Age was 
positively (per year increase the hazard ratio (HR) was 1.09, 95%CI [1.05-1.13], 
p<0.001) associated with obtaining a stable period. Female sex (0.60 [0.37-0.97], 
p=0.037), hospitalized patients (0.46 [0.24-0.57], p=0.017), or patients with an 
interruption in their VKA therapy for ≥3 days (0.50 [0.25-0.98], p=0.044) had a lower 
chance of obtaining a stable period. Patients who switched between acenocoumarol 
and phenprocoumon (n=12) had often a higher TTR and lower variability in INRs 
when using phenprocoumon comparing the 3 months before with the 3 months 
after switching. 

Conclusion
Younger and female children have less often a stable anticoagulation period 
compared to older and male children. Patients often showed improvement in TTR 
and INR stability when switched from acenocoumarol to phenprocoumon. Further 
research is required to determine if the use of phenprocoumon in pediatric patients 
could lead to a clinically relevant improvement of anticoagulation control.
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INTRODUCTION

Over the years more pediatric patients become in need of anticoagulation 
treatment to prevent and treat thromboembolic events.[1] However, the quality of 
anticoagulation treatment has not been widely studied in pediatric patients. Vitamin 
K-antagonists (VKAs) are currently the most commonly used oral anticoagulant 
drugs in pediatric patients in daily practice. Previously it has been shown that 
the anticoagulation control is acceptable after the first 3 months of treatment in 
pediatric patients on VKAs in the Netherlands.[2] During the first three months of 
anticoagulation the percentage time in therapeutic range (TTR) was suboptimal and 
age appeared to be positively correlated with the TTR. However, the TTR describes 
how well a patient is controlled during a certain time period which does not exclude 
a high variability in International Normalized Ratio’s (INRs) and substantial under 
or over coagulation during that time period. An important measure to study the 
quality of anticoagulation is the time it takes to reach a stable anticoagulation 
period. In previous research we have shown that approximately one third of 
acenocoumarol and phenprocoumon users never reach a stable period when 
defined as ≥3 consecutive INRs within therapeutic INR range [TR] during at least 
3 weeks.[3,4] There may be several reasons for not obtaining a stable period, such as 
frequent interruptions of VKA therapy, non-adherence, infections, varying vitamin K 
intake, or a very short duration of use. Also the choice of type of VKA can play a role. 
In a study by Fihn et al. it was shown that adult patients on phenprocoumon, had 
a higher percentage of INRs within TR, required fewer INR measurements and had 
more stable INR values compared to patients using acenocoumarol.[5]

Therefore, the current study has two objectives: (1) to identify explanatory  
factors for not obtaining a stable period within 3 months after the start of 
acenocoumarol or phenprocoumon and (2) to study whether switching between 
acenocoumarol and phenprocoumon affects the anticoagulation control (expressed 
as TTR) and INR stability.

METHODS

Data source and study population
The data of the Children Anticoagulation and Pharmacogenetics Study (CAPS) 
was used. CAPS was designed as a retrospective follow-up study in which 
pediatric patients aged 18 years or younger, who used acenocoumarol and/or  
phenprocoumon after January 1st 1995 were included at four academic pediatric 
hospitals and one anticoagulation clinic. The study is described in more detail in 
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earlier publications.[2–4] The medical records at the hospitals and anticoagulation 
clinics of the selected patients were used to retrieve all clinical and anticoagulation 
treatment related information. Furthermore, patients were asked to collect a 
saliva sample at home for genotyping of VKORC1 (rs9934438), CYP2C9 (rs1799853  
and rs1057910), CYP4F2 (rs2108622), CYP3A4 (rs35599367 and rs2740574) and 
CYP2C18 (rs1998591). The follow-up of the patients started at the start of VKA 
treatment and ended at the date of data collection at the anticoagulation clinics 
(between 11-01-2014 and 10-03-2016), when a child became 19 years of age,  
when VKA therapy was stopped, or when a child was lost to follow-up, whatever 
came first. The study was reviewed by the Medical Ethics Review Committee  
of the University Medical Center Utrecht which decided that the study did not  
need ethical approval, because a non-invasive DNA collection method was  
used. The UPPER Institutional Review Board of the Division of Pharma- 
coepidemiology and Clinical Pharmacology of Utrecht University approved  
thereafter the study protocol. All participants (and/or their parents or legal 
guardians) provided informed consent before taking part.

Outcome and determinants and statistical analysis
The outcome for the first objective was a stable anticoagulation period, which was 
defined as ≥3 consecutive INRs within TR during at least 3 weeks. Patients were 
excluded when they were unable to obtain a stable period based on the available 
data (e.g. the time period between the first and last measured INR was less than 
three weeks), when they started with VKA treatment with warfarin, when the start 
date of VKA treatment was unknown or when the first INR was measured more than 
5 days after VKA start. Patients who switched to another VKA or had a gap of more 
than 28 days without VKA treatment were censored at the last INR before one of 
these events occurred. 

Determinants collected were age, sex, TR, indication for VKA use, type of VKA, and 
having one or two variant alleles of the studied genetic variations. Furthermore, the 
number of INR measurements during the first 3 months of treatment, duration of 
follow-up, occurrence of hospitalizations after the primary hospitalization in which 
the VKA was started, and if patients had at least one interruption in their VKA therapy 
for ≥ 3 days were determined. Using Cox regression these variables were tested 
univariately and adjusted for age and gender to study the association with a stable 
anticoagulation period. A p-value of <0.05 was considered statistically significant. 

Age has shown to be strongly associated with TTR in our previous study.[2] 

Therefore, we were interested if any differences in parameters for anticoagulation 
control and determinants like hospitalizations were visible between age groups. 
Children were stratified into three age groups: < 1 year, 1-9 years and 10-18 years of 
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age. For categorical variables a chi-squared test or Fisher’s exact test was used. For 
continuous variables a one-way ANOVA or Kruskal-Wallis test was used. 

For the second objective only patients switching between acenocoumarol and 
phenprocoumon were included. Patients were excluded when they had less than 2 
months of follow-up for one of the two VKAs or when there was a gap of more than 
a week in the treatment information directly before the switch. In the first month of 
VKA treatment the anticoagulation control is often suboptimal based on TTR and INR 
variability and therefore the first 28 days of VKA treatment were excluded from the 
analysis. We evaluated VKA treatment in the 3 months and 3-6 months before and after 
the switch. For each period the time in therapeutic range, the proportion of INRs in TR, 
the time-weighted variance in INRs and the mean interval between INR measurements 
were determined. These were only calculated if ≥ 3 INRs were available. For calculation 
of the time-weighted variance in INRs the formula of Fihn et al. was used.[5] 

The data was analyzed using the statistical software SPSS version 25 and visualized 
using R version 3.5.0.

RESULTS

Stable anticoagulation period within the first 3 months of VKA treatment
In total 213 patients were included in CAPS of whom 157 were eligible for the analysis 
for the first objective. Most patients were excluded due to missing INR measurements 
in the first 5 days of treatment or being unable to obtain a stable period due to 
insufficient follow-up data, as shown in figure 1. In total 68 (43.3%) patients had a 
stable period within the first 3 months of VKA treatment. Only 41.2% of the patients 
with a stable period had a good anticoagulation control (TTR>70%), on the other hand 
10.3% of them had poor anticoagulation control (TTR<50%), as shown in table 1.

Older children had an increased chance to reach a stable anticoagulation period 
(per year increase the adjusted HR was 1.1 (1.0-1.1), p<0.001). Patients of 1-9 years of 
age (adjusted HR 4.9, 95%CI = 1.5-16.1, p=0.009) and patients of 10-18 years (adjusted 
HR 9.6, 95%CI = 2.9-31.2, p<0.001) had statistically significantly higher chances of 
obtaining a stable period compared to patients of less than 1 year of age, as shown in 
table 1 and figure 2. Patients younger than 1 year were more likely to have a poor TTR 
of less than 50% and a high percentage (>30%) of time below TR, as shown in table 
2. Furthermore, they had more frequent INR measurements compared to the older 
age groups. Variance in INRs was not shown to be statistically significantly different 
between the age groups. However, the variance in INRs in the first month of treatment 
was the highest in the patients < 1 year of age and the lowest in patients of 10 to 18 
years of age.
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Table 1 . Patient characteristics and their association with achieving a stable anticoagulation period

Stable period within 3 months after 
start

Unadjusted Adjusted for age and sex

No (n=89) Yes (n=68) HR (95%CI) p-value HR (95%CI) p-value
TTR > 70%, n (%) 1 (1.1) 28 (41.2) - - - -
TTR < 50%, n (%) 63 (70.8) 7 (10.3) - - - -
Time to SP (days), median 
(IQR)

NA 34 (15.5-62) - - - -

Number of switchers, n (%) 12 (13.5) 4 (5.9) - - - -
Acenocoumarol to 
phenprocoumon

12 (13.5) 2 (2.9)

Phenprocoumon to 
acenocoumarol

0 (0) 2 (2.9)

Age at start of VKA (years), 
median (IQR)

4.0 (0.5-10.7) 10.4 (3.8-15.2) 1.08 (1.04-1.13) <0.001 1.09 (1.05-1.13) <0.001

<1, n(%) 26 (29.2) 3 (4.4) Ref. NA Ref. N.A.
 1-9, n(%) 40 (44.9) 28 (41.2) 4.72 (1.44-15.54) 0.011 4.88 (1.48-16.07) 0.009
 10-18, n(%) 23 (25.8) 37 (54.4) 8.86 (2.73-28.75) <0.001 9.59 (2.95-31.22) <0.001
Sex, n(%)
male 39 (43.8) 37 (54.4) Ref. NA Ref. NA
female 50 (56.2) 31 (45.6) 0.72 (0.44-1.16) 0.171 0.60 (0.37-0.97) 0.037
TR, n(%)
2.0-2.5 10 (11.5) 0 (0.0) - - - -
2.0-3.0 12 (13.8) 16 (23.5) Ref. NA Ref. NA
2.0-3.5 44 (50.6) 39 (57.4) 0.83 (0.46-1.48) 0.520 0.71 (0.39-1.28) 0.255
2.5-4.0 17 (19.5) 13 (19.1) 0.67 (0.32-1.40) 0.290 0.54 (0.26-1.13) 0.100
3.5-4.5 2 (2.3) 0 (0.0) - - - -
Multiple TRs 2 (2.3) 0 (0.0) - - - -
Indication, n(%)
Cardiac 54 (60.7) 40 (58.8) Ref. NA Ref. NA
TE 30 (33.7) 24 (35.3) 1.16 (0.70-1.92) 0.577 1.07 (0.64-1.78) 0.808
Other 5 (5.6) 4 (5.9) 1.33 (0.47-3.75) 0.586 1.11 (0.39-3.15) 0.845
VKA, n(%)
Acenocoumarol 75 (84.3) 51 (75.0) Ref. NA Ref. NA
Phenprocoumon 14 (15.7) 17 (25.0) 1.64 (0.95-2.85) 0.078 1.58 (0.90-2.78) 0.111
Hospitalization, n(%)
No 61 (68.5) 57 (83.8) Ref. NA Ref. NA
Yes 28 (31.5) 11 (16.2) 0.45 (0.24-0.87) 0.038 0.46 (0.24-0.87) 0.017
Interruption of VKA 
treatment for ≥3 days, n(%)
No 67 (75.3) 58 (85.3) Ref. NA Ref. NA
Yes 22 (24.7) 10 (14.7) 0.60 (0.31-1.18) 0.137 0.50 (0.25-0.98) 0.044
Number of INRs, median (IQR) 18 (14-27) 17 (13-19) 0.94 (0.91-0.97) 0.001 0.95 (0.92-0.99) 0.015
Time of follow-up (days), 
median (IQR)

85 (63-89) 86 (82-90) 1.02 (1.00-1.04) 0.116 1.02 (1.00-1.04) 0.117

CI, confidence interval; HR, hazard ratio; IQR, interquartile range; INR, International Normalized Ratio; NA, not applicable; SP, stable 
period; TR, therapeutic INR range; TTR, Time in therapeutic INR range; VKA, vitamin K antagonist; -, not analyzed.

Total cohort 
(n=213)

Warfarin 
(n=7)

Startdate unknown 
(n=5)

No INR within first 5 days of treatment  
(n=22)

Unable to reach a stable period
(n=22)

Stable period within 3 months

Yes 
(n=68)

No
(n=89)

Figure 1. Flowchart objective 1.
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Table 2 . Differences in treatment related variables between the three age groups

Age
< 1 year
(n=29)

1-9 years
(n=68)

10-18 years
(n=60)

p-value

TTR < 50%, n(%) 21 (72.4) 29 (42.6) 20 (33.3) 0.002

Time below TR >15%, n(%) 26 (89.7) 52 (76.5) 34 (56.7) 0.003

Time below TR >30%, n(%) 24 (82.8) 28 (41.2) 24 (40.0) <0.001

Time above TR >15%, n(%) 13 (44.8) 36 (52.9) 28 (46.7) 0.685

Time above TR >30%, n(%) 4 (13.8) 10 (14.7) 9 (15.0) 0.989

Variability in INRs during the first month, median (IQR)† 1.35 (0.54-1.74) 1.18 (0.61-2.38) 0.74 (0.48-1.52) 0.063

Variability in INRs during month 2 and 3, median (IQR)†‡ 0.40 (0.24-1.05) 0.42 (0.26-0.59) 0.32 (0.19-0.62) 0.439

Time interval between INRs (days), mean (sd) 3.84 (1.74) 4.58 (1.85) 5.81 (2.14) <0.001*

Mean time interval < 7 days, n(%) 26 (89.7) 61 (89.7) 47 (78.3) 0.158

Follow-up time in days, median (IQR) 85 (74-89) 86 (78-90) 85 (77-89) 0.660

Hospitalizations, n(%) 10 (34.5) 17 (25.0) 14 (23.3) 0.513

Interruption of VKA treatment for ≥3 days, n(%) 5 (17.2) 12 (17.6) 15 (25.0) 0.528

INR, international normalized ratio; IQR, interquartile range; TR, therapeutic INR range; TTR, percentage time within therapeutic INR 
range; VKA, vitamin K antagonist. 
* One-way ANOVA (<1 vs 1-9 years, p=0.201; <1 vs 10-18 years, p<0.001; 1-9 vs 10-18 years, p=0.001) 
† Calculated using the time-weighted variability in INRs formula of Fihn et al.[5] 
‡ Only available for n=27 <1 year of age, n=66 1-9 years of age, and n=54 10-18 years of age due to < 3 INRs available.

Table 1 . Patient characteristics and their association with achieving a stable anticoagulation period

Stable period within 3 months after 
start
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No (n=89) Yes (n=68) HR (95%CI) p-value HR (95%CI) p-value
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TTR < 50%, n (%) 63 (70.8) 7 (10.3) - - - -
Time to SP (days), median 
(IQR)
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2.0-3.5 44 (50.6) 39 (57.4) 0.83 (0.46-1.48) 0.520 0.71 (0.39-1.28) 0.255
2.5-4.0 17 (19.5) 13 (19.1) 0.67 (0.32-1.40) 0.290 0.54 (0.26-1.13) 0.100
3.5-4.5 2 (2.3) 0 (0.0) - - - -
Multiple TRs 2 (2.3) 0 (0.0) - - - -
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Cardiac 54 (60.7) 40 (58.8) Ref. NA Ref. NA
TE 30 (33.7) 24 (35.3) 1.16 (0.70-1.92) 0.577 1.07 (0.64-1.78) 0.808
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Acenocoumarol 75 (84.3) 51 (75.0) Ref. NA Ref. NA
Phenprocoumon 14 (15.7) 17 (25.0) 1.64 (0.95-2.85) 0.078 1.58 (0.90-2.78) 0.111
Hospitalization, n(%)
No 61 (68.5) 57 (83.8) Ref. NA Ref. NA
Yes 28 (31.5) 11 (16.2) 0.45 (0.24-0.87) 0.038 0.46 (0.24-0.87) 0.017
Interruption of VKA 
treatment for ≥3 days, n(%)
No 67 (75.3) 58 (85.3) Ref. NA Ref. NA
Yes 22 (24.7) 10 (14.7) 0.60 (0.31-1.18) 0.137 0.50 (0.25-0.98) 0.044
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Figure 1. Flowchart objective 1.
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Gender was statistically significantly associated with obtaining a stable period 
after adjustment for age. Female patients had a lower chance of obtaining a stable 
period (adjusted HR 0.60, 95%CI = 0.37-0.97, p=0.037) compared to male patients, 
see table 1. TR and indication for VKA use were not associated with obtaining a 
stable period. More patients on phenprocoumon obtained a stable period (54.8% 
for phenprocoumon compared to 40.5% for acenocoumarol), however this was not 
statistically significant (adjusted HR 1.6, 95%CI = 0.9-2.8, p=0.11). Having one or 
two variant alleles of either of the genetic variations in VKORC1, CYP2C9, CYP4F2, 
CYP3A4, or CYP2C18 did not change the chance of obtaining a stable period, see 
supplemental material Table S1. 

Being hospitalized during VKA treatment reduced the chance of obtaining 
a stable period (adjusted HR: 0.5 (0.2-0.9), p=0.017, as did an interruption of VKA 
treatment for 3 or more days (adjusted HR: 0.50 (0.25-0.98), p=0.044). The number 
of INR measurements was negatively associated with obtaining a stable period 
(adjusted HR: 0.95 95%CI = 0.92-0.98, p=0.015). 

