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Abstract

Studies on the effect of cytochrome P450 2C9 (CYP2(C9), vitamin K epoxide reductase complex subunit 1 (VKORCI), and
cytochrome P450 4F2 (CYP4F2) polymorphisms on warfarin maintenance dose in children are conflicting. We conducted a
systematic review and meta-analysis to evaluate the effect of these polymorphisms on warfarin maintenance dose in children.
We searched relevant literature using the MEDLINE, EMBASE, and Cochrane Central Register of Controlled Trial libraries
without any language restrictions from their inception to 23 July 2017. Dose differences are expressed as standardized mean
difference (SMD) or mean difference (MD) with 95% confidence intervals (CI). This review was registered in the
PROSPERO prospective register of systematic reviews (CRD42015016172). We included a total of nine studies (745
participants) in the meta-analysis. Patients with CYP2C9 *1/%2, *1/*3, *2/*2, *2/*3, or *3/*3 required a lower warfarin
maintenance dose compared with patients with CYP2C9 *1/*1 (SMD = —0.610, 95% CI: —0.802 to —0.419, P= 0%).
Patients with VKORC1-1639GA or AA required a lower warfarin maintenance dose compared with patients with VKORCI-
1639GG (SMD = —0.666, 95% CI: —0.887 to —0.445, P = 33%). However, no associations were observed between
CYP4F2 polymorphisms and warfarin maintenance dose (MD = 0.005 mg/kg/day, 95% CI. —0.006 to 0.015, I* = 0%).
These results were not affected by a sensitivity analysis. Our meta-analysis provides evidence that CYP2C9 and VKORCI
variant statuses affect warfarin maintenance dose in children, but not CYP4F2.

Introduction

Warfarin is the most commonly prescribed oral anticoagulant
for the treatment and prevention of thromboembolic events.
Challenges related to the use of warfarin pertain to its low
therapeutic index and the large interindividual variability in
maintenance dose requirement [1]. Although variation in the
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initial and maintenance dose is known to depend on body
weight, age, and dietary vitamin K intake as well as con-
comitant medications, there is growing evidence for a strong
hereditary component [2—4]. Over the last decade, a large
body of evidence has accumulated showing that poly-
morphisms in three genes influence warfarin maintenance
dose in adults [5-7]: cytochrome P450 2C9 (CYP2C9)
responsible for the metabolism of S warfarin, vitamin K
epoxide reductase complex subunit 1 (VKORCI) as the
molecular target of warfarin, and cytochrome P450 4F2
(CYP4F2) as the primary vitamin K1 oxidase in the liver.
Several meta-analyses have already shown the impact of
CYP2C9 [7], VKORCI [8], and CYP4F2 [9] on warfarin
maintenance dose in adults. The Clinical Pharmacogenetics
Implementation Consortium published dosing guidelines
[10] in 2017, and recommended the use of pharmacogenetic
testing to determine initial warfarin doses in adults.

The expression and function of proteins, including drug-
metabolizing enzymes, develop during infancy and childhood,
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although the speed and patterns of development vary among
different proteins. As a result, the phenotype—genotype rela-
tionship is often different between adults and children, making
it difficult to extrapolate adult findings to children. Several
pharmacogenetic studies have reported on the effects of gen-
otypes on optimal warfarin maintenance doses in children
[11-19]. However, the findings are not consistent. Recently,
Zhang et al. [20, 21] conducted systematic reviews and meta-
analyses exploring the effect of CYP2C9 and VKORCI var-
iants on warfarin maintenance dose in children indicating that
the two gene polymorphisms significantly correlated with
warfarin maintenance dose. However, given the heterogeneity
of warfarin therapy, the additional contribution of other
important factors, such as age, indication, or target interna-
tional normalized ratio (INR), to warfarin maintenance dose
remains to be elucidated. In addition, the effect of CYP4F2
variants on warfarin maintenance dose in children has not
been systematically analyzed to date.

We therefore conducted a systematic review and meta-
analysis to evaluate the effects of CYP2C9, VKORCI, and
CYPA4F2 genotypes on warfarin maintenance dose in chil-
dren. We analyzed the original data of the included studies to
estimate variant-specific warfarin doses for clinical purposes.

Material and methods

We followed the principles of the Cochrane Handbook for
Systematic Reviews of Interventions [22], the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
Protocol 2015 (PRISMA-P) [23], and the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) statement (Supplementary Table 1) [24]. Our
systematic review protocol [25] (https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC4917995/pdf/13643_2016_Article_
280.pdf) was registered with the PROSPERO on 27 Feb-
ruary 2015 (registration number: CRD42015016172). Two
investigators (MT and TK) independently reviewed the
articles for eligibility, risk of bias, and data extraction.
Disagreements were resolved through discussion or adju-
dication by a third reviewer (SI).

Search strategy and sources

A comprehensive literature search without language restric-
tions was conducted by a specialized librarian from their
inception to 23 July 2017, including MEDLINE, EMBASE,
and the Cochrane Central Register of Controlled Trial librar-
ies, as well as gray literature. The following search strategy
was applied: “warfarin” AND “target SNPs” AND “children”.
Details of the search strategy are provided in Supplementary
Materials 1-3. In addition, we manually searched the reference
lists of each eligible study included in the present and previous
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systematic reviews to identify additional relevant articles. We
also searched the International Clinical Trials Registry Plat-
form Search Portal and ClinicalTrials.gov for ongoing or
recently completed trials and PROSPERO for ongoing or
recently completed systematic reviews.