Figure 2. Proportion of patients without a stable anticoagulation period over the first 3 months of 
treatment. 
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Effect of switching between VKAs
As shown in table 1, more patients without a stable period (13.5%) switched to another 
VKA compared to patients with a stable period (5.9%). All patients without a stable 
period were switching from acenocoumarol to phenprocoumon. Within the CAPS 
cohort, a total of 24 patients switched between acenocoumarol and phenprocoumon 
of whom 12 were eligible for analyzing their treatment in the period before and 
after the switch. Of these 12 patients, 11 patients switched from acenocoumarol 
to phenprocoumon and one patient the other way around. It is a diverse group of 
patients of which the age at switch varies between 0.7 to 18.6 years of age, 4 (33.3%) 
were female, and the indications for VKA use were mainly of cardiac nature (Fontan 
circulation [n=3], valve replacement [n=4], and cardiomyopathy [n=4]), as shown in 
table 3. The most common TRs were 2.5-4.0 (n=6) and 2.0-3.5 (n=4). 

All INRs of each of the 12 patient are shown in figure 3. Half of the patients 
switched in the first year of VKA treatment. In table 4 the quality parameters of the 6 
months before and after switch are given per patient. For seven patients who started 
on acenocoumarol the TTR was less than 70% in the 3 months preceding the switch 
to phenprocoumon. They all had an increase in TTR in the 3 months after the switch 
and for 4 patients the increase was even to a TTR of more than 70%. Four patients 
who started on acenocoumarol had a high TTR of more than 70% in the 3 months 
before the switch and they all retained a high TTR of more than 70% after switch. The 
patient switching from phenprocoumon to acenocoumarol had a very high TTR in 
the 3 months preceding the switch of 92.7% and in the 3 months after switch the TTR 
dropped to 46.4%. However, in the following 3 months the TTR increased to 76.4%. 

The variation in INRs was lower in the 3 months after the switch compared to 
the 3 months before the switch for 10 patients switching from acenocoumarol 
to phenprocoumon. The lower variation was still present in the 4-6 months after 
switching for 6 of the 10 patients. For the patient switching from phenprocoumon 
to acenocoumarol an opposite effect was seen. The variation in INRs was lower in the 
months before the switch compared to the 3 months after the switch.

No clear effect was seen in the average time interval between INR measurements, 
although the total number of INRs was lower in 3 months after the switch 
compared to the 3 months before the switch in 7 of the 11 patients switching from 
acenocoumarol to phenprocoumon. The percentage of INRs in TR showed similar 
changes as the TTR.
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Table 3. Characteristics of switchers

Patient ID Age at 
switch 
(years)

Sex Indication TR Duration of follow-up 
(first to last INR in years)

Reason for stop

Acenocoumarol Phenprocoumon
Switchers from acenocoumarol to phenprocoumon
1 0.7 F Fontan circulation 2.0-2.5 0.3 1.6 Switch to other anticoagulant/

antiplatelet
2 1.2 M Valve replacement 2.5-4.0 0.7 7.1 Deceased

3 3.1 M Fontan circulation 2.0-3.5 0.8 8.5 End of study
4 11.2 M Cardiomyopathy 2.0-3.5 0.5 1.9 Heart transplantation
5 13.5 F Valve replacement 2.5-4.0 0.4 5.6 Turning 19 years of age
6 10.8 M Valve replacement 2.5-4.0 0.5 8.3 Turning 19 years of age
7 8.9 F Valve replacement 2.0-3.5 5.5 6.2 End of study
8 18.4 M Cardiomyopathy 2.5-4.0 1.5 0.6 Turning 19 years of age
9 16.9 F Thromboembolic event 2.5-4.0 and 

2.0-3.5
1.2 1.1 Switch to other anticoagulant/

antiplatelet
10 18.6 M Cardiomyopathy 2.5-4.0 2.2 0.4 Turning 19 years of age
11 9.1 M Fontan circulation 2.0-3.0 1.2 1.4 End of study
Switcher from phenprocoumon to acenocoumarol
12 16.5 M Cardiomyopathy 2.0-3.0 0.8 1.9 Heart transplantation

F, female; INR, international normalized ratio range; M, male; TR, therapeutic INR range.

Table 4. Quality parameters in the 3 and 3-6 months before and after the switch

Patient 
ID 

TTR, % Number of INRs in TR, % (total INRs) Variability in INRs† Mean time interval 
between INRs (days)

- 6 - 3 + 3 + 6 - 6 - 3 + 3 + 6 - 6 - 3 + 3 + 6 - 6 - 3 + 3 + 6
Switchers from acenocoumarol to phenprocoumon

1 NA 31.6* 63.1 35.9 NA (0) 27.3 (11) 60.0 (10) 25.0 (12) NA 1.14 0.18 0.28 NA 6.4 9.3 7.6
2 41.8 45.0 76.7 58.0 31.6 (38) 38.9 (18) 61.1 (18) 50.0 (22) 2.09 1.29 0.88 2.25 2.3 5.1 5.1 4.0
3 83.1 61.0 91.8 75.7 84.6 (13) 53.3 (15) 80.0 (10) 57.1 (14) 0.41 0.66 0.34 0.94 7.0 6.2 9.1 6.2
4 46.0* 55.9 70.2 92.9 55.6 (9) 40.6 (32) 64.3 (14) 92.9 (14) 1.55 1.29 0.43 0.23 6.3 2.7 6.8 6.5
5 NA 70.9 81.2 92.1 NA (1) 62.5 (16) 72.7 (11) 100 (5) NA 1.30 0.41 0.10 NA 5.9 8.4 17.5
6 68.4* 84.1 75.1 87.9 71.4 (7) 66.7 (6) 66.7 (9) 91.7 (12) 0.55 0.31 0.37 0.56 9.3 15.4 11.0 7.6
7 86.3 80.7 75.1 85.1 91.7 (12) 63.6 (11) 66.7 (9) 87.5 (8) 0.16 0.93 0.40 0.31 8.0 7.7 8.8 11.7
8 63.4 68.3 69.0 45.7 46.2 (13) 55.6 (9) 88.9 (9) 40.0 (10) 0.75 0.47 0.19 0.61 7.1 9.5 8.6 9.4
9 89.0 64.8 100.0 85.6 85.7 (7) 66.7 (9) 100 (7) 83.3 (6) 0.12 0.44 0.09 0.15 12.8 10.4 13.8 14.6
10 64.1 74.5 78.3 NA 75.0 (4) 85.7 (7) 75.0 (4) NA (0) 0.13 0.32 0.23 NA 23.3 14.0 21.0 NA
11 83.5 64.3 66.0 90.5 60.0 (15) 69.2 (13) 68.4 (19) 84.6 (13) 0.52 0.33 0.29 0.15 5.7 7.0 4.8 7.0
Switcher from phenprocoumon to acenocoumarol
12 86.4 92.7 46.4 76.4 87.5 (8) 83.3 (6) 44.4 (9) 85.7 (7) 0.06 0.05 0.10 0.06 11.0 17.6 9.6 12.8

INR, international normalized ratio; TR, therapeutic INR range; TTR, percentage time within therapeutic INR range. 
* Not the full 3 months of data available. † Calculated using the time-weighted variability in INRs formula of Fihn et al.[5]
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Figure 3. International normalized ratio’s (INRs) during the whole follow-up of acenocoumarol and 
phenprocoumon per patient indicating which INRs were within (green) and outside (orange/red) 
the therapeutic INR window of that patient at the given point in time.
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DISCUSSION

In this study we have shown that pediatric patients under the age of 1 year are less 
likely to obtain a stable period compared with older patients. Also girls have a lower 
chance of reaching a stable period within the first 3 months of use. Furthermore, 
being hospitalized or having an interruption of VKA therapy reduced the chance 
of having a stable period. 13% of the patients without a stable period switched 
later in treatment from acenocoumarol to phenprocoumon. Patients who switched 
between acenocoumarol and phenprocoumon had often a higher TTR and lower 
variability in INRs on phenprocoumon in the 3 months before compared to the 3 
months after the switch. 

Our finding that young patients are less likely to have a stable period within the 
first 3 months of treatment is in line with the positive association of age with the 
TTR in the first 3 months of treatment as described in a previous paper of CAPS.[2] 

However, another study by Hawcutt et al. in pediatric patients using warfarin did 
not show an association between age and the TTR in the first 6 months of treatment 
[6] The median age of the patients in the cohort studied by Hawcutt et al. was 
substantially lower (median of 2.3 years; IQR 4.2) than in our cohort (median of 
6.0 years; IQR[2.2-13.4]).[6] This probably explains that no association between age and 
the TTR was found. There could be multiple explanations for our findings. We have  
shown that 72.4% of the patients <1 year of age have a poor TTR and 82.8% spend 
more than 30% of their time below TR. This indicates that they are most likely 
under dosed. This could be due to inadequate dose increases due to cautiousness 
to prevent the occurrence of high INRs and also inexperience to dose such young 
patients could contribute. Furthermore, a slightly higher percentage of patients 
younger than 1 year of age was hospitalized after their primary hospitalization in 
which the VKA was started, which also lowers the chance of a stable period. Other 
factors that were not studied like variations in vitamin K intake, concurrent drug use, 
and adherence to VKA therapy could also have contributed. 

Interruptions of VKA therapy for more than 3 days or a hospitalization led to a 
decrease of more than 50% of the chance of obtaining a stable period. This could 
be expected because hospitalization leads to the transfer of the anticoagulation 
management from anticoagulation clinic to hospital and back which could lead 
to miscommunication and incorrect VKA dosing. Furthermore, an interruption of 
VKA therapy could be required and an intercurrent disease (e.g. infection) could 
also influence stability of the INR. After an interruption of VKA therapy and /or 
intercurrent disease it will take time to obtain INRs back within TR.

Female patients had a lower chance of obtaining a stable anticoagulation period 
for which we could not find an explanation in literature. Only one study in pediatric 
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patients has studied the relationship between gender and TTR and found no 
association.[6] 

The number of INRs was negatively associated with obtaining a stable period 
within the first 3 months of treatment. This is most likely the result of confounding 
by indication. Patients which are unstable are more likely to have more frequent 
measurements. 

We did not show an effect of the type of VKA on the chance of obtaining a stable 
anticoagulation period, which could be due to relative low number of patients 
using phenprocoumon. The effect, although not statistically significant, was in the 
direction of a higher chance of a stable period for patients using phenprocoumon. 
Studies have shown that adult patients using phenprocoumon have a higher 
percentage of INRs within TR compared to patients using acenocoumarol.[5,7] Patients 
using phenprocoumon also have a higher TTR.[7] Furthermore, they require fewer 
INR measurements and have more stable INR values compared to patients using 
acenocoumarol.[5] The longer half-life of phenprocoumon (144 hours) compared to 
acenocoumarol (8-10 hours), has been suggested to be the reason for this higher 
anticoagulation control and stability of INR values.[5] 

Our results within the patients switching from acenocoumarol to phenprocoumon 
show similar changes with regards to the TTR, percentage of INRs within TR and the 
variability in INRs over time. 

Our study has some limitations. Due to the retrospective study design and the 
information sources used, some variables which could influence INR stability could 
not be taken into account. No information was available on adherence and the 
moment of INR measurement relative to the moment of intake of the VKA. Especially 
for patients using acenocoumarol, adherence and the moment of intake can 
influence the stability of the INRs. A study by van Geest-Daalderop et al. showed that 
for acenocoumarol the moment of intake relative to the moment of INR measurement 
has a large impact on the value of the INR.[8] For phenprocoumon this is less crucial 
because of the longer half-life. Furthermore, no information was available on the 
amount of vitamin K intake and the data on concurrent drug use and the occurrence 
of infections was incomplete. All these factors could have influenced the ability of a 
patient to obtain a stable period. 

For the second objective also some other limitations exist. Patients switching 
from acenocoumarol to phenprocoumon most likely switch because of unstable 
INR values. Therefore, these patients are likely to benefit most from switching to 
phenprocoumon. Furthermore, in most patients the TTR improves the longer the 
VKA is used. Therefore it would be expected that the TTR is already better at the 
moment that the patients switches to phenprocoumon. However, the switch might 
reset this improvement. This is supported by the fact that a similar effect was seen 
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in both patients who switched within the first year of treatment and in patients who 
switched later on. Furthermore, the one patient who switched from phenprocoumon 
to acenocoumarol showed the opposite effect. Further research in a larger cohort of 
pediatric patients is required to determine if the effect on INR stability is clinically 
relevant.

We did not perform statistical analyses to compare the anticoagulation quality 
parameters before and after the switch between VKAs. Only a small number of 
patients was available and the patients were very heterogeneous with respect 
to indications for anticoagulation and TRs. Therefore, we chose to present the 
information per patient which gives more insight in what the effect of a switch is 
than analyzing these patients as a group. 

In conclusion, we have shown that young and female pediatric patients have less 
often a stable anticoagulation period compared to older and male pediatric patients. 
Furthermore, pediatric patients switching from acenocoumarol to phenprocoumon 
often showed an improvement in TTR and INR stability. 
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SUPPLEMENTAL MATERIAL

Table S1. Results cox regression for each SNP

Stable period within 3 months 
after start

Unadjusted Adjusted for age and sex

Stable period No (n=89) Yes (n=68) HR (95%CI) p-value HR (95%CI) p-value
Number of variant alleles, n(%)
VKORC1 
0 33 (37.1) 25 (36.8) Ref. NA Ref. NA
1 or 2 51 (57.3) 38 (55.9) 1.07 (0.64-1.77) 0.802 1.10 (0.66-1.83) 0.715
Unknown 5 (5.6) 5 (7.4) - - - -
CYP2C9*2 and *3 
0 56 (62.9) 39 (57.4) Ref. NA Ref. NA
1 or 2 27 (30.3) 25 (36.8) 1.12 (0.68-1.86) 0.652 1.07 (0.64-1.77) 0.801
Unknown 6 (6.7) 4 (5.9) - - - -
CYP2C18 
0 52 (58.4) 36 (52.9) Ref. NA Ref. NA
1 or 2 32 (36.0) 28 (41.2) 1.08 (0.66-1.76) 0.773 0.94 (0.56-1.55) 0.795
Unknown 5 (5.6) 4 (5.9) - - - -
CYP3A4*1B
0 75 (84.3) 58 (85.3) Ref. NA Ref. NA
1 9 (10.1) 6 (8.8) 0.80 (0.35-1.86) 0.604 0.94 (0.40-2.19) 0.885
Unknown 5 (5.6) 4 (5.9) - - - -
CYP3A4*22 
0 70 (78.7) 58 (85.3) Ref. NA Ref. NA
1 14 (15.7) 6 (8.8) 0.55 (0.24-1.27) 0.160 0.56 (0.24-1.30) 0.174
Unknown 5 (5.6) 4 (5.9) - - - -
CYP4F2 
0 37 (41.6) 35 (51.5) Ref. NA Ref. NA
1 or 2 47 (52.8) 29 (42.6) 0.75 (0.46-1.23) 0.258 0.78 (0.48-1.28) 0.322
Unknown 5 (5.6) 4 (5.9) - - - -

HR, hazard ratio; CI, confidence interval; NA, not applicable; -, not analyzed.
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ABSTRACT

Background
The large variability in dose requirement of vitamin K antagonists is well known. For 
warfarin, pediatric dosing algorithms have been developed to predict the correct 
dose for a patient; however, this is not the case for acenocoumarol. 

Objectives
To develop dosing algorithms for pediatric patients receiving acenocoumarol with 
and without genetic information. 

Methods
The Children Anticoagulation and Pharmacogenetics Study was designed as a 
multicenter retrospective follow‐up study in Dutch anticoagulation clinics and 
children’s hospitals. Pediatric patients who used acenocoumarol between 1995 
and 2014 were selected for inclusion. Clinical information and saliva samples for 
genotyping of the genes encoding cytochrome P450 (CYP) 2C9, vitamin K epoxide 
reductase complex subunit  1 (VKORC1), CYP4F2, CYP2C18 and CYP3A4 were 
collected. Linear regression was used to analyze their association with the log mean 
stable dose. A stable period was defined as three or more consecutive International 
Normalized Ratio measurements within the therapeutic range over a period of 
≥ 3 weeks. 

Results
In total, 175 patients were included in the study, of whom 86 had a stable period 
and no missing clinical information (clinical cohort; median age 8.9  years, and 
49% female). For 80 of these 86 patients, genetic information was also available 
(genetic cohort). The clinical algorithm, containing body surface area and indication, 
explained 45.0% of the variability in dose requirement of acenocoumarol. After 
addition of the VKORC1, CYP2C9, and CYP2C18 genotypes to the algorithm, this 
increased to 61.8%. 

Conclusions
These findings show that clinical factors had the largest impact on the required dose 
of acenocoumarol in pediatric patients. Nevertheless, genetic factors, and especially 
VKORC1, also explained a significant part of the variability. 
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INTRODUCTION

Vitamin K antagonists (VKAs) can be used to treat or prevent thromboembolic 
events in pediatric patients. Dosing of VKAs in pediatric patients is complex, partly 
because of the developing hemostatic system in these patients. In this population, 
VKA pharmacokinetics are age‐dependent, with younger patients requiring a higher 
dose per kilogram of body weight.[1] A limited number of studies have investigated 
the dosing of acenocoumarol in pediatric patients. Therefore, current pediatric 
guidelines generally use extrapolations of adult dosing recommendations.[2-4] Only 
one study has investigated the initial acenocoumarol doses needed to achieve 
the target International Normalized Ratio (INR) in pediatric patients.[5] These initial 
doses are based on weight and age group, and are incorporated in the guideline 
of the Dutch Federation of Anticoagulation Clinics.[6] In 2009, Spoor et al. studied 
the initial and maintenance doses in pediatric patients for acenocoumarol and 
phenprocoumon in the Netherlands. The doses recommended in the guidelines 
seem to be safe, but are not yet optimal, with percentages of time in which the INR is 
within the therapeutic range (time in therapeutic range [TTR]) of around 50% during 
the first year of treatment.[7] Within the cohort of the Children Anticoagulation and 
Pharmacogenetics Study, we obtained similar results within the first 3 months of 
acenocoumarol use (54.6%), and higher percentages after the first 3 months of use 
(> 64%).[8] 

There is large interindividual and intraindividual variability in VKA dose 
requirements. The dose is influenced by many factors, such as height, weight, 
age, sex, indication for VKA treatment, concurrent drug therapy, and vitamin K 
intake. Besides these factors, variations in certain genes can influence the dose 
requirement. The genes that are now known to have the largest influence are those 
encoding cytochrome P450 (CYP) 2C9 and vitamin K epoxide reductase complex 
subunit 1 (VKORC1). Single‐nucleotide polymorphisms (SNPs) in CYP2C9 (CYP2C9*2 
and CYP2C9*3; rs1799853 and rs1057910, respectively) reduce the metabolism of 
VKAs, and an SNP in VKORC1 (rs9934438) increases sensitivity to VKAs. In both cases, 
the required dose is lower for patients with the variant than for those with the wild‐
type genotype, to prevent overanticoagulation.[9] The frequency of carrying one 
or two variant alleles (CYP2C9*2 or CYP2C9*3) in CYP2C9 is 35.1% in the European 
population.[10] For VKORC1, 61.8% of the European population has one or two variant 
alleles.[10] Polymorphisms in or flanking CYP4F2 (rs2108622), CYP2C18 (rs1998591) 
and CYP3A4 (CYP3A4*1B and CYP3A4*22; rs2740574 and rs35599367, respectively) 
have also been shown to explain part of the variation in adults.[11-14] 
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For warfarin, a dosing algorithm was constructed for adults by the International 
Warfarin Pharmacogenetics Consortium.[15] In a study by Biss et al., the maintenance 
dose in pediatric patients was correlated with the calculated doses by the use of this 
algorithm; however, there was a continuous non‐linear overestimation of the dose.
[16] This indicated that there is a need for a specific algorithm for pediatric patients.  
Up to now, several studies have been carried out to create a warfarin pharmacogenetic 
dosing algorithm for pediatric patients.[16-23] However, to the best of our knowledge, 
no studies have been carried out to establish an algorithm for acenocoumarol in 
pediatric patients. 

The aim of this study was to develop two dosing algorithms for acenocoumarol  
in pediatric patients: one algorithm with genetic information, and one without 
genetic information. The latter can be applied when genotyping is not (yet) available. 

METHODS

Study design and patient collection
We performed a retrospective follow‐up study in four academic pediatric hospitals 
(Emma Children’s Hospital Amsterdam, Wilhelmina Children’s Hospital Utrecht,  
Sophia Children’s Hospital Rotterdam, and Beatrix Children’s Hospital Groningen) 
and the Leiden anticoagulation clinic in the Netherlands. Patients who used  
acenocoumarol for > 1 month between January 1995 and December 2014 and who 
were aged ≤ 18 years at the time of acenocoumarol use were eligible for participation.  
The follow‐up of a patient ended at the end date of data collection at the  
anticoagulation clinic (between 11 January 2014 and 10 March 2016), when they 
reached 19 years of age, when they stopped receiving acenocoumarol therapy, 
or when they were lost to follow‐up. A sample size of 110 patients was required to  
be able to detect a difference of 1 mg daily between the CYP2C9*2 and CYP2C9*3 
genotypes (α = 0.05 [two‐sided]; power = 80%; standard deviation of 2.1 mg in the 
outcome 16). 

The Medical Ethics Review Committee of the University Medical Center Utrecht 
decided that the study did not need ethical approval, because non‐invasive DNA 
collection was used. The UPPER Institutional Review Board of the Division of 
Pharmacoepidemiology and Clinical Pharmacology of Utrecht University approved 
the study protocol. All participants (and/or their parents or legal guardians) provided 
informed consent before taking part. 
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Data collection
Participants and/or their parents were asked to fill in a questionnaire. They  
were asked for their ethnicity, whether breastfeeding had occurred during therapy, 
and, if applicable, whether the breastfeeding was combined with vitamin K use by 
the mother. 

To obtain complete data for all patients, data were collected at both the hospital 
where they were treated and at their anticoagulation clinic. Information on the 
therapeutic INR range (TR), INR values and acenocoumarol doses was collected at the 
anticoagulation clinics. Information on the indication for acenocoumarol therapy, 
date of birth, sex, TR, INR and acenocoumarol doses was collected at the hospital. 
Furthermore, information on height and weight was collected at the hospital at the 
start of and during acenocoumarol therapy. 

Genotyping
Saliva was used for collection of DNA. Saliva collection packages were sent to the 
participants after they had signed informed consent forms. The Oragene•DNA 
(DNA Genotek, Ottawa, Canada) (OG‐575) kit for Assisted Collection was used for 
participants aged between 0 years and 4 years, and the Oragene•DNA (OG‐250) 
kit was used for participants aged > 4 years. Genotyping was performed by the 
laboratory of the Leiden University Medical Center by use of a LightCycler 480 with 
a TaqMan SNP genotyping assay (ThermoFisher, Waltham, MA, USA). The following 
SNPs were genotyped: VKORC1 rs9934438, CYP2C9 rs1799853 and rs1057910, 
CYP4F2 rs2108622, CYP3A4 rs35599367 and rs2740574, and CYP2C18 rs1998591. 
Only genotypes of the SNPs that were in Hardy–Weinberg equilibrium (P ≥ 0.05) 
were included in the analysis. 

Outcome and determinants
The outcome of interest was the stable maintenance dose (in mg daily) defined as the 
mean dose during the first stable period after initiation without missing information 
on dose and INRs. A stable period was defined as three or more consecutive INR 
measurements within the patient‐specific TR over a period of ≥ 3 weeks. Patients 
who did not reach a stable period were excluded from the analysis. 

For the development of the algorithm, the following determinants were used: age 
at start of stable period, sex, indication for anticoagulation, TR, weight, height, and 
body surface area (BSA) calculated with the formula of Haycock. For the genotype‐
guided algorithm, the VKORC1, CYP2C9, CYP4F2, CYP3A4 and CYP2C18 genotypes 
were also used as determinants (number of variant alleles). 

Height and weight change continuously in pediatric patients; hence, the last 
available measurement could be outdated at the start of the stable period. Therefore, 
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we constructed time windows by using the World Health Organization growth tables 
of height and weight for age.[24-27] For each age, the duration of time in which the 
mean height increased by ≤ 5 cm and the mean weight by ≤ 2 kg was determined. 
We considered height and weight to be still valid when measured within the time 
window. The applied time windows per age at the start of the stable period are 
shown in Table S1. Only weight and height values that were valid according to the 
above time windows were used. 

Statistical analysis and algorithm development
Two algorithms were generated for acenocoumarol: one with genetic information 
(genetic model) and one without genetic information (clinical model). Linear 
regression was used to model the relationships between stable dose as outcome 
and determinants. Determinants that were univariately associated with outcome 
(P < 0.2) were used as candidate variables for the algorithm. Two transformations 
of the outcome were considered, i.e. 10‐log and square root transformation, to 
establish whether transformation would, by visual inspection, improve the normal 
distribution. If this was the case, the transformation by which the outcome was 
visually most normally distributed was used. A forward stepwise selection procedure 
was used for the multivariate analysis, in which all determinants with a P‐value of  
< 0.05 were entered into the model. 

To analyze differences in mean dose between categories of a determinant, a 
Student’s t‐test or a one‐way ANOVA was used. 

A sensitivity analysis was conducted in which, instead of a forward stepwise 
selection procedure, a backward selection procedure was used. A second sensitivity 
analysis was conducted to check whether defining the stable period more strictly 
(three or more consecutive INR measurements within the TR over a period of ≥ 4 
weeks and no dose changes of > 10%) would lead to different results with regard to 
R2, covariates entered in the model, and the β estimates. 

The observed mean stable dose was compared with the doses predicted by the 
genetic model and the doses calculated on the basis of weight and age group as 
described in the guideline of the Dutch Federation of Anticoagulation Clinics [6]. 
They were compared by use of a Wilcoxon signed rank test. Statistical analysis was 
carried out with SPSS version 23.0. 
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RESULTS

Patient characteristics
In total, 175 patients were included in the study, of whom 123 had a stable 
period and dose information available. The patients with valid weight and height 
information were included in the clinical cohort (n = 86). Of these 86 patients, 
genetic analysis failed in one, and no saliva sample was collected for five. Therefore, 
for 80 patients, genetic information was available, and these were included in the 
genetic cohort (Fig. 1). An overview of the characteristics of the cohorts (including 
indications for anticoagulation) is shown in Table 1. The cohorts consisted of similar 
numbers of females and males, with median ages of 8.9 years (clinical cohort) and 
9.7 years (genetic cohort). Most patients were treated with the standard‐intensity 
(2.5–3.5) or high‐intensity (3.0–4.0) TRs that were used at the time of the study in the 
Netherlands. No patients were breastfed during the stable period. 

Figure 1. Flowchart of patients included in the cohort for the clinical algorithm and genetic 
algorithm.
* More information on the 47 patients who were excluded based on missing a stable period can be 
found in the supporting information Table S9. 
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Table 1. Patient characteristics at start of stable period

Clinical cohort* Genetic cohort*

(n=86) (n=80)
Sex (female), n (%) 42 (48.8) 40 (50.0)
Age (years), median (IQR) 8.9 (4.2, 13.3) 9.7 (4.2, 14.0)
<1, n (%) 2 (2.4) 2 (2.5)
1-3, n (%) 16 (18.8) 15 (19.0)
4-6, n (%) 18 (21.2) 15 (19.0)
7-9, n (%) 10 (11.8) 9 (11.4)
10-12, n (%) 12 (14.1) 12 (15.2)
13-15, n (%) 13 (15.3) 12 (15.2)
16-18, n (%) 14 (16.5) 14 (17.7)
Ethnicity, n (%)
European 73 (84.9) 68 (85.0)
Asian 2 (2.3) 2 (2.5)
African 2 (2.3) 2 (2.5)
Others 4 (4.7) 4 (5.0)
Unknown 5 (5.8) 4 (5.0)
Indication for anticoagulation, n (%)
Fontan circulation 26 (30.2) 21 (26.3)
Prosthetic heart valve 24 (27.9) 23 (28.7)
Dilated cardiomyopathy 9 (10.5) 9 (11.3)
Deep vein thrombosis/ pulmonary embolism 18 (20.9) 18 (22.5)
Aneurysm 1 (1.2) 1 (1.3)
Pulmonary hypertension 3 (3.5) 3 (3.8)

Other cardiac indication  Ɨ 3 (3.5) 3 (3.8)

Cerebral 2 (2.3) 2 (2.5)
TR, n (%)
Extra low (2.0-2.5) 2 (2.3) 2 (2.5)
Low (2.0-3.0) 18 (20.9) 15 (16.9)
Standard (2.5-3.5) 43 (50.0) 42 (54.5)
High (3.0-4.0) 22 (25.6) 20 (24.7)
Extra high (3.5-4.5) 1 (1.2) 1 (1.3)
BSA‡, median (IQR) 0.98 (0.67, 1.38) 1.00 (0.68, 1.38)

IQR, interquartile range; TR, therapeutic International Normalized Ratio range; BSA, body surface area. 
* The genetic cohort is derived from the clinical cohort, excluding 6 patients without genetic information available. 

 Ɨ Consists of supraventricular tachycardia and an unspecified arrhythmia.
‡ Calculated using the formula of Haycock.



The pediatric acenocoumarol dosing algorithm  |  121

4.1

Genetic characteristics
The genotype distribution of the SNPs in the five studied genes with the observed 
mean stable doses are shown in Table 2. Almost all genotypes showed a trend of 
decreasing dose with an increase in number of variant alleles, except for CYP3A4*1B, 
for which a trend in the opposite direction was shown. All genotypes were in Hardy–
Weinberg equilibrium, and all SNPs had call rates of ≥ 99.5%. 

Association of clinical and genetic variables with acenocoumarol dose
From the tested transformations, the 10‐log transformation of the mean stable dose 
resulted in the visually most normal distribution, and was therefore used. 

High associations existed between log mean stable dose and age (R2 = 30.5;  
P < 0.001), height (R2 = 36.9; P < 0.001), weight (R2 = 36.5; P < 0.001), and BSA  
(R2 = 40.4; P < 0.001). Patients with a Fontan circulation required a statistically 
significantly lower log mean stable dose than the other patients (mean difference 
of 1.10 mg; 95% confidence interval (CI) [0.60–1.60]; P < 0.001), as shown in Fig. 2. 
This could not be explained by the fact that Fontan patients in general have a lower 
TR. When Fontan patients were compared with non‐Fontan patients stratified per 
TR group, the mean dose was always lower in Fontan patients than in non‐Fontan 
patients (Table S3). The TR was not statistically significantly associated with the log 
mean stable dose (R2 = 4.2%; P = 0.058). The median of the individual mean observed 
doses per TR seemed to increase when the TR increased, as shown in Fig. 3. However, 
the observed mean stable doses of patients with a TR of 2.0–3.5 reached from the 
lowest to the highest observed mean stable dose in all patients in the cohort. 

VKORC1, CYP2C9*2/CYP2C9*3 and CYP3A4*22 were associated with a lower 
log mean stable dose when the number of variant alleles increased (VKORC1,  
R2 = 19.2%, P < 0.001; CYP2C9*2/CYP2C9*3, R2 = 3.9%, P = 0.080; CYP3A4*22,  
R2 = 4.2%, P = 0.067). The log mean stable dose was statistically significantly higher 
in patients with the VKORC1 GG genotype than in patients with the AG genotype  
(mean difference of 0.93 mg; 95% CI [0.29–1.58]; P = 0.010) or AA genotype 
(mean difference of 1.35 mg; 95% CI [0.48–2.21]; P < 0.001), as shown in Fig. 2. For  
CYP2C9*2/CYP2C9*3 and CYP3A4*22, there were no statistically significant 
differences in mean stable dose between the genotypes. 

No associations with P‐values of < 0.2 were found for ethnicity, sex, CYP4F2, or 
CYP3A4*1B. 
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Figure 2. Differences in mean stable dose between VKORC1 genotypes and patients with or without 
a Fontan circulation. A boxplot of the mean stable dose in mg/day per VKORC1 genotype in the 
genetic cohort (A) and a boxplot of patients with and without a Fontan circulation in the clinical 
cohort(B). The p-values shown are calculated using the log mean stable dose.

Figure 3. The observed mean stable dose per TR in the clinical cohort.
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Table 2. Distribution of genotypes and observed, predicted and guideline based daily dose

n (%)
Observed dose, 
median (IQR)*

Predicted dose, 
median (IQR) *

Guideline based dose, 
median (IQR) * Ɨ

VKORC1
GG 33 (41.3) 2.52 (1.70, 3.64) 2.34 (1.56, 3.11) 1.89 (1.47, 2.50)
AG 34 (42.5) 1.66 (1.14, 2.29) 1.38 (1.22, 2.21) 1.44 (1.02, 1.95)
AA 13 (16.3) 1.00 (0.71, 1.68) 1.35 (0.95, 1.48) 1.63 (1.56, 2.03) Ɨ

CYP2C9 *2/*3
CC/AA 50 (62.5) 1.88 (1.29, 2.83) 1.63 (1.35, 2.5) 1.66 (1.32, 2.10)
CC/CA 10 (12.5) 1.21 (0.71, 2.55) 1.05 (0.91, 2.15) 1.71 (1.30, 2.35)
CT/AA 17 (21.3) 1.70 (1.14, 2.64) 1.64 (1.4, 2.05) 1.63 (1.30, 2.30)
CT/CA 2     (2.5) 1.51 (0.81, 2.22) 1.71 (0.9, 2.53) 2.38 (1.55, 3.2)
TT/AA 1     (1.3) 1.44 (1.44, 1.44) 1.10 0.90 
CYP2C18
GG 46 (57.5) 1.85 (1.15, 3.24) 1.64 (1.35, 2.50) 1.56 (1.18, 2.04) Ɨ

AG 29 (36.3) 1.62 (1.12, 2.37) 1.48 (1.07, 2.29) 1.76 (1.43, 2.50)
AA 5     (6.3) 1.83 (0.71, 1.89) 1.56 (0.95, 1.87) 2.08 (1.70, 2.15)
CYP4F2
CC 40 (50.0) 1.80 (1.29, 3.13 - -
CT 37 (46.3) 1.68 (1.14, 2.37) - -
TT 3     (3.8) 2.27 (0.81, 3.02) - -
CYP3A4*22
GG 67 (83.8) 1.84 (1.15, 2.83) - -
GA 13 (16.3) 1.28 (0.81, 1.83) - -
CYP3A4*1B
TT 74 (92.5) 1.70 (1.14, 2.63) - -
TC 6     (7.5) 1.98 (1.84, 2.64) - -

BSA, body surface area; CI, confidence interval; -, not applicable.
*Doses are shown in mg/day. 
 Ɨ Difference between observed and guideline based dose, p<0.05.
 Ɨ The dose is calculated using the dosing information of the guideline of the Dutch Federation of anticoagulation clinics[6].

Multivariate linear regression
From the univariate analysis, BSA, Fontan circulation, TR, VKORC1, CYP2C18, 
CYP3A4*22 and CYP2C9*2/CYP2C9*3 were used as candidate variables in the 
multivariate regression analysis (because P < 0.2). For the clinical model, all variables 
except for the genetic ones were used. 