Study selection

We included original studies which met the following
criteria:

(1) Observational (cohort or cross-sectional) studies or
randomized controlled trials in warfarin-treated pedia-
tric patients;

(2) Genotypes
reported;

(3) Children aged 0-18 years of age receiving warfarin
for at least 1 month;

(4) Maintenance doses of warfarin presented according to
each genotype.

of CYP2C9, VKORCI, or CYP4F2

There were no restrictions in the inclusion criteria regarding
patient demographic information including body weight,
height, use of concurrent drugs, indication for warfarin use,
and target INR ranges. We excluded case—control studies, case
reports, case series, reviews, editorials, news, and original
studies which did not report the outcome of interest in both the
children and adults, and duplicated studies. Pharmacogenetic
studies involving only adults aged 18 or older were excluded.
When a study involved both adult and pediatric patients, we
excluded the study if the mean or median age of the study
population exceeded 18 years old and a subgroup analysis
regarding children was unavailable.

Data extraction

In accordance with the protocol [25], we extracted infor-
mation pertaining to study identification (first author, year
of publication, and country where patient recruitment took
place), study design, patient population (number of enrolled
patients, age, gender, predominant ethnicity, concomitant
drug use, diet, indication for warfarin treatment, target INR
range), and primary outcome measurements (allele fre-
quencies and warfarin maintenance dose for each genotype
of CYP2C9, VKORCI, or CYP4F2). We defined warfarin
maintenance dose as the dose required to achieve three
consecutive INR measurements within the target therapeutic
range over a minimum of 4 weeks. The two reviewers
independently extracted the data of all eligible studies and
summarized them. Disagreements between the reviewers
were resolved by discussion. We also contacted the original
authors for missing or additional data to standardize the unit
of warfarin dose to mg/kg/day.
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Assessment of the risk of bias

We assessed the risk of bias of all eligible studies in
accordance with the Newcastle-Ottawa Scale (NOS) (the
full score is “9O stars”, and high quality is defined as
“7 stars” or more) [26]. In addition, we applied the
Strengthening the Reporting of Genetic Association studies
(STREGA) statement [27] containing 12 items associated
with valid data reported in the study. For each item, there
are three categories; “yes” is scored 2, “cannot tell” is
scored 1, or “no” is scored 0. A total score over 16 (max-
imum score: 24) was arbitrarily defined as high quality.

Outcomes

Primary outcomes were differences in warfarin maintenance
doses in children to achieve therapeutic targets between
children with the wild type or the variants for each gene as
follows:

1. Between the CYP2C9 variants (CYP2C9 *1/*2,
CYP2C9 *1/*3, CYP2C9 *2/*2, CYP2C9 *2/*3, or
CYP2C9 *3/*3) and the wild type (CYP2C9 *1/*1).

2. Between the VKORCI variants (VKORCI-1639GA,
VKORC-1639AA, VKORCI-1173CT, or VKORCI-
1173CT) and the wild type (VKORCI-1639GG or
VKORCI-1173TT).

3. Between the CYP4F2 variants (CYP4F2-CT or
CYP4F2-TT) and the wild type (CYP4F2-CC).

In the analyses, we combined the data regarding haplo-
types of VKORCI-1173C>T and VKORCI-1639G>A,
because these two single-nucleotide polymorphisms (SNPs)
have a strong linkage disequilibrium [28]. We retrieved the
warfarin maintenance doses from the eligible studies as
mg/kg/day. If needed, we contacted the authors for infor-
mation. Mean dose differences (MD: mg/kg/day) between
the variants and wild type with 95% confidence interval
(CI) were estimated. If weight-adjusted doses in mg/kg/day
were unavailable for data synthesis, we calculated the
standardized mean difference (SMD) of the warfarin doses,
which is the mean differences (MD) of the doses (mg/day)
divided by the pooled standard deviation. The SMD
expresses the size of the effect in each study relative to the
variability observed in that study, allowing a direct com-
parison of the effect of the gene polymorphisms across trials
that used different scales.

Statistical analysis
We weighed the studies using the inverse variance method,

and expressed the effect of each genetic variant on warfarin
maintenance doses as absolute MD and/or SMD with 95%

CI between the respective variant and the wild type, as
defined in the section on primary outcomes above. The
magnitude of the effect size represented by the SMD was
interpreted as follows: small, if the absolute value of the
SMD was <0.4; moderate, if it was between 0.4 and 0.7;
and large, if >0.7 [22].

Anticipating heterogeneity between studies, we com-
bined the data using the DerSimonian and Laird random
effect model [29]. A two-sided P value of less than 0.05
indicates a nominally significant overall association. We
assessed the magnitude of inconsistency in the study
results using the I* statistic. We defined the three cate-
gories of heterogeneity as follows: I<30%, low; I*
30-70%, moderate; I*>70%, high. If significant hetero-
geneity was observed, further sensitivity analyses were
performed to detect potential confounding variables.
Publication bias was checked visually using a funnel plot.
All statistical analyses were performed using the Review
Manager Version 5.3 (The Nordic Cochrane Center,
Copenhagen, Denmark) or EZR (Saitama Medical Center,
Jichi Medical University), which is a graphical user
interface for R (The R Foundation for Statistical Com-
puting, Vienna, Austria) [30].