High correlation existed between age, height, weight, and BSA (all r > 0.872), 
which resulted in multicollinearity when more than one was entered into the model. 
BSA had the highest univariate R2 of these four variables, and incorporates all 
variables. Therefore, only BSA was used as a candidate variable in the multivariate 
linear model. 
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Table 3. Genetic and clinical algorithm

Genetic algorithm* (n=80) Clinical algorithmƗ (n=86)

Coefficients (95% CI)
Univariate 
unadjusted R2, %

Coefficients (95% CI)
Univariate 
unadjusted R2, %

Intercept  0.105 - -0.061 -
BSA  0.316 ( 0.228,  0.404) 38.3  0.319 ( 0.215,  0.424) 40.4
Fontan circulation -0.102 (-0.187, -0.017) 17.3 -0.149 (-0.247, -0.051) 22.3
VKORC1 -0.120 (-0.171, -0.069) 19.2 - -
CYP2C18 -0.084 (-0.146, -0.022) 4.4 - -
CYP2C9*2 and *3 -0.090 (-0.155, -0.026) 3.9 - -
Unadjusted R2 of the algorithm, % 64.3 46.3
Adjusted R2 of the algorithm, % 61.8 45.0

BSA body surface area; CI confidence interval; - not applicable. 
* Regression equation: log daily dose (mg) = 0.105 + 0.316 (BSA, m2) – 0.102 (Fontan circulation, yes=1; no=0) – 0.120 (number of 
VKORC1 variant alleles) – 0.084 (number of CYP2C18 variant alleles) – 0.090 (number of CYP2C9 *2 and *3 variant alleles). 
 Ɨ Regression equation: log daily dose (mg) = -0.061 + 0.319 (BSA, m2) – 0.149 (Fontan circulation, yes=1; no=0).

Figure 4. The differences between predicted and observed doses within the genetic cohort.
The differences of the predicted doses with the genetic model (dots), clinical model (triangles) and 
current guideline (crosses) with the observed mean stable doses are plotted against the predicted 
dose. Large overestimation (>2 mg) of the dose by the genetic model for case 6 and 11 and large 
underestimations (>2 mg) of the dose by especially the clinical model and the guideline for case 16, 
55, 62, and 68. 
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BSA, Fontan circulation, VKORC1, CYP2C18 and CYP2C9*2/CYP2C9*3 were 
entered into the genetic model (adjusted R2 = 61.8%; Table 3). The clinical model 
containing BSA and Fontan circulation explained 45.0% of the variability in the dose 
requirement of acenocoumarol. 

Sensitivity analysis
Changing the selection procedure to backward selection resulted in exactly the same 
models. 

When the stricter definition of a stable period was used, 47 patients could be 
included in the analysis. Multivariable analysis resulted in a genetic algorithm 
consisting of BSA, VKORC1 genotype, and CYP2C9 genotype (adjusted R2 = 62.2%). 
The coefficients were similar to those generated with the cohort with the less strict 
definition. The clinical algorithm consisted only of BSA and explained 42.6% of the 
variability in the dose requirement. Data are shown in Tables S4–S6. 

When age was used instead of BSA, 116 patients could be included in the genetic 
cohort. The same variables with comparable coefficients were found, with an adjusted 
R2 of 54.4%. The clinical algorithm (n = 123) with age and Fontan circulation explained 
only 37.9% of the variability in the dose requirement. Data are shown in Tables S7–S9. 

Guideline versus the genetic algorithm
Overall, the current guideline of the Dutch Federation of Anticoagulation Clinics 
shows a slight trend of underestimating the dose for homozygous wild‐type 
genotypes and overestimating the dose for homozygous variant genotypes  
(Table 2). For the VKORC1 AA genotype, homozygous variant type, there was a 
statistically significant overestimation of the dose according to the guideline as 
compared with the required observed stable dose (median difference of 0.44 mg; 
interquartile range [IQR] 0.28–0.98; P = 0.019). Furthermore, for the CYP2C18 GG 
genotype, homozygous wild‐type, a statistically significant underestimation of the 
dose was observed (median difference of − 0.20 mg; IQR − 0.88 to 0.25; P = 0.025). 

Figure 4 shows that the difference between the predicted and the observed dose 
was small for most patients (median differences of 0.38 mg [genetic model] and 0.54 
mg [clinical model and current guideline]). With the genetic model, 82.5% of the 
patients had a predicted dose that was ≤ 1 mg higher or lower than the observed 
dose. For the clinical model and the current guideline, these proportions were 77.5% 
and 75%, respectively. Two patients (cases 6 and 11) had large overestimations of 
the dose by the genetic model (differences of > 2 mg). Neither patient had a Fontan 
circulation or variant VKORC1, CYP2C9 and CYP2C18 genotypes. However, they had 
obesity (body mass index [BMI] > 30) and had a distinctively higher BSA than other 
patients of the same age (Fig. S1). Four patients (cases 16, 55, 62, and 68) had large 



126

underestimations of the dose (> 2 mg) by the clinical model and the guideline (and 
for case 68, also the genetic model). These patients did not have variant VKORC1, 
CYP2C9 and CYP2C18 genotypes or a Fontan circulation. However, they had higher 
observed doses than other patients of similar age (Fig. S2). 

DISCUSSION

To the best of our knowledge, this is the first pediatric cohort in which the effects 
of clinical and genetic factors on the acenocoumarol dose requirement have been 
studied. It shows that almost two‐thirds of the variability in acenocoumarol dose 
requirement can be explained by BSA, Fontan circulation, and VKORC1, CYP2C9 and 
CYP2C18 genotypes. Almost half of the total variability can be explained by clinical 
factors. With our data, we were able to develop both a clinical and a genetic dosing 
algorithm for acenocoumarol in pediatric patients. 

Age or age‐related factors have been shown to be important explanatory factors 
for the variability in dose requirement in all pediatric pharmacogenetic studies, 
ranging from 12% to 52.8%.[16-21, 23] Mostly, age was used, but sometimes height or 
weight was also used. We decided to use BSA, which incorporates both height and 
weight, and had the highest correlation with the required maintenance dose in our 
cohort. BSA explained 38.3% of the variability in dose requirement. The choice of 
BSA resulted in a marked decrease in sample size, because a large number of patients 
had no (valid) BSA information available. The number of patients (80) included in the 
genetic cohort is lower than the number required (110) on the basis of the sample 
size calculation. However, we found a standard deviation of 1.26 mg in the outcome 
for CYP2C9 (data not shown), which is lower than the 2.1 mg used in the sample size 
calculation. Consequently, a power of 97.7% was achieved with these 80 patients. 
The sensitivity analysis in which age was used instead of BSA led to a similar model 
(same variables and similar coefficients). This shows that the smaller sample size of 
the cohort when BSA was used did not materially influence the model or decrease 
the chance of other factors being included in the model. 

Patients with a Fontan circulation required a lower acenocoumarol dose than 
patients without a Fontan circulation. The presence of a Fontan circulation explained 
17.3% of the variability. This is substantially higher than the 3.2% and 2.4% found in 
two other studies.[16, 21] Patients with a Fontan circulation were, on average, younger 
than the other patients and had therefore a lower BSA. Adding Fontan circulation 
to the model next to BSA resulted in only a minor change in the unadjusted R2 
(6%). Furthermore, the TR could have influenced the dose in patients with a Fontan 
circulation. In the Netherlands, the range between 2.0 and 3.0 is mostly used for 
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patients with a Fontan circulation (in our genetic cohort, 60% of the patients with 
this TR had a Fontan circulation). However, we showed that patients with a Fontan 
circulation required a lower dose even when stratified on the TR. The remaining dose‐
lowering effect of a Fontan circulation can probably be explained by abnormalities 
in these patients in liver function and coagulation.[28, 29] 

In line with other studies, VKORC1 is the most important genetic factor, and 
explains a larger part of the variability (19.2%) than CYP2C9*2 and CYP2C9*3 (3.9%). 
The percentages of the explained variability fluctuate between the different studies, 
from 2.8% to 47%[18, 20] for VKORC1, and from 0.3% to 26.6% for CYP2C9.[16, 18] The 
reasons for this fluctuation could be the differences in patient characteristics and 
the small sample sizes of many studies. 

In line with the findings of Teichert et al. in adults, we showed an association 
with the SNP (rs1998591) flanking CYP2C18 and the acenocoumarol dose.[12] We 
found that patients with the variant allele needed a lower acenocoumarol dose. The 
role of this SNP in the metabolism of acenocoumarol is still unclear, which makes 
interpreting these results difficult. 

The ontogeny of the associated CYP450 enzymes and that of the target enzyme 
of acenocoumarol are similar. They already approach adult levels in early childhood. 
After birth, the concentration of CYP2C9 quickly increases, and adult values are 
already approached in the early years of life.[30, 31] However, there is variation in 
expression levels at every age. Little is known about the ontogeny of CYP2C18, but 
it seems to have a similar ontogeny to that of CYP2C9.[32] VKORC1 shows low activity 
in liver tissue in the early prenatal period. After the postnatal period, the activity 
stabilizes at adult values.[33] Therefore, the influences of ontogeny on the results are 
most likely minimal. 

We did not find a statistically significant association for CYP4F2, CYP3A4*22, and 
CYP3A4*1B, which is in line with all other pediatric studies.[17, 21-23] Furthermore, there 
was no statistically significant association between the TR and dose requirement. This 
is in line with the results of three other pediatric studies with warfarin.[16, 18, 21] Only two 
studies showed an association between dose and the TR, explaining 4.4% and 18% 
of the variation in warfarin dose requirement.[17, 20] We showed that the observed 
doses per TR were overlapping substantially (Fig. 3). Our study was probably 
underpowered to make a distinction between the overlapping TRs. However, we do 
not think that the absence of the TR from the model is a problem, because the effect 
seems to be small. Furthermore, the current guideline also does not use the TR as a 
factor to determine the dose for a patient.[6] 

The limitations of our study mainly concern the retrospective data collection. The 
information on the doses and INRs might be incorrect or incomplete. Furthermore, 
information on concurrent (interacting) drug therapy was not taken into account. 
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This information was often incomplete or missing from the patient records. No 
information on the patients’ diet (vitamin K intake) was available. Incorporating 
concurrent drug therapy and diet in the model could have increased the percentage 
of explained variability in dose requirement. The lack of this information could 
possibly reduce the external validity. This could also have explained the large 
underestimation of the predicted doses by the clinical model and the guideline, 
which was seen in four patients. Furthermore, the number of patients aged < 1 year 
was very low, which possibly reduces the validity of this model for these patients. 
The genetic model overestimated the dose for obese patients with a BMI of > 30. 

The next step towards clinical use would preferably be the validation of the 
model in another cohort. However, the low number of pediatric patients using 
acenocoumarol makes this highly challenging. Therefore, we suggest that the 
genetic model could also be implemented and evaluated in a clinical setting. We 
believe that the model can help to get patients more quickly in the TR, allowing 
the number of INR measurements to be reduced and the TTR to be increased. Using 
the model without validation does not increase risks. Most pediatric patients start 
with acenocoumarol in inpatient settings, and dose adjustments can still be made 
on the basis of INR measurements. Furthermore, we showed a trend for the current 
guideline to overestimate the dose for patients with a homozygous variant‐type 
genotype of VKORC1, CYP2C9*2/CYP2C9*3, and CYP2C18, and to underestimate 
the dose for patients with a homozygous wild‐type genotype for these genes. 
On the other hand, implementing and evaluating the algorithm in clinical setting 
costs money for genotyping. Verhoef et al. showed that pharmacogenetic dosing 
of acenocoumarol in adults could slightly increase health, but would only be cost‐
effective when the costs of genotyping decreased to €30 or less 34. Furthermore, the 
costs of genotyping are rapidly decreasing, so prices in this range might be possible 
in the near future. 

For application of the dosing algorithm in clinical practice, tablets of lower 
strength than the current 1‐mg acenocoumarol tablets would be required for 
young patients needing low doses. In this study, we found that some pharmacies 
were already manufacturing capsules with lower amounts of acenocoumarol (e.g. 
0.5 mg) to meet the dose requirement of the patient. Furthermore, van Schie et al. 
have described how the calculated mean maintenance dose can be achieved with 
the current available tablets of 1 mg 35. This method can also be used for tablets of 
lower strength. 

We have provided two dosing algorithms; however, we recommend using the 
genetic algorithm. When it is not possible to perform genotyping, the clinical model 
can be used. In Table S9, we also show a model with only age instead of BSA, which 
could be used when weight and height are unknown. However, the percentage of 
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variability that was explained by the clinical model with age instead of BSA was 7.1% 
lower (37.9% versus 45.0%). This is a high percentage, which makes it worthwhile 
to determine height and weight in clinical practice before starting acenocoumarol. 

In conclusion, we have shown that clinical factors explain a large proportion 
of the variability in dose requirement of acenocoumarol in pediatric patients. 
Furthermore, we have demonstrated that polymorphisms in or flanking VKORC1, 
CYP2C9 and CYP2C18 all increase the explained variability. Together, clinical and 
genetic factors were able to explain 61.8% of the variability. Both the clinical model 
and the genetic model are expected to improve acenocoumarol therapy in pediatric 
patients, as compared with the dosing method used today, which is based only on 
age group and weight. 
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SUPPORTING INFORMATION

Height and weight valid time windows 

Table S1. Applied time windows for height and weight per age at start of stable period.

Age Valid time window (months)
Height & weight

<0.5 1 
0.5 2 
1 3
1.5 4
2 5
2.5 6 
3 6 
3.5 7 
4 8 
4.5 8
5 9 
6 9 
7 10 

Height Weight
8 10 9
9 10 7
10 10 6
11 9 6 *
12 10 6 *
13 8 6 *
14 8 6 *
15 10 6 *
16 12 6 *
17 18 6 *
18 24 6 *

 *Kept on 6 months. 
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Patients without a stable period

Table S2. Information on the patients without a stable period

Possible reasons for no stable period  n=47 Reasons for end of follow-up

Impossible to have a SP (<21 days) 12 Lost to follow up (n=9) or switch to phenprocoumon (n=3)

Short periods of data < 2 months 12 Lost to follow up (n=2), stopped (n=4), switch to aspirin (n=3) or phenprocoumon (n=3)

Medium periods of data 2-3 months 13 Stopped (n=12) or switch to phenprocoumon (n=1)

No obvious reason 10 Stopped (n=7), switch to aspirin (n=1) or switch to phenprocoumon (n=2)*

* Medium (min, max) duration of follow-up time 6.3 (3.1,14.8) months

Fontan and TR

Table S3. Mean stable dose for patients with and without a Fontan circulation stratified per TR 
within the genetic cohort

TR Fontan n Mean stable dose (mg/day)

2.0-2.5
No 1 1.14
Yes 1 0.73

2.0-3.0
No 6 2.08
Yes 9 1.34

2.0-3.5
No 30 2.55
Yes 12 1.40

2.5-4.0
No 18 2.20
Yes 2 1.24

3.5-4.5
No 1 2.58
Yes 0 NA

TR, Therapeutic International Normalized Ratio range.
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Algorithms using a stricter definition of a stable period

Table S4. Patient characteristics of patients included using a stricter definition of a stable period

Clinical & genetic cohort
n=47

Sex (female), n (%) 28 (59.6)
Age at start of the stable period in years, median (IQR) 9.5 (4.7, 14.2)
<1, n (%) 1 (2.2)
1-3, n (%) 6 (13.0)
4-6, n (%) 13 (28.3)
7-9, n (%) 5 (10.9)
10-12, n (%) 4 (8.7)
13-15, n (%) 9 (19.6)
16-18, n (%) 8 (17.4)
Ethnicity, n (%)
European 38 (80.9)
Asian 2 (4.3)
African 2 (4.3)
Others 3 (6.4)
Unknown 2 (4.3)
Indication for anticoagulation, n (%)
Fontan procedure 11 (23.4)
Prosthetic heart valve 13 (27.7)
Dilated cardiomyopathy 5 (10.6)
Deep vein thrombosis/ pulmonary embolism 12 (25.5)
Aneurysm 1 (2.1)
Pulmonary hypertension 2 (4.3)
Other cardiac indication* 2 (4.3)
Stroke 1 (2.1)
TR, n(%)
Extra low (2-2.5) 2 (4.3)
Low (2-3) 7 (14.9)
Standard (2.5-3.5) 25 (53.2)
High (3.0-4.0) 12 (25.5)
Extra high (3.5-4.5) 1 (2.1)
Maintenance dose in mg/kg bodyweight, median (IQR) 0.07 (0.04, 0.10)

BSAƗ, median (IQR) 0.96 (0.69, 1.40)
 
IQR, interquartile range; BSA, body surface area; TR, therapeutic International Normalized Ratio range. 
* consists of supraventricular tachycardia (n=1) and an unspecified arrhythmia (n=1). 
Ɨ calculated using the formula of Haycock.
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Table S5. Distribution of genotypes within patients included using a stricter definition of a stable 
period

 n (%)
VKORC1
GG 21 (44.7)
AG 19 (40.4)
AA 7 (14.9)
CYP2C9 *2/*3
CC/AA 29 (61.7)
CC/CA 6 (12.8)
CT/AA 9 (19.1)
CT/CA 2 (4.3)
TT/AA 1 (2.1)
CYP2C18
GG 27 (57.4)
AG 17 (36.2)
AA 3 (6.4)
CYP4F2
CC 21 (44.7)
CT 24 (51.1)
TT 2 (4.3)
CYP3A4*22
GG 39 (83.0)
GA 8 (17.0)
CYP3A4*1B
TT 45 (95.7)
TC 2 (4.3)

Italic is wild type genotype.

Table S6. Genotype-guided algorithm and clinical algorithm using a stricter definition of a stable 
period

Genotype-guided algorithm* (n=47) Clinical algorithmƗ (n=47)
Coefficients 
(95%CI)

Univariate 
unadjusted R2, %

Coefficients
(95%CI)

Univariate 
unadjusted R2, %

Intercept  0.069 -0.105
BSAc  0.312 ( 0.208,   0.415) 43.9 0.350 (0.231, 0.469) 43.9
VKORC1 -0.118 (-0.186, -0.051) 22.5 NA NA
CYP2C9*2 and *3 -0.113 (-0.189, -0.037) 6.1 NA NA
Unadjusted R2 of the algorithm, % 62.2 43.9
Adjusted R2 of the algorithm, % 59.5 42.6

BSA, body surface area; SE, standard error; CI, confidence interval. 
* Regression equation: log daily dose (mg) = 0.069 + 0.312 (BSA, m2) – 0.118 (number of VKORC1 variant alleles) – 0.113 (number of 
CYP2C9 *2 and *3 variant alleles). 
Ɨ Regression equation: log daily dose (mg) = -0.105 + 0.350 (BSA, m2)
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Algorithms using age instead of BSA

Table S7. Patient characteristics of patients included using age instead of BSA

Genetic cohort Clinical cohort
n=116 n=123

Sex (female), n (%) 58 (50.0) 61 (49.6)
Age at start of the stable period in years, median (IQR) 8.0 (3.8, 13.6) 7.9 (3.9, 13.3)
<1, n (%) 3 (2.6) 3 (2.5)
1-3, n (%) 26 (22.6) 27 (22.1)
4-6, n (%) 24 (20.9) 27 (22.1)
7-9, n (%) 11 (9.6) 12 (9.8)
10-12, n (%) 17 (14.8) 17 (13.9)
13-15, n (%) 14 (12.2) 15 (12.3)
16-18, n (%) 20 (17.4) 21 (17.2)
Ethnicity, n (%)
European 98 (84.5) 103 (83.7)
Asian 4 (3.4) 4 (3.3)
African 2 (1.7) 3 (2.4)
Others 7 (6.0) 7 (5.7)
Unknown 5 (4.3) 6 (4.9)
Indication for anticoagulation, n (%)
Fontan procedure 32 (27.6) 37 (30.1)
Prosthetic heart valve 30 (25.9) 31 (25.2)
Dilated cardiomyopathy 14 (12.1) 14 (11.4)
Deep vein thrombosis/ pulmonary embolism 22 (19.0) 23 (18.7)
Aneurysm 3 (2.6) 3 (2.4)
Pulmonary hypertension 6 (5.2) 6 (4.9)
Other cardiac indication* 6 (5.2) 6 (4.9)
Cerebral 3 (2.6) 3 (2.4)
TR, n(%)
Extra low (2-2.5) 4 (3.4) 4 (3.3)
Low (2-3) 23 (19.8) 26 (21.1)
Standard (2.5-3.5) 59 (50.9) 61 (49.6)
High (3.0-4.0) 27 (23.3) 29 (23.6)
Extra high (3.5-4.5) 3 (2.6) 3 (2.4)
Maintenance dose in mg/kg bodyweight, median (IQR) 0.07 (0.04, 0.09) 0.06 (0.04, 0.09)

BSAƗ, median (IQR) 1.00 (0.68, 1.38) 0.98 (0.67, 1.38)

IQR, interquartile range; BSA, body surface area; TR, therapeutic International Normalized Ratio range. 
* consists of BT shunt (n=1), impaired left ventricular function (n=1), supraventricular tachycardia (n=3) and an unspecified arrhythmia 
(n=1). 
Ɨ calculated only for n= 86 patients (clinical cohort) and n= 80 patients (genetic cohort) using the formula of Haycock.
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Table S8. Distribution of genotypes within patients included using age instead of BSA

n (%)
VKORC1
GG 42 (36.2)
AG 53 (45.7)
AA 21 (18.1)
CYP2C9 *2/*3
CC/AA 71 (61.2)
CC/CA 14 (12.1)
CT/AA 27 (23.3)
CT/CA 2 (1.7)
TT/AA 2 (1.7)
CYP2C18
GG 64 (55.2)
AG 43 (37.1)
AA 9 (7.8)
CYP4F2
CC 58 (50.0)
CT 53 (45.7)
TT 5 (4.3)
CYP3A4*22
GG 100 (86.2)
GA 16 (13.8)
CYP3A4*1B
TT 109 (94.0)
TC 7 (6.0)

Italic is wild type genotype.

Table S9. Genotype-guided algorithm and clinical algorithm using age instead of BSA

Genotype-guided algorithm* (n=116) Clinical algorithmƗ (n=123)
Coefficients 
(95% CI)

Univariate 
unadjusted R2, %

Coefficients
(95% CI)

Univariate 
unadjusted R2, %

Intercept 0.254 0.074
Age 0.021 (0.014, 0.028) 29.5 0.020  (0.013, 0.028) 30.5
Fontan circulation -0.164 (-0.244, -0.084) 22.2 -0.186 (-0.277,-0.096) 25.2
VKORC1 -0.133 (-0.180, -0.086) 16.4 NA NA
CYP2C18 -0.079 (-0.133, -0.025) 1.8 NA NA
CYP2C9*2 and *3 -0.092 (-0.152, -0.032) 1.6 NA NA
Unadjusted R2 of the algorithm, % 56.4 38.9
Adjusted R2 of the algorithm, % 54.4 37.9

SE, standard error; CI, confidence interval.
* Regression equation: log daily dose (mg) = 0.254 + 0.021(Age, year) – 0.164 (Fontan circulation, yes=1; no=0) – 0.133 (number of 
VKORC1 variant alleles) – 0.079 (number of CYP2C18 variant alleles) – 0.092 (number of CYP2C9 *2 and *3 variant alleles). 
Ɨ Regression equation: log daily dose (mg) = 0.074 + 0.020 (Age, year) – 0.186 (Fontan circulation, yes=1; no=0).
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Patients with large over or underestimation of the dose

Figure S1. Body surface area (BSA) per age. The two patients (number 6 and 11) who had a large 
overestimation of the dose (>2 mg/day) predicted with the genetic algorithm were both obese. 
This is also translated in the distinctive higher BSAs compared to the other patient of the same age. 

Figure S2. Observed mean stable dose per age. The four patients (16, 55, 62, 68) with large 
underestimations of the dose (>2 mg/day) predicted with the clinical model and the guideline  
(68 also with the genetic model) all had higher observed doses compared to the other patients 
within the cohort. 
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ABSTRACT 

Aims
To study the effects of clinical and genetic factors on the phenprocoumon dose 
requirement in pediatric patients and to develop a dosing algorithm.

Methods
Pediatric patients who used phenprocoumon were invited to participate in a 
retrospective follow-up study. Clinical information and genotypes of genetic 
variations in CYP2C9, VKORC1, CYP4F2, CYP2C18, and CYP3A4 were collected and 
tested with linear regression for association with phenprocoumon dose requirement. 

Results
Of the 41 patients included in the analysis, age, VKORC1, CYP2C9*2/*3, and CYP3A4*1B 
were statistically significantly associated with dose requirement, and together 
explained 80.4% of the variability in phenprocoumon dose requirement.

Conclusion
Our study reveals that age and genetic variations explain a significant part of the 
variability in phenprocoumon dose requirement in pediatric patients.
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INTRODUCTION 

Together with warfarin and acenocoumarol, phenprocoumon is one of the three 
most commonly used vitamin K antagonists (VKAs). It has a slightly different 
metabolism than the other two and has the longest half-life of five days.[1] Few studies 
have investigated the use of phenprocoumon in pediatric patients. Currently, the 
guideline of the federation of Dutch anticoagulation clinics recommends the same 
starting dose for phenprocoumon as for acenocoumarol without any adjustments 
for differences between the two VKAs.[2] Spoor et al. evaluated the loading and 
maintenance dosages of acenocoumarol and phenprocoumon in pediatric patients 
and came to the conclusion that a separate age-related dosing guideline for both 
VKAs was needed.[3] However, until now, no dosing guideline for phenprocoumon in 
pediatric patients has been developed. 

The VKA dose requirement demonstrates high interindividual variability. An 
increasing amount of information is becoming available on the factors that are 
responsible for this variability. In pediatric patients, age and age-related factors 
(e.g. height and weight) explain a significant part of the variability (12-52.8%).[4–9] 

Furthermore, it has been demonstrated that genetic variations in the genes coding 
for CYP2C9 and VKORC1 explain 0.3% to 26.6% (CYP2C9) and 2.8% to 47% (VKORC1) 
of the variability in VKA dose requirement.[4–9] Most of these studies were undertaken 
with patients using warfarin. Only one relatively small study (n=26) was conducted 
with patients using phenprocoumon.[6] This study revealed that age was the most 
important factor, explaining 25.5% of the variability in dose requirement. Further, 
there was no statistically significant effect for the genetic variations in VKORC1 and 
CYP2C9 on the phenprocoumon dose [6]. In adults, genetic variations in VKORC1 and 
CYP2C9 have been clearly associated with the phenprocoumon dose.[10] 

The objective of this study was to undertake a further investigation into the 
effects of both clinical and genetic factors on the phenprocoumon dose requirement 
in pediatric patients, and to develop a pharmacogenetic dosing algorithm for 
phenprocoumon.

METHODS

Study design and population
The Children Anticoagulation and Pharmacogenetics Study (CAPS) was designed 
as a retrospective follow-up study in four academic pediatric hospitals and one 
anticoagulation clinic in the Netherlands, as previously described in more detail.[11,12] 
In brief, patients younger than 19 years of age who used phenprocoumon for more 
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than one month between January 1995 and December 2014 were selected and 
invited to participate in the study. The follow-up of a patient ended at the date of 
data collection at the anticoagulation clinic (between 11 January 2014 and 10 March 
2016), when patients turned 19 years of age, when they stopped phenprocoumon 
therapy, or when they were lost to follow-up.

The Medical Ethics Review Committee of the University Medical Center Utrecht 
decided that the study did not need ethical approval, because a non-invasive 
DNA collection was used. The UPPER Institutional Review Board of the Division of 
Pharmacoepidemiology and Clinical Pharmacology of Utrecht University approved 
the study protocol. All participants (and/or their parents or legal guardians) provided 
informed consent before taking part in the study.

Data collection
Information was collected at the hospital and anticoagulation clinics involved in the 
phenprocoumon treatment of each patient. Data collected at the hospitals included 
sex, date of birth, weight, height, and indication for phenprocoumon treatment. 
Data collected at the hospitals and anticoagulation clinics included International 
Normalized Ratio (INR) values, phenprocoumon doses, and the therapeutic INR 
range (TR). Furthermore, the patients and/or their parents were asked to fill in a 
questionnaire, on the basis of which information was collected on ethnicity, whether 
the patient was receiving breastfeeding during therapy and, if applicable, whether 
this was combined with vitamin K use by the mother. 

DNA was collected by means of saliva samples and genotyping was performed by 
the laboratory of the Department of Clinical Pharmacy and Toxicology of the Leiden 
University Medical Center using a LightCycler 480, with a TaqMan single nucleotide 
polymorphism (SNP) genotyping assay (ThermoFisher). The following seven SNPs 
were genotyped: VKORC1 (rs9934438), CYP2C9 (rs1799853 and rs1057910), CYP4F2 
(rs2108622), CYP3A4 (rs35599367 and rs2740574) and CYP2C18 (rs1998591). Only 
SNPs with a distribution of the genotypes in Hardy–Weinberg equilibrium (p≥0.05) 
were included in the analysis. 

Outcome, determinants and data analysis
The outcome of the algorithm was the stable maintenance dose (mg/day) defined 
as the mean dose during the first stable period after initiation. A stable period was 
defined as ≥3 consecutive INR measurements within the patient-specific TR over a 
period of ≥3 weeks. Patients who did not reach a stable period were excluded from 
the analysis. A 10-log transformation of the outcome was used to obtain a normal 
distribution. 
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The following determinants were used for the development of the algorithm: age 
at start of stable period, sex, indication for anticoagulation, and TR. The genotypes 
of the SNPs in VKORC1, CYP2C9, CYP4F2, CYP3A4 and CYP2C18 were also used as 
determinants (entered as number of variant alleles). 

Linear regression was used to model the association between stable dose as 
outcome and the determinants. Determinants that were univariately associated 
with the outcome (p<0.2) were used as candidate variables for the algorithm. A one-
way analysis of variance (ANOVA) was used to analyze the differences in log mean 
stable dose between genotypes of candidate SNPs. For the multivariable analysis, 
a forward stepwise selection procedure was used, in which all determinants with a 
p-value less than 0.05 were entered in the algorithm. Two sensitivity analysis were 
conducted. In one a Bonferroni corrected p-value of 0.005 (=0.05/10) was used for 
entering a variable into the model. In the other a backward selection procedure was 
used. The statistical analysis was carried out using IBM SPSS version 24.0.

RESULTS 

Patient characteristics
A total of 62 patients used phenprocoumon, 41 of whom had a stable period 
and genetic information available, as presented in Figure 1. There was almost an 
equal number of females (n=20, 49%) and males, with a median age of 9.3 years, 
as presented Table 1. Forty-two percent of the patients were 3 years or younger, 
while 44% were older than 13 years of age. Eighty-six percent of the patients 
were of European descent. Phenprocoumon was used for cardiac indications in 
two third of the patients. The standard TR of 2.0-3.5 was the most commonly used 
(53.7%), followed by the high TR of 2.5-4.0 (29.3%). None of the patients received 
breastfeeding during their stable period. The distributions of the genotypes per SNP 
(Table 1) were in Hardy-Weinberg equilibrium.

 

 

 
 

 
 

 

Stable period present
(n = 45)

Total cohort
(n = 62)

Salivary sample collected 
(n = 41)

Final cohort

Figure 1. Flowchart of patients included in the analysis. 
The characteristics of the excluded patients are presented 
Table S1 of the supplemental material.
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Table 1. Patient characteristics

Total cohort (n=41)

Sex (female), n (%) 20 (48.8)

Age at start of SP in years, median (IQR) 9.3 (3.2, 17.0)

<1, n (%) 2 (4.9)

1-3, n (%) 15 (36.6)

4-6, n (%) 1 (2.4)

7-9, n (%) 4 (9.8)

10-12, n (%) 1 (2.4)

13-15, n (%) 5 (12.2)

16-18, n (%) 13 (31.7)

BSAb, median (IQR) 0.97 (0.62, 1.23)

European ethnicity, n (%) 35 (85.4)

Indication for anticoagulation, n (%)

Fontan procedure 11 (26.8)

Prosthetic heart valve 8 (19.5)

Dilated cardiomyopathy 7 (17.1)

Deep vein thrombosis/ pulmonary embolism 10 (24.4)

Othera 5 (12.2)

TR, n (%)

Extra low (2.0-2.5) 1 (2.4)

Low (2.0-3.0) 6 (14.6)

Standard (2.0-3.5) 22 (53.7)

High (2.5-4.0) 12 (29.3)

Genotypes (0 / 1 / 2 variant alleles), n

VKORC1 14 / 18 / 9

CYP2C9*2/*3 26 / 13 / 2

CYP3A4*1B 35 /   6 / 0

CYP3A4*22 37 /   4 / 0

CYP4F2 18 / 15 / 8

CYP2C18 25 / 16 / 0

BSA, body surface area; TR, therapeutic International Normalized Ratio range. a Consists of supraventricular tachycardia (n=1), 
prophylactic/postoperative (n=3), and cerebral event (n=2). b Calculated using the formula of Haycock and only known for n=18.

Associations of clinical and genetic variables with the phenprocoumon dose
The log mean stable daily dose was strongly associated with age (unadjusted  
R2 = 56.2%, p<0.001). Patients with a Fontan circulation required a lower dose that 
was not statistically significant (unadjusted R2=6.0, p=0.12). Sex, ethnicity, and TR 
were not associated with the log mean stable daily dose (p>0.2). From the genotyped 
SNPs, only VKORC1 (unadjusted R2=16.9%, p=0.008), CYP2C9*2/*3 (unadjusted 
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R2=9.4, p=0.051), and CYP3A4*1B (unadjusted R2=14.9, p=0.013) were associated 
with the log mean stable dose. There was a clear decrease in the required dose, with 
an increase in the number of variant alleles (Figure 2). Only for CYP2C9*2/*3 there 
was a larger decrease in dose for patients with one variant allele than for those with 
two variant alleles, relative to patients without variant alleles. 

Figure 2. Mean stable dose per number of variant alleles for VKORC1, CYP2C9*2/*3 and CYP3A4*1B. 
The p-values indicated are calculated using the log mean stable dose. 

Table 2. Clinical and genetic dosing algorithms

Genetic algorithma Clinical algorithmb

Coefficients 
(95%CI)

Univariate unadjusted R2, %
Coefficients 
(95%CI)

Intercept -0.024 - -0.214

Age  0.028 ( 0.023,  0.034) 56.2 0.030 (0.21, 0.38)

VKORC1 -0.128 (-0.179, -0.076) 16.9 -

CYP2C9*2 and *3 -0.113 (-0.178, -0.049)   9.4 -

CYP3A4*1B -0.125 (-0.235, -0.015) 14.9 -

Unadjusted R2 of the algorithm, % 82.4 56.2

Adjusted R2 of the algorithm, % 80.4 55.0

CI, confidence interval; -, not applicable.
a Regression equation: log daily dose (mg) = -0.024 + 0.028 (age, y) – 0.128 (number of VKORC1 variant alleles) – 0.113 (number of 
CYP2C9 *2 and *3 variant alleles) – 0.125 (number of CYP3A4*1B variant alleles). 
b Regression equation: log daily dose (mg)= -0.214 + 0.030 (age, y)
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Figure 3. The differences between predicted and observed doses per patient. The differences of the 
predicted doses with the genetic algorithm (age, VKORC1, CYP2C9*2/*3, and CYP3A4*1B; circles) and 
the clinical algorithm (age; triangles) with the observed mean stable doses are plotted against the 
predicted dose per patient.