Sensitivity analysis and subgroup analysis

We conducted sensitivity analyses by excluding low-quality
studies (i.e., NOS <7) to assess sources of heterogeneity.
We also performed prespecified subgroup analyses in a
variety of subsets found in the studies: studies including
patients under 1 year of age and those without children
under 1 year of age; studies with a patient median age <6
years and those with a patient median age 26 years; studies
with a median target INR <2.5 and those with a median
target INR >2.5; studies with participants with a similar
ancestral background; and studies with children who
underwent the Fontan procedure, as an indication of war-
farin therapy, and those with heart valve problems.

GRADE framework

We used the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) guidelines to
determine the quality and strength of recommendations
[31]. Quality was adjudicated as high (further research is
very unlikely to change our confidence in the estimate of
effect), moderate (further research is likely to have an
important impact on our confidence in the estimate of effect
and may change the estimate), low (further research is very
likely to have an important impact on our confidence in the
estimate of effect and is likely to change the estimate), or
very low (very uncertain about the estimate of effect) for
each of the gene variants.
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Results
Study identification and selection

The study selection process is shown in Fig. 1. We identified
a total of 523 potentially relevant articles at the first screening.
A total of 22 articles met the eligibility criteria, of which two
articles [32, 33] were excluded because of overlapping sam-
ples, and no articles were identified from reference lists.
Therefore, 20 articles [11-19, 34-44] were included in the
systematic review. We contacted corresponding authors of the
articles to obtain additional information; eight authors
[17, 34-36, 38-40, 43] did not provide us with additional
information. Eventually, 12 studies involving 745 participants
were included in the quantitative analyses. Nine studies

[11, 12, 14-16, 18, 19, 37, 44] provided information on both
MD and SMD, and the remaining three [13, 41, 42] provided
SMD data only.

Study characteristics

The characteristics of the individual studies included in the
systematic review are summarized in Table 1 and Table 2.
All the studies were published between 2010 and 2016. In
the 12 included studies, [11-16, 18, 19, 37, 41, 42, 44] the
predominant ancestral background was Caucasian (six stu-
dies), Japanese (three), Egyptian (one), Turkish (one), and
Iranian (one). Five studies included patients less than 1 year
of age. The main indication for warfarin was the Fontan
procedure in six studies. The median target INR was less

Articles identified through database searching of Ovid Medline, Embase classics plus Embase, and the
Cochrane Central Registration of Controlled Trials from inception to July 30, 2017 (n = 523)

Articles excluded based on title/abstract (n = 405)

- Articles with no original data (n = 149)

- Articles that reported no outcome of interest (n = 76)

- Articles which did not include patients who received warfarin (n = 127)
- In vitro or animal studies (n = 14)

- Duplicated articles (n = 29)

- Articles for which pediatric sub-groups were not available (n = 10)

Full text articles assessed for eligibility (n = 118)

Articles excluded based on full text (n = 96)
- Articles for which pediatric sub-groups were not available (n = 85)
- Duplicated articles (n = 11)

Articles meeting the inclusion criteria were selected (n = 22)

Articles excluded for overlapping sampling (n = 2)

Articles included in the systematic review (n = 20)

Articles excluded for failure to obtain required information (n = 8)

Articles included in the quantitative syntheses using standardized mean difference (n = 12)

Articles excluded for not obtaining required information (n = 3)

Articles included in the quantitative syntheses using mean difference (n = 9)

Fig. 1 Flow diagram showing the number of citations identified, retrieved, extracted, and included in the final analysis
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than 2.5 in five studies. The NOS scores were over 7 in
P all studies (Supplementary Table 2), except one study
gg [17] and STREGA scores were over 16 in all studies
gz e o o = - (Supplementary Table 3), indicating that the quality of
these studies met the general requirements for the
§ meta-analysis.
'_§ Meta-analysis of the effects of the gene variants on
E - w8 " warfarin maintenance dose
] z é CYP2C9
=0 x =
=5 S8 B2 g We included eight studies [11, 12, 15, 16, 18, 19, 37, 41]
g g = = - é (four studies were excluded because of insufficient dose
Z £ £ £ ] o 3 =< information [13, 42] or low numbers of variants [14, 44]) in
g 5.5 3 43 52 3 _ i the meta-analysis of SMD, involving 540 patients (Fig. 2).
g o ?é E" ?fg E?ﬁ:j 3 52 %j«é é Warfarin maintenance doses were lower with variants than
E £232 3232 £ £52. €“°~ ;@a @ with wild type (SMD=—0.610, 95% CI: —0.802 to
3 E252 5 523882 fiiEEk 2 —0.419) with low heterogeneity (I*=0%). Specifically,
B heterozygous variants showed a moderate decrease in
3 warfarin maintenance dose compared with the wild type
, g - g (SMD = —0.512, 95% CI. —0.713 to —0.311, I*=0%),
gg z R ;; ] :5 o %" - § while homozygous variants showed an even lower warfarin
g g g §:§ EE g Eg § = maintenance dose compared with the wild type (SMD =
EE 5 E5EE Zz2 E B —1.099, 95% CI: —1.528 to —0.670, I’ = 0%) although the
3 il number of homozygous patients was small Table 3.
) %‘)D r§ Of the eight studies mentioned above, seven studies
i‘;f@ - %o ET ? P [11, 12, 15, 16, 18, 19, 37] expressed warfarin maintenance
g%é EREE I e éo doses as mg/kg/day. Therefore, we analyzed these seven
<EB e = =N = g studies using MD (mg/kg/day), which involved 490 patients
o2 go (Supplementary Fig. 1). Patients with any of the CYP2C9
§§ e - & variants required significantly lower warfarin maintenance
EE 5 & = 8 2 : doses than the wild type patients, with low heterogeneity
3 (MD = —0.041 mg/kg/day, 95% CIL. —0.054 to —0.028,
s 2 é I =9%). Patients with heterozygous and homozygous
Eé 28 variants also showed a significantly lower warfarin main-
éé - 2 x = ° § é tenance dose than wild-type patients (Supplementary
g % Table 4). Of note, there was no indication of publication
. 2 bias in the respective funnel plot (Supplementary Fig. 8A).
= £ 2 Our findings indicate that children with the CYP2C9 het-
é g ¢ % £ g @ 8 erozygous variant and homozygous variant required 0.17
2 F E E B & 72 ; and 0.12 mg/kg/day on average as an initial dose, respec-
g Q tively, instead of a standard initial maintenance dose of
= = 0.2 mg/kg/day to maintain a target INR of 2.5 [45].
g . Z g VKORC1
=l L. £ = g £ ¢
E # EE B g = £
3 - _ % 2 Nine studies [11, 13, 15, 16, 18, 19, 37, 41, 42] involving
2 ) ;; b 3 g 2 611 patients were included in the meta-analysis of SMD
% P § T 2 g g % Z 2 (three studies [12, 14, 44] were excluded because of low
= é% ‘g g % é %; - g 5 H numbers of the variants). Warfarin maintenance doses were
2 g% 3 % S g g -§ = < g lower in the variant groups than in the wild-type group, with
i £ £ A = £ A moderate heterogeneity (SMD = —0.666, 95% CI: —0.887
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(A)
Any variant Wild typel Standardised mean
Study Total Mean _ SD Total Mean _ SD difference SMD 95%-CI Weight
Biss et al. 2012 36 0.081 0.034 84 0.124 0.064 4’_%* -0.753  [-1.155;-0.350]  22.7%
Moreau et al. 2012 58 0.120 0.070 25 0.160 0.070 - -0.566  [-1.043; -0.089] 16.2%
Hamberg et al. 2013 15 0.123 0.063 34 0.166 0.071 I -0.616  [-1.236; 0.005] 9.6%
Hirai et al. 2013 2 0.091 0.030 29 0.086 0.026 i 0.186 [-1.236; 1.620] 1.8%
Nguyen et al. 2013 10 0.136 0.083 27 0.158 0.085 T -0.255  [-0.983; 0.473] 6.9%
Shaw et al. 2014 23 0.106 0.058 54 0.170 0.103 L -0.688  [-1.188; -0.187] 14.7%
Vear et al. 2014 26 0.090 0.048 67 0.139 0.136 T -0.410  [-0.867; 0.468] 17.6%
Tabib A et al. 2015 28 2.890 1.090 22 4.200 1.600 4‘—%* -0.964  [-1.556; -0.372] 10.5%
!
Total (95% CI) 198 342 == -0.610  [-0.802; -0.419]  100.0%
Heterogeneity: = 0%, t>= 0, p= 0.68 ! ‘ ‘ ‘ ‘ ‘
-15 -1 -05 0 05 1 15
(B)
Heterozygous Wild typel Standardised mean

Study Total Mean _ SD Total Mean _ SD difference SMD 95%-CI Weight
Biss et al. 2012 34 0.083 0.034 84 0.124 0.064 4‘—% 20.714  [-1.123;-0.304]  24.2%
Moreau et al. 2012 43 0.130 0.080 25 0.160 0.070 T -0.388  [-0.885; 0.110] 16.3%
Hamberg et al. 2013 13 0.152 0.068 34 0.166 0.071 43“7 -0.196  [-0.837; 0.444] 9.9%
Hirai et al. 2013 2 0.091 0.030 29 0.086 0.026 ! 0.186 [-1.248; 1.620] 2.0%
Nguyen et al. 2013 10 0.136 0.083 27 0.158 0.085 #7 -0.255  [-0.983; 0.473] 7.6%
Shaw et al. 2014 22 0.106 0.060 54 0.170 0.103 — -0.682  [-1.190; -0.174] 15.7%
Vear et al. 2014 25 0.090 0.049 67 0.139 0.136 07T -0.408  [-0.871; 0.056] 18.8%
Tabib A et al. 2015 8 2.620 1.020 22 4.200 1.600 i -1.041  [-1.898;-0.184]  5.5%

!

Total (95% CI) 157 342 <> -0.512  [-0.713; -0.311] 100.0%

Heterogeneity: I°= 0%, t>= 0, p= 0.59 P rr
-1.5 -1 -05 0 05 1 15

C
( ) Homozygous Wild typel Standardised mean

Study Total Mean SD Total Mean SD difference SMD 95%-CI ‘Weight
Biss et al. 2012 2 0.044 0.009 84 0.124 0.064 -1.25 [-2.66; 0.17] 9.2%
Moreau et al. 2012 15 0.080 0.030 25 0.160 0.070 T -1.34 [-2.05; -0.63] 36.4%
Hamberg et al. 2013 2 0.075 0.021 34 0.166 0.071 -1.27 [-2.73; 0.19] 8.6%
Tabib A et al. 2015 20 3.000 1.120 22 4.200 1.600 Tt -0.85 [-1.48;-0.21] 45.7%
Total (95% CI) 39 165 = -1.099  [-1.528; -0.670]  100.0%
Heterogeneity: I’= 0%, t>= 0, p= 0.77

Fig. 2 Forest plots of the standardized mean difference (SMD) of the
effect of CYP2C9 single-nucleotide polymorphisms on warfarin
maintenance dose. a Any CYP2C9 variant vs. wild type carriers.
b CYP2C9 heterozygous vs. wild type carriers. ¢ CYP2C9

to —0.445, P = 33%), as shown in Fig. 3a. Similar to the
findings for CYP2C9, the heterozygous variants of VKORCI
showed moderately reduced warfarin maintenance doses
with low heterogeneity, compared with the wild type
(SMD = —0.594, 95% CI: —0.782 to —0.410, > =0%),
while homozygous variants showed markedly reduced doses
with high heterogeneity (SMD = —0.912, 95% CI: —1.450
to —0.374, I = 68%), as shown in Fig. 3b, c.