Phenprocoumon dosing algorithm
Age, Fontan circulation, VKORC1, CYP2C9*2/*3, and CYP3A4*1B were candidates in 
the multivariable regression analysis (because p<0.2). Age, VKORC1, CYP2C9*2/*3, 
and CYP3A4*1B were entered in the genetic algorithm and explained 80.4%  
(adjusted R2) of the variability in the dose requirement of phenprocoumon (Table 
2). Using the Bonferroni corrected p-value, CYP3A4*1B was not entered in the model  
and the model explained 78.1% (adjusted R2) of the variability in the dose 
requirement, as presented in Table S2 of the supplemental material. Using the 
backward selection procedure instead of the forward stepwise selection procedure 
resulted in the same algorithm. When clinical factors alone were included, 55.0% 
(adjusted R2) of the variability was explained (Table 2).

The influence of including the genotypes becomes clear when comparing the 
absolute difference of the predicted dose by the clinical and genetic algorithm 
with the observed dose (clinical algorithm: median difference of 0.35 mg/day, 
interquartile range [IQR] = 0.16-0.64 mg/day; genetic algorithm: median difference 
of 0.19 mg/day, IQR=0.07-0.37 mg/day), as presented in Figure 3. The two patients 
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who were underestimated by both the genetic and clinical algorithms were older 
(≥16 years of age) and required a distinctive higher dose compared to other patients 
of the same age – data not shown. 

DISCUSSION

With our study we were able to develop a dosing algorithm for phenprocoumon 
in pediatric patients containing both genetic and clinical factors. More than half of 
the variability in dose requirement was explained by age. The addition of genetic 
variations in VKORC1, CYP2C9 and CYP3A4 to the algorithm led to an explanation of 
80.4% of the variability in phenprocoumon dose requirement. 

Age explained 56.2% of the variability in our cohort. This is slightly higher than 
what the other studies in pediatric patients found in respect of age or age-related 
factors (height and weight), which ranges between 12% and 52.8%.[4–9] A possible 
reason for the higher percentage is our ability to include a relatively large number 
of young patients (41.5% < 4 years of age). The studies by Shaw et al. and Moreau 
et al. – who reported the highest percentages of 52.8% (weight) and 48.1% (height) 
respectively – also included relatively high percentages of patients under the age 
of three years, i.e. 37.7% and 22.9%, compared to the other published pediatric 
studies.[5,8] A study in adults revealed that age explained 8.1% of the variability in the 
phenprocoumon dose requirement.[10] This is substantially lower than the 56.2% we 
found in our cohort, which can be explained by the fact that age incorporates the 
difference in body size.

The percentages found for VKORC1 (16.9%) and CYP2C9 (9.4%) are in line with 
the other studies, which found percentages ranging from 2.8% to 47.0%, and 
0.3% to 26.6%, respectively.[4–9] To our knowledge, we are the first to demonstrate 
a statistically significant influence of CYP3A4*1B on the required phenprocoumon 
dose. This SNP was previously studied in adults, demonstrating no statistically 
significant effect.[13–15] In vitro, CYP3A4 has been demonstrated to be an important 
enzyme for the hydroxylation of phenprocoumon.[16] CYP3A4*1B variant alleles 
have been associated with higher CYP3A4 expression compared to the wild type.
[17] However, multiple in vivo studies with drugs that are substrates for CYP3A4, have 
indicated no altered metabolism linked to CYP3A4*1B.[18] We found a dose-lowering 
effect of CYP3A4*1B, which seems counterintuitive and could be a result of multiple 
testing. When we used a very conservative correction for multiple testing, CYP3A4*1B 
was the only variable that was no longer in the final model. Therefore, replication in 
a different cohort is required. 

Our study has certain limitations. The retrospective study design may have led 
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to misclassification due to misinterpretation of the available data. Moreover, the 
sample size was relatively small, and the available data were too incomplete to study 
the effects of concurrent drug therapy, which could explain part of the unexplained 
variability. This could also be the reason for the underestimation of the required 
dose by the clinical and genetic algorithm in the case of two patients. 

In the acenocoumarol cohort of CAPS we saw that body surface area (BSA) 
explained more of the variability in dose requirement than did age.[12] This could 
also have been the case for phenprocoumon. We collected height and weight 
measurements at the start of phenprocoumon use and at random moments 
during follow-up. The start date of the stable period – at which height and weight 
measurements should be accurate to be used for developing the model – had not 
yet been determined at the time that data were collected at the hospitals. Therefore, 
in less than half of the patients a height and weight measurement was collected 
that was close enough to the start of the stable period to be accurate at that point in 
time. Due to the fact that the number of patients in the cohort was already low, we 
were not able to use height, weight, or BSA in the algorithm. 

Our algorithm has been built on a group of pediatric patients treated in different 
parts of the Netherlands, in which all age groups are represented and includes the 
most important indications for VKA use. This makes it a representative cohort of 
pediatric patients using phenprocoumon in the Netherlands. The next step would be 
to validate the algorithm and to test it prospectively. However, with the low number 
of pediatric patients starting with phenprocoumon, it is unlikely that the algorithm 
can be evaluated in a randomized clinical trial. The algorithm can be used as a tool 
to identify the dose for an individual pediatric patient. At present, it is advised to 
use the acenocoumarol dosing instructions for starting phenprocoumon therapy. In 
adults, a higher loading dose is used in phenprocoumon than in acenocoumarol.[2] 
This suggests that the current way of starting phenprocoumon therapy in pediatric 
patients would lead to an underestimation of the required dose and a longer 
period to achieve an INR in TR. This also seems to be the case in our research on 
the characteristics and quality of acenocoumarol and phenprocoumon therapy in 
pediatric patients.[11] A lower number of patients using phenprocoumon had an INR 
in TR within seven days after start of therapy than patients using acenocoumarol 
(76.3% for acenocoumarol and 67.7% for phenprocoumon).[11] This demonstrates the 
need to optimize the starting dose in the case of phenprocoumon. We therefore 
suggest that the genetic algorithm should be used without CYP3A4*1B in clinical 
practice (presented in Table 2 of the supplemental material) and that the algorithm 
be evaluated and optimized in the future. The effect of CYP3A4*1B first needs to be 
replicated before it can be added to the algorithm and used in clinical practice. 



The pediatric phenprocoumon dosing algorithm  |  151

4.2

When it comes to implementation, in order for the algorithm to be of benefit, fast 
genotyping (less than a day) is required. Although in children with congenital heart 
diseases it is often known well before the start of VKA treatment that such treatment 
is necessary and therefore more time will be available for genotyping. However, time 
is not a significant issue. In the EU-PACT trial it was possible to genotype VKORC1 and 
CYP2C9 within 1.5 hours using a point-of-care test in a non-laboratory environment.
[19] Furthermore, an increasing number of academic hospitals are offering genetic 
testing in their laboratories. Genotyping should not therefore be a problem. The 
costs of genotyping, which are rapidly coming down, should be contrasted to the 
benefits for the patients. It could be expected that due to a more personalized 
starting dose the patient would reach TR more quickly and would therefore need to 
use (low-molecular-weight) heparins for a shorter period of time. This would lead to 
a lower burden of injections and fewer INR measurements for the patient. 

In conclusion, we have demonstrated that in addition to age, genetic variations 
in VKORC1, CYP2C9 and CYP3A4 also explain a significant part of the variability in 
phenprocoumon dose requirement in pediatric patients (80.4%). The algorithm is 
likely to improve the current treatment strategy by making it possible for patients to 
reach TR more quickly. 
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SUPPLEMENTAL MATERIAL

Table S1. Patient characteristics of the excluded patients

Excluded patients (n=21)

Sex (female), n (%) 12 (57.1)

Age at start of SP in years, median (IQR) 8.6 (0.3, 15.8)

<1, n (%) 8 (38.1)

1-3, n (%) 2 (9.5)

4-6, n (%) 0 (0.0)

7-9, n (%) 1 (4.8)

10-12, n (%) 1 (4.8)

13-15, n (%) 4 (19.0)

16-18, n (%) 5 (23.8)

European ethnicity, n (%)  18 (85.7)

Indication for anticoagulation, n (%)

Fontan procedure 2 (9.5)

Prosthetic heart valve 2 (9.5)

Dilated cardiomyopathy 5 (23.8)

Deep vein thrombosis/ pulmonary embolism 7 (33.3)

Other 5 (23.8)

TR, n (%)

Extra low (2.0-2.5) 2 (9.5)

Low (2.0-3.0) 0 (0.0)

Standard (2.0-3.5) 15 (71.4)

High (2.5-4.0) 4 (19.0)

SP, stable period; TR, therapeutic INR range.
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Table S2. Genetic algorithm excluding CYP3A4*1B

Genetic algorithm excluding CYP3A4*1Ba

Coefficients (95%CI)

Intercept -0.046

Age  0.030 ( 0.024,  0.036)

VKORC1 -0.137 (-0.191, -0.083)

CYP2C9*2 and *3 -0.116 (-0.185, -0.048)

Unadjusted R2 of the algorithm, % 79.8

Adjusted R2 of the algorithm, % 78.1

a Regression equation: log daily dose (mg) = -0.024 + 0.030 (Age, y) – 0.137 (number of VKORC1 variant alleles) – 0.116 (number of 
CYP2C9 *2 and *3 variant alleles).
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Pediatric patients are a vulnerable group of patients. Often evidence on efficacy 
and safety of medication within this group of patients is limited which makes 
treating them a challenge. Clinical trials with pediatric patients often suffer from 
low inclusion rates. This results in drugs, which are prescribed off-label and dosages 
are extrapolated based on results in adults. For vitamin K antagonists (VKAs) this 
is not different. To date, acenocoumarol and phenprocoumon are still used off-
label in children. Information on quality of use and safety of acenocoumarol and 
phenprocoumon is minimal and for phenprocoumon evidence based information 
on the required starting dose for pediatric patients of different age groups is lacking. 

In adults, a large amount of work has been done to gain insight in the role of 
variation in genes on dose requirement of VKAs.[1] Several studies with warfarin 
in pediatric patients were performed during recent years.[2] However, because of 
small numbers of patients and differences in patient populations it is difficult to 
find similar results with regards to which extent non-genetic and genetic variables 
influence VKA dose requirements. Studies on pharmacogenetics of acenocoumarol 
and phenprocoumon in pediatric patients are lacking.

In this thesis we described the quality of use, effectiveness and safety of the 
current oral anticoagulation care in children and provide insight in the possibilities 
for improvement. Furthermore, we developed dosing algorithms for both 
acenocoumarol and phenprocoumon for pediatric patients incorporating both 
genetic and non-genetic factors.

THE CHILDREN ANTICOAGULATION AND PHARMACOGENETICS 
STUDY (CAPS)

In 2013 we started with CAPS. In this study we selected patients who were using 
acenocoumarol or phenprocoumon when 18 years of age or younger between 1995 
and 2014. We selected them in four university children’s hospitals (Amsterdam, 
Utrecht, Rotterdam, Groningen) and one anticoagulation clinic (Leiden). From 
all patients we collected anticoagulation clinic and hospital data related to their 
anticoagulation treatment. All the included 213 patients were asked to collect a 
saliva sample at home by themselves or with help from their parents. These samples 
were genotyped in the laboratory of the Leiden University Medical Center. We 
considered 7 genetic variations in 5 candidate genes (VKORC1, CYP2C9, CYP4F2, 
CYP2C18 and CYP3A4) relevant. Furthermore, the patients were asked to fill in a 
short questionnaire to collect information that was not available in the patient files 
(e.g. if they received breastfeeding during VKA treatment). 
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MAIN FINDINGS

Personalized medicine in pediatric patients
In the last decade there has been a rising interest in personalized medicine using 
pharmacogenetics in pediatric patients. In chapter 2.1 the challenges and potential 
of pharmacogenomics in children are described. The three examples discussed are: 
cisplatin induced ototoxicity, optimizing VKA dosing and effective treatment of 
asthma. They all show that replication is challenging due to heterogeneity in study 
populations and also small sample sizes are a challenge in childhood cancer and 
thrombosis. However, all have the potential to improve childhood care. In cisplatin 
induced ototoxicity, the need of identifying risk factors is clear. Ototoxicity is a very 
impairing toxicity, especially in children who are developing their speech skills and 
is unacceptable in children who are already visually impaired. A mutation in ACYP2 
has been shown to be an important predictor of ototoxicity, but explains only a 
small part (12.4%) of the ototoxicity.[3] 

In asthma, the ADRB2 Arg16 mutation with regards to long-acting β2 agonist 
response is closest to clinical implementation. Currently, the PUFFIN trial is carried 
out in the Netherlands to assess the value of ADRB2 genotyping in children with 
asthma who are not well controlled on low dose inhaled steroids.[4] It is expected that 
genotyping will lead to faster improvement of asthma control compared with usual 
care. For VKAs the evidence to guide warfarin dosing using VKORC1 and CYP2C9*2 
and*3 genotype is strong, but has not (yet) been implemented.[5] 

Quite a number of small pharmacogenetic studies in children using warfarin 
have been conducted and have provided dosing models as described in  
chapter 2.2. However, the predictive performances of the developed models 
was studied in an independent pediatric cohort and showed that the best model 
among the developed dosing models predicted only for 45% of patients their dose 
within ± 20% of the observed stable maintenance dose.[2] Both the small sample 
sizes and heterogeneity of the studied children reduce external validity and make 
replication and prospective validation highly challenging and urge for international 
collaborations. Furthermore, consensus needs to be found on how much evidence is 
required for clinical implementation. 

Quality and safety of VKA treatment
VKA under and over dosing are associated with the risk of thromboembolic and 
bleeding events, respectively in adults.[6] The reported incidences of throm- 
boembolic and bleeding events in pediatric patients varies considerably between 
studies and the latest relatively large study with more than 100 patients dated  
from 1999.[7] In chapter 3.1 we have used the UK Clinical Practice Research Datalink 
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(CPRD) database to assess these incidences and found that bleeding events in 
pediatric patients (≤ 18 years of age) occurred in 3.33 patients/100 patient years 
and that epistaxis and GI bleedings were the most common bleeding events. 
Furthermore, we have shown that bleeding events occurred often during the 
first weeks of treatment. 24% of the patients with a bleeding event had their first 
bleeding within 15 days after start. In children using VKAs for primary prophylaxis, 
thromboembolic events occurred less often: in 1.50 patients/100 patient years. In 
chapter 3.2 we have also shown in the CAPS cohort that bleeding events were 
more common than thromboembolic events. Furthermore, a similar proportion of 
bleeding events occurred within the first weeks of treatment as was shown in the 
CPRD study. Of the patients with a bleeding event who were using acenocoumarol 
22% had their first bleeding within 15 days after start. For phenprocoumon this was 
20% (data was not shown in chapter 3.2). 

The quality of VKA treatment in children has been reported in multiple studies. 
The quality varies from poor to high and this was largely dependent on after how 
much time after start of therapy the quality was measured and how it was measured 
(percentage time in therapeutic range [TTR] or proportion of INRs in therapeutic 
range).[8–15] Only one study was conducted in the Netherlands and showed  
poor quality. Patients were on less than 50% of time within therapeutic INR range 
(TR).[12] We showed in chapter 3.2 that the quality, in terms of TTR, is mainly poor in 
the first 3 months of treatment (55% to 63%) of treatment and thereafter it rises to 
an acceptable to high quality (65% to 75%). Younger age was associated with lower 
TTR in the first 3 months of use and younger children had a lower chance of reaching 
a stable anticoagulation period as was shown in chapter 3.3. Young children also 
spend more of their time below TR compared to older children. 

In adults there is evidence that patients on phenprocoumon have more 
stable INRs and therefore have a higher quality of treatment compared to  
acenocoumarol.[16,17] This is also in line with our observation in chapter 3.2 that 
patients who switched from acenocoumarol to phenprocoumon had often an 
improved TTR and also a decrease in the variability of INRs. 

Personalized dosing of VKAs
VKAs are known for their high inter- and intra-individual variability in dose 
requirements. In adults genetic variations have been shown to explain a large part 
of the variability in dose requirement next to clinical factors like age.[18] Dosing 
algorithms were developed and tested in RCTs.[18] In children dosing models were 
mainly developed for warfarin as described in chapter 2.2. We therefore developed 
for both acenocoumarol and phenprocoumon dosing algorithms (chapter 4.1 
and 4.2). Age and age-related factors (e.g. weight, height, and body surface area) 
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have a large impact on the required dose in children. They explained 38% to 
56% of the interindividual variability in dose requirement of acenocoumarol and 
phenprocoumon. Also genetic variations in CYP2C9 and VKORC1 were important 
for both VKAs. Furthermore, CYP2C18 for acenocoumarol and CYP3A5*1B for 
phenprocoumon explained an additional part of the variability in dose requirement. 
For phenprocoumon we were able to make a model, which explained 80.4% of the 
variability, and 61.8% for acenocoumarol. 

METHODOLOGICAL LIMITATIONS AND CHALLENGES 

Pediatric patient population 
Studying pediatric patients has its challenges. The number of pediatric patients 
who have an indication for VKA use is low. Furthermore, the developmental changes 
during ageing make young patients quite different from older patients.[19] Therefore, 
a sufficient number of patients of different age groups are required to obtain valid 
results for all pediatric patients. It was challenging to obtain sufficient sample sizes 
to answer the research questions posed in this thesis. 