Of the nine studies analyzed, six studies (462 patients)
[11, 15, 16, 18, 19, 37] expressed warfarin maintenance
doses as mg/kg/day. Patients with any of the VKORCI
variants required lower warfarin maintenance doses than
the wild-type patients, with low heterogeneity (MD =
—0.052 mg/kg/day, 95% CI: —0.070 to —0.035, I = 28%)

SPRINGER NATURE
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homozygous vs. wild type carriers. Unit of effect size; mg/kg/day. SD
standard deviation, CI confidence interval. Wild type; CYP2C9 *1/*1
carriers. Heterozygous type; CYP2C9 *1/*2 or *1/*3 carriers.
Homozygous type; CYP2C9 *2/*2, *2/*3, or *3/*3 carriers

(Supplementary Fig. 2A). The dose difference was similarly
significant between children with a heterozygous variant
and those with the wild type (MD = —0.041 mg/kg/day,
95% CI: —0.056 to —0.026, P= 0%), and between patients
with the homozygous variant and those with the wild type
(MD = —0.089 mg/kg/day, 95% CI. —0.115 to —0.064,
PP =48%), respectively (Supplementary Fig. 2B, C and
Supplementary Table 5). The study funnel plots were
symmetrically distributed, indicating that there was no
publication bias (Supplementary Fig. 8B). Although the
recommended initial dose of warfarin is 0.2 mg/kg/day
in children, those with the VKORCI heterozygous
and homozygous variants may require only 0.16 and
0.11 mg/kg/day as an initial maintenance dose, respectively.
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Table 3 Effect of CYP2C9, VKORCI, and CYP4F2 polymorphism on warfarin maintenance dose in meta-analysis

Factors No. of studies  No. of No. of SMD (95% CI) MD(95% CI), mg/kg/day Heterogeneity, I*
any variant  wild type
CYP2C9 any variant vs. wild type 8 198 342 —0.610 (—0.802, —0.419) - 0%
7 170 320 - —0.041 (—0.054, —0.028) 9%
CYP2C9 heterozygous variant vs. wild type 8 157 342 —0.512 (—0.713, —0.311) - 0%
7 149 320 - —0.033 (—0.047, —0.019)  18%
CYP2C9 homozygous variant vs. wild type 4 39 165 —1.099 (—1.528, —0.670) - 0%
3 19 143 - —0.082 (—0.096, —0.067) 0%
VKORCI any variant vs. wild type 9 381 230 —0.666 (—0.887, —0.445) - 33%
6 274 188 - —0.052 (-0.070, —0.035)  28%
VKORCI heterozygous variant vs. wild type 8 226 223 —0.594 (—0.782, —0.410) - 0%
6 206 188 - —0.041 (—0.056, —0.026) 0%
VKORCI homozygous variant vs. wild type 8 81 223 —0.912 (—1.450, —0.374) - 72%
6 68 188 - —0.089 (—0.115, —0.064)  68%
CYP4F2 any variant vs. wild type 7 245 266 - —0.005 (—0.006, 0.015) 0%
CYPA4F2 heterozygous variant vs. wild type 7 202 266 - —0.000 (—0.010, 0.011) 0%
CYP4F2 homozygous variant vs. wild type 5 39 217 - 0.015 (—0.012, 0.042) 0%

SMD standardized mean difference, MD mean difference

CYP4F2

We analyzed seven studies 511 patients)
[11, 12, 15, 18, 19, 37, 44], which provided a warfarin
maintenance dose in mg/kg/day (Fig. 4 and Supplementary
Table 6). No significant difference was found in the war-
farin maintenance doses between the CYP4F2 variants and
wild-type CYP4F2 without heterogeneity (any variant vs.
wild type; MD = 0.005 mg/kg/day, CI: —0.006 to 0.015,
PP =0%, p=0.97; heterozygous vs. wild type; MD =
0.000 mg/kg/day, 95% CI: —0.010 to 0.011, > =0%, p =
0.81; homozygous vs. wild type; MD = 0.015 mg/kg/day,
95% CI: —0.012 to 0.042, P = 0%, p = 0.82). No sign of
publication bias was seen in the funnel plot (Supplementary
Fig. 8C).

Subgroup analysis

Subgroup analyses based on main ancestral background
(Caucasians and non-Caucasians) or age (<1 and 21 year of
age, or <6 and 26 years of age) showed significant differ-
ences, similar to those found in the main analyses, in terms
of warfarin maintenance dose between the CYP2C9 and
VKORC] variants and wild type, with the exception of
CYP2C9 in those with a non-Caucasian ancestral back-
ground (Supplementary Figs. 3-5).

While the effect of VKORCI polymorphisms was not
statistically significant in the subset of studies with a median
target INR < 2.5 (any variant vs. wild type; SMD = —0.54,
CI: —1.28 to 0.19, P= 54%), a significant effect with mild
heterogeneity was observed in those with a median target
INR > 2.5 (any variants vs. wild type; SMD = —0.71, CIL:
—0.99 to —0.43, 12:46%). The impact of CYP2C9 and
CYP4F?2 variants on the warfarin dose was not changed in

the subgroup analysis based on the target INR (Supple-
mentary Fig. 6).

The effect of the CYP2C9 polymorphisms was detected
in the post-Fontan procedure subgroup (any variant vs. wild
type; SMD = —0.63, CI: —0.88 to —0.38, I> = 0%), but this
was not the case for valve replacement and deep vein
thrombosis subgroups (any variant vs. wild type; SMD =
—0.43, CI: —0.95 to 0.09, 12:59%). The effect of
VKORCI and CYP4F2 polymorphisms in both subgroups
did not change in the subgroup analysis based on the
indication for warfarin (Supplementary Fig. 7).

Sensitivity analyses

Exclusion of a low-quality study did not change the findings
described above, which indicates that the results of our
analysis were stable.

GRADE framework

We used the GRADE approach and classified the quality of
the evidence. The evidence quality for the effect of
VKORC]I on warfarin maintenance dose was “moderate”,
and “high” for the effect of CYP2C9 and CYP4F2. There is
substantial statistical heterogeneity for the VKORCI find-
ings (Table 4).

Discussion
We performed the largest meta-analysis in children pub-
lished to date through international collaboration with

investigators, providing solid evidence of the effect of
CYP2C9, VKORCI, and CYP4F?2 on warfarin maintenance

SPRINGER NATURE
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A
( ) Any variant Wild type Standardised mean
Study Total Mean SD Total Mean SD difference SMD 95%-CI Weight
Biss et al. 2012 77 0.091 0.042 43 0.148 0.069 — -1.065  [-1.462; -0.667] 16.3%
Moreau et al. 2012 30 0.110 0.050 53 0.140 0.080 i"* -0.420  [-0.873; 0.032] 14.1%
Hamberg et al. 2013 30 0.134 0.068 19 0.180 0.069 -0.662  [-1.253;-0.071] 10.0%
Nguyen et al. 2013 27 0.120 0.073 10 0.223 0.066 ~———*F—T -1.414  [-2.216;-0.613]  6.2%
Kamal et al. 2014 34 4.850 1.310 7 5.000 1.530 -0.109  [-0.923; 0.705] 6.1%
Shaw et al. 2014 46 0.133 0.075 31 0.177 0.117 -0.463  [-0.925; 0.001] 13.8%
Vear et al. 2014 64 0.102 0.060 32 0.163 0.177 e -0.536  [-0.967; -0.105] 14.9%
Tabib A et al. 2015 26 2.640 1.370 24 3.900 1.500 T -0.865  [-1.447;-0.283] 10.2%
Dilge et al. 2016 47 4.160 1.240 11 4.800 1.550 -0.485  [-1.148; -0.177] 8.4%
Total (95% CI) 381 230 < -0.666  [-0.887; -0.445] 100.0%
Heterogeneity: /°=33%, = 0.0367, p=0.15 | ‘ ‘ ‘
-2 -1 0 1 2

(B) : .

Heterozygous Wild type Standardised mean
Study Total Mean  SD Total Mean  SD difference SMD 95%-CI Weight
Biss et al. 2012 55 0.102 0.042 43 0.148 0.069 4‘—% -0.832  [-1.239;-0.407]  20.5%
Moreau et al. 2012 25 0.110 0.050 53 0.140 0.080 T -0.413  [-0.893; 0.067] 15.4%
Hamberg et al. 2013 23 0.148 0.069 19 0.180 0.069 ‘1#‘7* -0.455  [-1.071; 0.161] 9.3%
Nguyen et al. 2013 17 0.153 0.082 10 0.223 0.066 — 1 -0.89 [-1.707; -0.064]  5.3%
Shaw et al. 2014 32 0.144 0.067 31 0.177 0.117 -1 -0.34 [-0.841; 0.155] 14.3%
Vear et al. 2014 54 0.106 0.062 32 0.163 0.177 T -0.48 [-0.921; -0.034] 18.1%
Tabib A et al. 2015 24 2.400 1.100 24 3.900 1.500 ——+ -1.12 [-1.734; -0.509]  9.5%
Dilge et al.2016 36 4.260 1.240 11 4.800 1.550 43‘7* -0.40 [-1.084; 0.280] 7.7%

!
Total (95% CI) 226 223 = -0.594  [-0.782; -0.410]  100.0%
Heterogeneity: = 0%, 1= 0, p= 0.45 ! ‘ ‘ ‘ o
-1.5 -1 05 0 05 1 15

(©)

Homozygous Wild type Standardised mean
Study Total Mean SD Total Mean SD difference SMD 95%-CI Weight
Biss et al. 2012 22 0.063 0.028 43 0.148 0.069 4‘—% -1.433  [-2.006; -0.860] 16.0%
Moreau et al. 2012 5 0.100 0.060 53 0.140 0.080 T -0.501  [-1.423; 0.421] 12.4%
Hamberg et al. 2013 7 0.088 0.039 19 0.180 0.069 4’37 -1.417  [-2.380; -0.455] 12.0%
Nguyen et al. 2013 10 0.078 0.026 10 0.223 0.066 —*— -2.769  [-4.067; -1.471]  9.1%
Shaw et al. 2014 14 0.108 0.088 31 0.177 0.117 - -0.622  [-1.267; 0.024] 15.3%
Vear et al. 2014 10 0.077 0.041 32 0.163 0.177 ﬂ:—R’ -0.537  [-1.267; 0.183] 14.5%
Tabib A et al. 2015 2 5.600 0.900 24 3.900 1.500 T 1.112 [-0.367; 2.592] 7.9%
Dilge et al.2016 11 3.580 1.090 11 4.800 1.550 T -0.876  [-1.759; 0.007] 12.8%
Total (95% CI) 81 223 = -0.912  [-1.450; -0.374]  100.0%
Heterogeneity: = 68%, ©=0.386, p<0.01 ! ‘ ‘ ‘