Study design
In this thesis, four of the studies have been conducted within the CAPS cohort 
(chapter 3.2, 3.3, 4.1 and 4.2) and one study in the CPRD database (chapter 3.1). 
Both the CPRD study and the CAPS study were retrospective follow-up studies. This 
study design has the advantage of acquiring a sufficient sample size easier and is 
relatively cheap. However, the disadvantages of the study design are that important 
variables were not measured and that some information was incomplete.

The outcome of the CAPS study was based on the dose information and INRs 
available in the patient files of the hospitals and anticoagulation clinics. Dose 
information was provided to us as daily dose calendars or as mean dose and the 
corresponding dose step. Each dose step corresponds with a daily dose schedule, 
by which we were able to recover the given doses on each day between two 
visits. Deviations from planned doses were provided in notes and were if needed 
interpreted and taken into account. However, misinterpretation of the provided 
dose information could still have occurred, as could have non-compliance. Both 
could have led to erroneous daily doses in our database. 

The phenprocoumon and acenocoumarol dosing algorithms were able to 
explain 80.4% and 61.8% of the required dose, respectively (chapter 4.1 and 4.2). 
The unexplained variability might be partly explained by missing information on 
factors like vitamin K intake (diet and supplements) and concurrent drug use. Also 
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the TTR found in the first 3 months was quite low (<50%) in some patients, which 
might also be due to missing information on these factors. However, it could also be 
caused by the physical condition of the patient (e.g. infections leading to fever and/ 
or diarrhea in some cases). Information on infections was most likely missing in a 
considerable proportion of the patients, because they were not routinely reported 
by all anticoagulation clinics.

With a short questionnaire we have attempted to fill at least part of the missing 
information on vitamin K intake. Studies have shown that there is a large difference in 
vitamin K in breast milk and formula milk.[20] Neonates have limited stores of vitamin 
K at birth and are at risk for vitamin K deficiency bleedings.[21] Therefore, all babies 
receive vitamin K at birth and babies who are breast fed are administered additional 
oral vitamin K during the first 3 months after birth.[22] We asked the patients and/ or 
their parents if they could recall if and when the use of a VKA was combined with 
breastfeeding and if so, whether the mother was taking vitamin K at the same time. 

None of the patients, who reported they had received breastfeeding, were 
breastfed at the time of the stable period. However, patients could have omitted this 
question or didn’t fill the entire questionnaire, because filling the questionnaire was 
not required for participation. Furthermore, we do not have information on vitamin 
K intake in food or as supplement to adjust for fluctuations in vitamin K levels. 

Weight and height were by design of the study collected at the hospitals before 
the analysis of stable period was performed. Per protocol only weight and height 
were collected at the start of VKA treatment, because it was expected that the stable 
anticoagulation period would be close to the start. However, when collecting the data 
we observed that sometimes a substantial time period could be between treatment 
start and stable period and therefore we started also to collect additional height 
and weight measurements during VKA treatment, when available, for the remaining 
patients. In the analyzing phase it appeared for many patients that valid height and 
weight data were missing (30% acenocoumarol and 56% phenprocoumon patients). 
For acenocoumarol we still were able to develop a model with body surface  
area (BSA). However, for phenprocoumon this was not possible. We showed in 
chapter 4.1 that BSA explained more of the variability in dose requirement than 
age. It is therefore likely that this will also be the case for phenprocoumon and that 
when BSA would have been available, even more of the variability could have been 
explained. 

Patient selection and generalizability
Patients were selected from academic hospitals and one anticoagulation clinic. 
This anticoagulation clinic is closely connected to an academic hospital. Normally, 
this could lead to only selecting patients with severe indications. However, it is 
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uncommon that a child would start a VKA treatment outside of an academic children’s 
hospital, because of the complex nature of the indications for VKA. Furthermore, the 
indications for VKA treatment we observed in the CAPS cohort are similar to other 
studies in children with VKA treatment.[23] Therefore, the included patients were 
likely to be representative for the total pediatric population using VKAs. 

The quality and safety of current treatment in the Netherlands as described in 
chapter 3.2 is largely depending on the anticoagulation management system. 
In the Netherlands there is a widespread network of anticoagulation clinics. Also 
the degree of patient involvement influences the results found. A relatively large 
proportion of patients was self-measuring their INRs (43% for acenocoumarol and 
34% for phenprocoumon) and only a relatively small proportion of patients (8% for 
acenocoumarol and 0% for phenprocoumon) was self-managing (self-measuring 
and self-dosing). Self-measuring seemed to increase the TTR in the CAPS cohort 
(chapter 3.2). Other studies have shown that patients who use self-measuring and 
self-management have an improvement in quality of life, patient satisfaction and 
TTR.[13,15,24] These factors could influence the possibility to translate our findings to 
the care management system in other countries and should be taken into account 
when translating the results to other management system situations. 

In our study we did not study the differences in the calendar year of VKA start 
with regards to the TTR. The quality might have differed in the first years of the 
study period compared to more recent years, because of developments like self-
measuring/ self-management. 

Furthermore, the TRs that were used at the time of the study in the Netherlands 
were deviating from the internationally used TRs. Roughly 75% of the patients was 
dosed on the most common TRs of 2.0-3.5 and 2.5-4.0 which recently have been 
changed into 2.0-3.0 and 2.5-3.5 to follow international standards. In chapter 3.2 
we did not see a large difference in the quality between patients with TRs of 2.0-3.0, 
2.0-3.5 and 2.5-4.0. Also in the algorithms the TR was not associated with the dose, 
probably because other factors have a larger impact on dose requirement than the 
TR in itself. Therefore, it is unlikely that the quality of anticoagulation control will be 
very different when applying the international TR standards. 

In the CAPS cohorts used for the development of the dosing algorithms, 
the number of children of less than 1 year of age was very low (2 patients for 
acenocoumarol and 2 patients for phenprocoumon). Therefore, the external validity 
of the dosing models in this young age group will be low. Studies have shown that 
this age group is different from other age groups. This group requires the highest 
dose per kilogram bodyweight.[25] Preferably we would have liked to study these 
infants separately. 
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FUTURE PERSPECTIVES

Implementation of the VKA dosing models
There is much debate what short of evidence is required before pharmacogenetics 
could be implemented in clinical practice. Based on the pyramid of evidence a RCT, 
which shows clear benefit would be preferred. However, small sample sizes and also 
ethical considerations make this an unfeasible requirement in many pediatric studies 
and would prevent that children will also benefit from improvements in clinical 
practice. It might be unethical to conduct a RCT in children when the evidence of 
improvement is clearly shown in observational studies and/ or in RCTs with adults. 
Therefore, more feasible evidence should be aimed for. When there is strong 
evidence in adults and similar results have been shown in observational studies in 
pediatric patients and when each result of the genetic test has a treatment option, 
either dose adjustment or an available alternative treatment, genetic testing could 
be implemented in clinical practice. For warfarin the Clinical Pharmacogenetics 
Implementation Consortium (CPIC) has stated that in pediatric patients strong 
evidence exists for the relevance of CYP2C9*2 and *3 and for VKORC1 –1639G>A 
(rs9923231) or 1173C>T (rs9934438) genotypes to guide warfarin dosing in  
European children.[5] When considering that in chapter 4.1 and 4.2 similar results 
were found for acenocoumarol and phenprocoumon as in the warfarin pediatric 
studies it might be argued that there is also enough information to use these 
genotypes to guide acenocoumarol and phenprocoumon dosing. However, these 
dosing algorithms have never been validated in another cohort of pediatric  
patients. Therefore, implementation should be piloted by specialists who start on 
regular basis new children on VKAs. They should collaborate to evaluate the models 
and adjust the models if necessary. For the evaluation it is important that relevant 
information for VKA treatment (like age, height, weight, INRs, daily VKA doses, 
TR, health status (e.g. infections), hospital admissions, vitamin K administrations, 
interacting co-medication) are documented in at least the first three months of 
VKA treatment. To collect this information both patients/parents and health care 
practitioners need to contribute. Digital support with daily or weekly electronical 
recording of this information is important. It is expected that after one or two 
years enough children (> 50 per VKA) would have been started with VKAs in the 
Netherlands to be able to evaluate how well the model for each VKA was able to 
predict the required dose. If needed the algorithm can be updated. Depending on 
the outcomes of the evaluation another evaluation period might be necessary. 

The pharmacogenetic tests should preferably also be cost-effective to be 
implemented, and have a limited budget impact. A cost-effectiveness study to the 
use of pharmacogenetic testing of VKA in pediatric patients has not been performed 
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yet. Verhoef et al. showed that pharmacogenetic testing for VKAs in adults (50-90 
years of age) would be cost-effective when the genetic testing costs would be 30 
euros or less.[26] In children, it will most likely be cost-effective even when genetic 
testing costs would be higher than 30 euros, because they are expected to live many 
more years to benefit from the prevented complications. The budget impact each 
year of performing the genetic tests will be low. The costs for genotyping used by 
Verhoef et al. in 2014 was 40 euros.[26] From data of the Dutch National Health Care 
Institute we know that around 500 pediatric patients are using a VKA each year.[27] 
Only a small proportion of them will be new users during a year and require the 
pharmacogenetic testing. Even when half of them would be new starters this would 
only cost 10,000 euros per year. This is the situation in which pharmacogenetic 
testing is specifically done for VKAs. However, in the future probably patients will 
be genotyped for a broad range of genetic variations or even sequenced for their  
entire inherited genome which will be stored in a pharmacogenetics passport. When 
such a pharmacogenetic passport is created the cost-effectiveness of using the 
genetic information in clinical decision making will be much more favorable than 
now calculated for individual pharmacogenetic tests.[28] 

The risk of using the pharmacogenetic dosing algorithms in clinical practice is 
that the model over or underestimates the required dose and results in a bleeding or 
thromboembolic event. However, current recommendations for the starting doses 
of acenocoumarol and phenprocoumon also over and underestimate the required 
doses as was shown for acenocoumarol in chapter 4.1. The highest risk associated 
with under or overdosing by the dosing model used, is during the first few days of 
treatment. After these first days the risks are similar to when no dosing algorithm 
would have been used, because dosing will be guided by the INR value. In the first 
few days of VKA treatment, most patients are concurrently using a low molecular 
weight heparin (LMWH) and are hospitalized. When the INR is still too low the LMWH 
will prevent the occurrence of thromboembolic events. The LMWH will be stopped 
when the INR is in TR. When the INR is too high the next dose of VKA can be lowered, 
not given at all or vitamin K can be given. The chance that this results in more  
severe bleedings compared to using the current starting dose is minimal. 

Facilities for pharmacogenetic testing are increasingly implemented in (academic) 
laboratories. However, there are also easy options available with point-of-care 
devices, which can be used in a non-laboratory environment. In the EU-PACT trial 
it was shown that with a point-of-care device it was possible to genotype patients 
within 1 day.[29] Rapid genotyping is required at the start of VKA treatment because 
treatment with VKA cannot be delayed. 

Getting children specific dosages is also important, because the tablets available 
have often a dosage that is too high for administration in young pediatric patients. For 
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phenprocoumon an oral suspension is available at three compounding pharmacies 
in the Netherlands. For acenocoumarol only the 1 mg tablets are available. If lower 
dosages are required, pharmacies with a compounding facility could manufacture 
capsules by themselves with lower strengths. In a few patients within CAPS, we saw 
that sometimes powders were used. It is important to note that powders have the 
disadvantage that the active compound can remain in the mouth, and therefore 
the full dose will not be available for absorption. In that case the dose calculated 
will most likely result in an INR which is lower than would be was expected. For 
acenocoumarol it is preferable that also a formulation for an oral suspension would 
be developed.

DOACs
The last few years clinical trials with DOACs in pediatric patients have started  
and the first have been completed in children who had a venous thrombosis  
(chapter 2.2). However, VKAs are also used for the prevention of thromboembolic 
events in children with cardiac diseases. Currently, only one phase 3 trial in which 
edoxaban is compared with standard of care (low molecular weight heparin (LMWH) 
and/or VKA) has started (NCT03395639) for the prevention of thromboembolic 
events in children at risk because of a cardiac disease. This study is expected to be 
completed in the beginning of 2021. 

DOACs were on the Dutch market from 2008 onwards. At first, DOACs were only 
reimbursed when started by a specialist which resulted in low number of patients 
starting on DOACs compared to VKAs in the years after the introduction. In September 
2016, the Dutch College of General Practitioners (NHG) stated that the benefits and 
risk of DOACs were similar to VKAs and that general practitioners should be allowed 
to start DOACs.[30] After this statement, the reimbursement changed accordingly. 
This has largely increased the number of patients starting with DOACs. Currently, 
adult patients who start with oral anticoagulants are more often prescribed a DOAC 
than a VKA.[31] 

Presently the first results of six phase 2 studies in pediatric patients of 0 to <18 
years of age are available which are described in chapter 2.2. In these trials DOACs 
were only used for a short period of time, varying from one up to 30 days. More 
evidence is required from larger studies to determine efficacy, safety and tolerability 
when DOACs are used for a longer period of time. DOACs have the advantage of 
no INR measurements and no dose adjustments unless necessary based on kidney 
function or interacting drugs. However, a disadvantage is a lack of antidotes studied 
in children. Antidotes are relevant when a major bleeding occurs or when an acute 
surgical intervention is necessary. For VKAs coagulation can be relatively quickly 
restored with vitamin K, 4-factor prothrombin complex concentrate or fresh frozen 
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plasma. Furthermore, for adult patients with heart valve replacements DOACs have 
not been approved and these patients have also been excluded in pediatric trials. 
In the CAPS cohort 21% of the patients was using acenocoumarol for prevention of 
thromboembolism after a heart valve replacement. For this group of patients VKAs 
will remain to be the oral anticoagulant of choice. Time will tell if and to which extent 
DOACs will be implemented in the anticoagulant treatment of pediatric patients to 
treat and prevent thromboembolic events. 

Future research and recommendations
Future research should focus on explaining the still unexplained 20 to 40% of the 
variability in dose requirement of VKAs. We will never be able to explain all variability, 
but there seems to be room for increasing the percentage of explained variability, 
especially for acenocoumarol. As already mentioned, this variability could be caused 
by clinical factors, which were missing from our data. Especially, concurrent drug 
use could be of influence on the dose requirement. It could even be the case that 
other drug-drug interactions exist than in adults due to the development of the 
metabolic system. When the developed dosing models for acenocoumarol and 
phenprocoumon would be evaluated it would be very important to also record the 
concurrent drugs used during VKA treatment and to add this, if necessary, to the 
model. Furthermore, other genetic variations, which were not studied, could play 
a role. However, quite a number of studies have been conducted and have not led 
to new common genetic variations which are important in a Caucasian population. 
Only for patients with other ethnicities other genetic variations might be of interest 
to study further.[32] 

As already mentioned, the number of patients younger than 1 year of age was 
too low to study their dose requirement separately. It would be highly interesting to 
study if the drug response is also depending on the gestational age. Andrew et al. 
showed that the development of the hemostatic system differs between pre-term or 
full-term babies.[33,34] Also the metabolic system is at a different stage when a baby 
is born pre-term compared to full-term babies,[19] which may alter the metabolism 
of VKAs and therefore dose requirement. Furthermore, we showed that a low age 
is associated with a lower time in therapeutic INR range (chapter 3.2). Possibly the 
differences in pre-term and full-term babies could also contribute in causing more 
inter and intra-individual variability in VKA dose requirement. 

We observed a large variation in TRs for various indications. However, we also 
showed that the quality was lower for non-standard TR (extra low or high). The 
incidence of thromboembolic events during VKA treatment is low, as was shown in 
the CPRD study (chapter 3.1). Also within CAPS (chapter 3.2) no thromboembolic 
events occurred during the first year of treatment. Although the patients were 
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often out of range and at the beginning of treatment especially undertreated. This  
raises the question if high TRs are necessary in children. The working group Anti-
TRoMbotic TheraPy in Children with a CardiOLogical Anomaly (TRAMPOLINE) 
has made a big step in applying a uniform TR for patients with the same cardiac 
indication. In principle when a VKA is indicated, the TR of 2-3 is standard and only 
with a thromboembolic event during VKA treatment or with additional risk factors 
the higher TR of 2.5-3.5 is recommended.[35,36] Agreement on which TR should be 
used for each indication and only using these two standard TRs will probably 
improve anticoagulation quality. 

Currently, the quality of anticoagulation in children is not monitored specifically. 
The Federation of Dutch anticoagulation clinics reports the quality of anticoagulation 
treatment of all patients, not stratified by age, in their annual report. With this  
report developments in the quality of anticoagulation can be monitored and 
actions can be taken to improve it when necessary. It is important to also report 
the quality of anticoagulation for children separately (stratified on age groups).  
This would provide the required insight to evaluate if progress is made to optimize 
their treatment. 

CONCLUSION

In this thesis, we have reported the quality of use, effectiveness and safety of 
current oral anticoagulation treatment in pediatric patients with acenocoumarol 
and phenprocoumon. We showed that the quality in the first 3 months of use 
based on TTR was low and should be improved. Bleeding events were common in 
the first year of treatment and often occurred in the first few weeks of treatment.  
Thromboembolic events during treatment were rare. Younger pediatric patients  
were more likely to have a low TTR in the first 3 months of VKA use and to  
develop a bleeding event. Furthermore, we have developed dosing algorithms 
for acenocoumarol and phenprocoumon, which incorporate both genetic 
 and non-genetic factors. These models can be used to predict the required dose 
and it is hypothesized that this will improve anticoagulation control especially in 
the first 3 months of treatment by improving the time to reach stable INRs within TR.  
Piloting the use of this model in clinical practice is required to evaluate the 
performance of these models in  new pediatric patients starting with VKA  
treatment. After this evaluation the  models can be adjusted if needed and be  
further implemented.
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Conducting pediatric clinical trials is challenging which results in the necessity 
of off-label use of drugs in children (chapter 1). In 2007, the Pediatric Regulation 
(Regulation (EC) No 1901/2006) came into force in the European Union  to increase 
the number of clinical trials in children. Next to clinical trials, observational studies 
can provide physicians with new evidence to improve the treatment of children. The 
vitamin K antagonists (VKAs) acenocoumarol and phenprocoumon are  being used off 
label to treat and prevent thromboembolic events in children. Minimal information 
is available on the use and effects in daily pediatric practice. Large variability in the 
dose requirements of VKAs is seen. Studies in adults have shown that genetic and 
clinical differences  explain a substantial part of the interpatient variability in VKA 
dose requirement. Studying the influence of genetic variations on drug response 
(pharmacogenetics) in pediatric patients in general is challenging, but also has 
the potential to improve childhood care. In chapter 2.1 we have described these 
challenges and potentials for three different applications of pharmacogenetics to 
personalize medicine in pediatric patients. To predict the occurrence of adverse 
events (cisplatin induced ototoxicity), to predict the optimal dose for a patient (VKA 
dose requirement) and to predict if a treatment will be effective (asthma treatment). 
These three examples all show that replication is challenging due to heterogeneity 
in study populations and also because of small sample sizes in childhood cancer 
and thrombosis. A mutation in the ACYP2-gene has been shown to be an important 
predictor of ototoxicity in children using cisplatin, but explains only a small part 
(12.4%) of  ototoxicity. In asthma, the ADRB2 Arg16 mutation with regards to long-
acting β2 agonist response is closest to clinical implementation. Its value is currently 
studied in the PUFFIN trial in the Netherlands in children with asthma who are not 
well controlled on low dose inhaled corticosteroids. For VKAs the evidence to guide 
warfarin dosing in children using VKORC1 and CYP2C9*2 and*3 genotype is strong, 
but has not (yet) been implemented. In chapter 2.2 we described the differences 
between adults and children with regards to the risk factors for thrombosis, the 
hemostatic and metabolic system and recent developments in new and personalized 
oral anticoagulant treatment in pediatric patients. For warfarin multiple pediatric 
dosing algorithms have been developed including both genetic and clinical factors. 
However, for acenocoumarol and phenprocoumon these were lacking. Furthermore, 
it appeared that more insight in the quality, safety and effectiveness of VKA treatment 
in pediatric patients and factors influencing anticoagulation stability of pediatric 
patients using VKA was required. 
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THE CHILDREN ANTICOAGULATION AND PHARMACOGENETICS 
STUDY (CAPS)

Therefore, the Children Anticoagulation and Pharmacogenetics Study (CAPS) was 
designed. This multicenter retrospective follow-up study included children (≤18 years 
of age) who were treated with acenocoumarol or phenprocoumon between 1995 
and 2014. Patients were selected in four university children’s hospitals (Amsterdam, 
Utrecht, Rotterdam, Groningen) and one anticoagulation clinic (Leiden). From all 
patients we collected treatment related data at the anticoagulation clinics and 
hospitals involved in their VKA treatment. Participating patients collected a saliva 
sample by themselves or by their caregivers to determine their genotype for 7 
genetic variations in 5 candidate genes (VKORC1, CYP2C9, CYP4F2, CYP2C18, and 
CYP3A4).

QUALITY, EFFECTIVENESS AND SAFETY OF VKA THERAPY  
IN PEDIATRIC PATIENTS

Chapter 3 describes three studies on the quality, effectiveness and safety of 
VKA therapy in pediatric patients. In chapter 3.1, the incidence of bleeding and 
thromboembolic events in pediatric patients using warfarin in England was assessed 
using the UK Clinical Practice Research Datalink (CPRD) database. We found that 
3.33 patients/ 100 patient years (PY) developed a bleeding event and that a large 
proportion of the patients had their first event within the first few weeks of treatment. 
Among patients who used warfarin for primary prophylaxis a thromboembolic 
event occurred in 1.50 patients/100 PY. Furthermore, younger patients appeared 
to be more prone to develop a bleeding event. Chapter 3.2 describes the 
characteristics of the patients and their VKA treatment (quality, effectiveness 
and safety) in the CAPS cohort. The mean percentage of time in therapeutic INR 
range (TTR) was 47.0% and 51.4% in the first month of use for acenocoumarol and 
phenprocoumon, respectively. After the first 3 months the mean TTR for both VKAs 
was increasing to more acceptable percentages of more than 64%. Especially in 
the first 3 months of treatment, the TTR was clearly associated with the age of the 
patient. The younger the patient the lower the TTR. In 14.6% (acenocoumarol) and 
31.3% (phenprocoumon) of the patients a bleeding event occurred during the first 
year of treatment. No thromboembolic events were reported during the first year 
of treatment. In chapter 3.3 patients within the CAPS cohort who did or did not 
have a stable anticoagulation period were studied to find explanatory factors for 
not reaching a stable period within the first three months of VKA treatment. A stable 
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period was defined as ≥3 consecutive INRs within therapeutic range over a period 
of ≥3 weeks. Age was positively associated with obtaining a stable period (the 
hazard ratio (HR) per increase in year was 1.09, 95%CI [1.05-1.13], p<0.001). Females 
(HR=0.60 [0.37-0.97], p=0.037), hospitalized patients (HR=0.46 [0.24-0.57], p=0.017), 
or patients with an interruption in their VKA therapy for ≥3 days (HR=0.50 [0.25-
0.98], p=0.044) had a lower chance of obtaining a stable period.

Moreover, the quality of anticoagulation control in patients who used both 
acenocoumarol and phenprocoumon were compared to evaluate the influence on 
the type of VKA. We found that patients who switched between acenocoumarol and 
phenprocoumon had often a higher TTR and lower variability in INRs when using 
phenprocoumon comparing the 3 months before with the 3 months after switching. 

DOSING ALGORITHMS FOR ACENOCOUMAROL AND 
PHENPROCOUMON

Chapter 4 describes the dosing algorithms for acenocoumarol (chapter 4.1) and 
for phenprocoumon (chapter 4.2) incorporating both genetic and non-genetic 
factors. For acenocoumarol we found that 45% of the variability in dose requirement 
was explained by the body surface area of a pediatric patient and the indication 
for the use of the acenocoumarol. By adding genetic variations in VKORC1, CYP2C9 
and CYP2C18 to the algorithm, the percentage of variability explained increased to 
61.8%. For phenprocoumon the age of the patient explained 56.2% of the variability 
in dose requirement. This increased to 80.4% by adding genetic variations in VKORC1, 
CYP2C9 and CYP3A4.

In chapter 5 the results of the studies are summarized, were placed into broader 
perspective of clinical implications and required further research. The work in this 
thesis showed that the quality in the first few months of VKA treatment should 
be improved. The TTR is low and we also showed that the patients with bleeding 
events often have their first bleeding event within the first few weeks of treatment. 
Furthermore, young pediatric patients were more prone for a lower TTR and were 
also at higher risk of developing a bleeding event. The developed dosing algorithms 
for acenocoumarol and phenprocoumon could assist in improving the quality of 
anticoagulation control in the first months of treatment. 
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Het uitvoeren van klinische studies bij kinderen is een uitdaging die leidt  
tot de noodzaak van off-label gebruik van geneesmiddelen bij kinderen  
(hoofdstuk 1). In 2007 werd de Pediatric Regulation (Verordening (EG) nr. 
1901/2006) in de Europese Unie van kracht om het aantal klinische studies bij 
kinderen te verhogen. Naast klinische studies kunnen observationele studies artsen 
nieuwe informatie verschaffen om de behandeling van kinderen te verbeteren. De 
vitamine K-antagonisten (VKA’s) acenocoumarol en fenprocoumon worden off-
label gebruikt om trombo-embolische events bij kinderen te behandelen en te 
voorkomen. Er is minimale informatie beschikbaar over het gebruik en de effecten 
bij kinderen in de dagelijkse praktijk. Er wordt grote variabiliteit in de benodigde 
doses van VKA’s gezien. Studies bij volwassenen hebben aangetoond dat genetische 
en klinische verschillen een aanzienlijk deel van de variabiliteit tussen patiënten 
in de dosisbehoefte van VKA verklaren. In het algemeen is het bestuderen van de 
invloed van genetische variaties op de geneesmiddelrespons (farmacogenetica) 
bij pediatrische patiënten een uitdaging, maar heeft ook het potentieel om de 
behandeling van kinderen te verbeteren. In hoofdstuk 2.1 hebben we deze 
uitdagingen en mogelijkheden beschreven voor drie verschillende toepassingen 
van farmacogenetica bij pediatrische patiënten waarbij de behandeling mogelijk 
gepersonaliseerd kan worden. De eerste is om het optreden van bijwerkingen van een 
behandeling te voorspellen (cisplatine geïnduceerde ototoxiciteit). De tweede is om 
de optimale dosis voor een patiënt te voorspellen (dosisbehoefte van VKA’s). En de 
derde is om te voorspellen of een behandeling effectief zal zijn (astmabehandeling). 
Deze drie voorbeelden tonen allemaal aan dat replicatie van de gevonden 
resultaten een uitdaging is vanwege de heterogeniteit in de studiepopulaties en 
ook vanwege de relatief kleine aantallen patiënten in de studies bij kinderen met 
kanker en trombose. Van een mutatie in het ACYP2-gen is aangetoond dat het een 
belangrijke voorspeller is van ototoxiciteit bij kinderen die cisplatine gebruiken, 
maar verklaart slechts een klein deel (12,4%) van patiënten die ototoxiciteit 
ontwikkelen. Bij astma is de ADRB2 Arg16-mutatie in relatie tot de respons op de 
behandeling met langwerkende β2-agonisten het dichtst in de buurt van klinische 
implementatie. De klinische waarde ervan wordt momenteel bestudeerd in de 
PUFFIN-studie in Nederland bij kinderen waarbij de astma niet voldoende onder 
controle is bij gebruik van een lage dosis inhalatiecorticosteroïden. Voor VKA’s is 
het bewijs voor het gebruik van het VKORC1- en CYP2C9*2 en *3-genotype voor 
het bepalen van de benodigde warfarine doses in kinderen sterk, maar dit is (nog) 
niet geïmplementeerd in de praktijk. In hoofdstuk 2.2 hebben we de verschillen 
tussen volwassenen en kinderen beschreven met betrekking tot de risicofactoren 
voor trombose, het hemostatische en metabole systeem en recente ontwikkelingen 
in nieuwe en gepersonaliseerde orale antistollingsmiddelen bij kinderen. Voor 
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warfarine zijn meerdere doseringsalgoritmen voor kinderen ontwikkeld die zowel 
genetische als klinische factoren bevatten. Voor acenocoumarol en fenprocoumon 
ontbraken deze echter. Verder bleek dat meer inzicht noodzakelijk is in de kwaliteit, 
veiligheid en effectiviteit van VKA-behandeling bij kinderen en factoren die met de 
stabiliteit van de antistolling van VKA in kinderen samenhangen.

DE CHILDREN ANTICOAGULATION AND PHARMACOGENETICS 
STUDY (CAPS)

Daarom werd de Children Anticoagulation and Pharmacogenetics Study (CAPS) 
opgezet. Deze multicenter retrospectieve follow-up studie omvatte kinderen (≤18 
jaar) die met acenocoumarol of fenprocoumon waren gestart tussen 1995 en 2014. 
Patiënten werden geselecteerd in vier universitaire kinderziekenhuizen (Amsterdam, 
Utrecht, Rotterdam, Groningen) en één trombosedienst (Leiden). Van alle patiënten 
hebben we medische gegevens verzameld in de trombosediensten en ziekenhuizen 
die betrokken waren bij hun behandeling met VKA’s. Deelnemende patiënten 
stuurden een speekselmonster waarmee wij hun genotype konden bepalen voor 7 
verschillende genetische variaties in 5 genen (VKORC1, CYP2C9, CYP4F2, CYP2C18 
en CYP3A4).

KWALITEIT, EFFECTIVITEIT EN VEILIGHEID VAN HET GEBRUIK 
VAN VKA’S BIJ KINDEREN

Hoofdstuk 3 beschrijft drie onderzoeken naar de kwaliteit, effectiviteit en 
veiligheid van de behandeling met VKA’s bij kinderen. In hoofdstuk 3.1 werd 
de incidentie van bloedingen en trombo-embolische events bij kinderen die 
warfarine gebruikten in Engeland beoordeeld met behulp van de UK Clinical 
Practice Research Datalink (CPRD)-database. We vonden dat 3,33 patiënten per 
100 patiëntjaren (pj) een bloeding ontwikkelden en dat bij een groot deel van de 
patiënten hun eerste bloeding  tijdens de eerste paar weken van de behandeling 
optrad. Jongere patiënten bleken een hoger risico te hebben op het ontwikkelen 
van een bloeding. Onder patiënten die warfarine gebruikten voor primaire profylaxe 
trad een trombo-embolisch event op bij 1,50 patiënten per 100 pj. Hoofdstuk 3.2 
beschrijft de patiëntkenmerken en de behandeling met VKA’s van de patiënten in 
het CAPS-cohort. Er wordt zowel ingegaan op kwaliteit als ook op de effectiviteit en 
veiligheid van de behandeling. Het gemiddelde percentage tijd in het therapeutisch 
INR-bereik (TTR) was respectievelijk 47,0% en 51,4% in de eerste maand van 
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gebruik voor acenocoumarol en fenprocoumon. Na de eerste 3 maanden steeg 
de gemiddelde TTR voor beide VKA’s tot meer acceptabele percentages van meer 
dan 64%. Vooral in de eerste 3 maanden van de behandeling was de TTR duidelijk 
geassocieerd met de leeftijd van de patiënt. Hoe jonger de patiënt hoe lager de 
TTR. Bij 14,6% (acenocoumarol) en 31,3% (fenprocoumon) van de patiënten 
trad een bloeding op tijdens het eerste jaar van de behandeling. Er werden geen 
trombo-embolische events gemeld tijdens het eerste jaar van de behandeling. In  
hoofdstuk 3.3 werden de patiënten van het CAPS-cohort die al dan niet een stabiele 
periode van antistolling hadden, onderzocht om verklarende factoren te vinden 
voor het niet bereiken van een stabiele periode binnen de eerste drie maanden van 
VKA-behandeling. Een stabiele periode werd gedefinieerd als ≥3 opeenvolgende 
INR-waarden binnen het therapeutisch bereik over een periode van ≥3 weken. 
Leeftijd was positief geassocieerd met het verkrijgen van een stabiele periode (de 
hazard ratio (HR) per toename in levensjaar was 1.09, 95% CI [1.05-1.13], p <0.001). 
Meisjes (HR = 0,60 [0,37-0,97], p = 0,037), patiënten die waren opgenomen in het 
ziekenhuis (HR = 0,46 [0,25-0,57], p = 0,017), of patiënten met een onderbreking 
in hun VKA-behandeling gedurende ≥3 dagen (HR = 0,50 [0.25-0.98], p = 0.044) 
hadden een lagere kans op het verkrijgen van een stabiele periode. Bovendien werd 
de kwaliteit van de VKA behandeling bij patiënten die zowel acenocoumarol als 
fenprocoumon gebruikten vergeleken om te beoordelen of het type VKA invloed 
heeft op de kwaliteit. We vonden dat patiënten die switchten tussen acenocoumarol 
en fenprocoumon vaker een hogere TTR en lagere variabiliteit in INR-waarden 
hadden wanneer ze fenprocoumon gebruikten waarbij gekeken werd naar de 3 
maanden voor en de 3 maanden na het switchen.

DOSERINGSALGORITMEN VOOR ACENOCOUMAROL EN 
FENPROCOUMON

Hoofdstuk 4 beschrijft de doseringsalgoritmen voor acenocoumarol  
(hoofdstuk 4.1) en voor fenprocoumon (hoofdstuk 4.2) waarbij zowel genetische 
als niet-genetische factoren zijn opgenomen in de algoritmen. Voor acenocoumarol 
vonden we dat 45% van de variabiliteit in dosisbehoefte werd verklaard door de 
lichaamsoppervlakte van een kind en door de indicatie voor het gebruik van 
acenocoumarol. Door genetische variaties in VKORC1, CYP2C9 en CYP2C18 aan het 
algoritme toe te voegen, steeg het percentage verklaarde variabiliteit tot 61,8%. 
Voor fenprocoumon verklaarde de leeftijd van het kind 56,2% van de variabiliteit in 
de dosisbehoefte. Dit steeg tot 80,4% na toevoeging van de genetische variaties in 
VKORC1, CYP2C9 en CYP3A4.
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In hoofdstuk 5 zijn de resultaten van de onderzoeken samengevat, geplaatst 
in een breder perspectief van klinische implicaties en het benodigde verdere 
onderzoek. Het werk in dit proefschrift heeft aangetoond dat de kwaliteit in de 
eerste paar maanden van de behandeling met VKA’s verbeterd dient te worden. 
In de eerste paar weken van de behandeling is de TTR laag en treedt ook vaak de 
eerste bloeding van een patiënt op. Jonge kinderen hebben een hogere kans op een 
lagere TTR en hebben ook een hoger risico op het ontwikkelen van een bloeding. De 
ontwikkelde doseringsalgoritmen voor acenocoumarol en fenprocoumon zouden  
kunnen helpen bij het verbeteren van de kwaliteit van antistolling in de eerste 
maanden van de behandeling.
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