-4 -2 0 2 4

Fig. 3 Forest plots of the standardized mean difference (SMD) of the
effect of VKORC1-1639 or -1173 single-nucleotide polymorphisms on
warfarin maintenance dose. a Any VKORC]! variant vs. wild-type
carriers. b VKORCI heterozygous vs. wild-type carriers. ¢ VKORCI
homozygous vs. wild-type carriers. Unit of effect size; mg/kg/day. SD

dose in children. CYP2C9 and VKORCI polymorphisms
significantly impact warfarin maintenance dose, whereas the
CYP4F2 polymorphism does not show such an effect.
Furthermore, we were able to estimate the effect size using
not only the SMD but also the absolute MD of the dose.
This enabled us to translate the impact of the gene variants
to absolute warfarin doses in mg/kg.

Children with CYP2C9 variants were shown to require
significantly lower doses than CYP2C9 wild-type carriers, and
the dose reduction was estimated to be 0.041 mg/kg/day on

SPRINGER NATURE

standard deviation, CI confidence interval. Wild type; VKORCI-
1639GG or -1173CC carriers. Heterozygous type; VKORCI-1639GA
or -1173CT carriers. Homozygous type; VKORCI-1639AA or
-1173TT carriers

average (equivalent to a 20.5% reduction from an initial
maintenance dose of 0.2 mg/kg/day). We also found that
VKORC]1 variant carriers require a dose reduction of
0.052 mg/kg/day on average compared with VKORCI wild-
type carriers (26% reduction from 0.2 mg/kg/day). Given that
the effects range from 19.6 to 78.1% for CYP2C9 and from 32
to 63% for VKORC] variants in adults, our findings suggest
smaller effects in children than in adults [7, 8]. Our findings
justify the inclusion of CYP2C9 and VKORCI pharmacoge-
netic status in the dosing algorithms for warfarin in children.
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(A) Any variant Wild type
Study Total Mean SD Total Mean  SD Mean difference MD 95%-CI Weight
Biss et al. 2012 59 0.114 0.070 61 0.108 0.049 -1 0.060 [-0.016; 0.028] 23.0%
Moreau et al. 2012 37 0.130 0.070 46 0.130 0.080 0.000 [-0.032; 0.032] 10.4%
Hamberg et al. 2013 20 0.148 0.059 29 0.157 0.078 -0.009  [-0.047; 0.029] 7.3%
Hirai et al. 2013 17 0.091 0.026 20 0.081 0.026 0.010 [-0.007; 0.027] 38.3%
Shaw et al. 2014 41 0.155 0.072 36 0.146 0.119 0.009 [-0.036; 0.054] 5.4%
Vear et al. 2014 43 0.123 0.086 57 0.126 0.136 -0.003  [-0.047; 0.041] 5.7%
Wakamiya et al. 2016 28 0.074 0.064 17 0.078 0.049 -0.004  [-0.037; 0.029] 9.8%
Total (95% CI) 245 266 - 0.005 [-0.006; 0.015] 100.0%
Heterogeneity: I°= 0%, 1= 0, p= 0.97 ! ‘ ! ‘ !
-0.04 -0.02 0 0.02 0.04
(B)
Heterozygous Wild type
Study Total Mean SD Total Mean SD Mean dif‘ference MD 95%-CI Weight
[
Biss et al. 2012 49 0.109 0.056 61 0.108 0.049 — . 0.001 [-0.019; 0.021] 27.3%
Moreau et al. 2012 26 0.120 0.070 46 0.130 0.080 -0.010  [-0.046; 0.026] 8.6%
Hamberg et al. 2013 19 0.137 0.052 29 0.157 0.078 -0.020  [-0.057; 0.017] 8.0%
Hirai et al. 2013 16 0.090 0.026 20 0.081 0.026 0.009 [-0.008; 0.026] 37.1%
Shaw et al. 2014 36 0.157 0.074 36 0.146 0.119 0.011 [-0.035; 0.057] 5.2%
Vear et al. 2014 32 0.115 0.080 57 0.126 0.136 -0.011  [-0.056; 0.034] 5.4%
Wakamiya et al. 2016 24 0.074 0.068 17 0.078 0.049 -0.004  [-0.040; 0.032] 8.4%
Total (95% CI) 202 266 S'Z 0.000 [-0.010; 0.011] 100.0%
Heterogeneity: I’= 0%, t>= 0, p= 0.81
-0.04 -0.02 0 0.02 0.04

(C) Homozygous Wild type
Study Total Mean SD Total Mean SD Mean difference MD 95%-CI1 Weight
Biss et al. 2012 10 0.141 0.118 61 0.108 0.049 0.033 [-0.041; 0.107] 13.6%
Moreau et al. 2012 11 0.160 0.070 46 0.130 0.080 0.030 [-0.017; 0.077] 33.3%
Shaw et al. 2014 5 0.139 0.068 36 0.146 0.119 -0.070 [-0.078; 0.064] 14.7%
Vear et al. 2014 11 0.146 0.104 57 0.126 0.136 D 0.020 [-0.051; 0.091] 14.9%
Wakamiya et al. 2016 2 0.072 0.037 17 0.078 0.049 T -0.006 [-0.063; 0.050] 23.5%
Total (95% CI) 39 217 - 0.015 [-0.012; 0.042] 100.0%
Heterogeneity: I’= 0%, t>= 0, p= 0.82 ‘ ‘ ! ‘ ‘

-0.1 -0.05 0 0.05 0.1

Fig. 4 Forest plots of the mean difference (MD) of the effect of
CYP4F2 single-nucleotide polymorphisms on warfarin maintenance
dose. a Any CYP4F2 variant vs. wild-type carriers. b CYP4F2 het-
erozygous vs. wild-type carriers. ¢ CYP4F2 homozygous vs. wild-type

The CYP4F2 variants we investigated may predispose
individuals to an increased warfarin requirement because of
the reduced removal of vitamin K from the body. However,
in the present analyses, these variants did not have a sig-
nificant impact on warfarin maintenance doses, although the
latest meta-analysis in an adult population showed other-
wise [46]. Importantly, we observed that the point estimate
of the effect size was extremely small in children, compared
with the reported adult data [46], and therefore, this cannot
be explained solely by small sample sizes in the pediatric
studies. Children and adults show highly discrepant profiles
of circulating Gla-proteins including osteocalcin [47, 48].
Although speculative, vitamin K disposition maybe funda-
mentally different in rapidly growing children, compared

carriers. Unit of effect size; mg/kg/day. SD standard deviation, CI
confidence interval. Wild type; CYP4F2-CC carriers. Heterozygous
type; CYP4F2-CT carriers. Homozygous type; CYP4F2-TT carriers

with adults, influencing the impact of CYP4F2 function on
the warfarin stable dose.

We conducted subgroup analyses to assess whether
clinical and demographic factors modify the effect of gene
polymorphisms on warfarin maintenance dose. Overall, the
findings were similar to those of the main analyses. For
example, significant effects of CYP2C9 and VKORCI var-
iants on warfarin dose were also observed in the subgroup
of studies with subjects of Caucasian background, although
interpretation of the findings in the non-Caucasian groups
requires caution because of small sample sizes. Similarly,
the results of the subgroup analysis based on age did not
differ from the main findings. However, our analyses are
not based on individual patient data, and therefore, the

SPRINGER NATURE
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Table 4 GRADE evidence profile

Quality assessment No. of patients Effects

No. of Design Risk Inconsistency  Indirectness Imprecision Publication bias Variant type Wild type SMD (95% CI)* MD (95% CI) Quality

studies of bias () mg/kg/day

Effect of CYP2C9 gene polymorphism on warfarin maintenance dose

8 Observational Not Not serious’ Not serious Not serious Undetected 198 342 —0.610 (—0.802, — High
studies serious® (I =0%) —0.419)

7 Observational  Not Not serious Not serious Not serious Undetected 170 320 - —0.041 (—0.054, High
studies serious (12 =9%) —0.028)

Effect of VKORCI1-1639 or 1173 gene polymorphism on warfarin maintenance dose

9 observational ~ Not Serious Not serious Not serious Undetected 381 230 —0.666 (—0.887, — Moderate
studies serious (I =33%) —0.445)

6 Observational  Not Not serious Not serious Not serious Undetected 274 188 - —0.052 (—0.070, High
studies serious (> =28%) —0.035)

Effect of CYP4F2 gene polymorphism on warfarin maintenance dose

7 Observational Not Not serious Not serious Not serious Undetected 245 266 - 0.005 High
studies serious (I =0%) (—0.005, 0.015)

GRADE Working Group grades of evidence: high quality, further research is very unlikely to change our confidence in the estimate of effect;
moderate quality, further research is likely to have an important impact on our confidence in the estimate of effect and may change the estimate;
low quality, further research is very likely to have an important impact on our confidence in the estimate of effect and is likely to change the

estimate; very-low quality, we are very uncertain about the estimate

%Concerning the common cutoff values considered for SMD, the effect of the gene polymorphism on warfarin maintenance dose was regarded as
small when the SMD was less than —0.4, moderate when it was between —0.4 and —0.7, and large when it was less than —0.7

" mean + SD

influence of age, target INR, and indication for warfarin
requires further study.

Our study has some limitations. First, most of the ana-
lyzed studies consist of Caucasian subjects. Although the
relative homogeneity of our study population probably
reduced variation in our findings, generalization to other
populations requires caution. Second, in our analyses,
warfarin stable doses per day were expressed as weight-
adjusted values (i.e., mg/kg/day). Weight-adjusted doses of
most drugs change with age, including warfarin. Except for
neonates, young children tend to have higher clearance per
body weight than adults [48], which results in higher dosing
rates per body weight to achieve the same average con-
centrations in serum at steady state. The age dependency of
the weight-adjusted stable dose of warfarin is likely to have
introduced variability to our findings compared with those
obtained using age-insensitive allometrically scaled doses.
However, this factor does not systematically influence the
point estimate of the between-genotype stable warfarin dose
differences. Third, we did not consider gene—gene interac-
tions. The findings may change depending on combinations
of CYP2C9 and VKORC] variants.

Our meta-analysis provides robust evidence that
CYP2C9 and VKORCI1 polymorphisms affect warfarin
maintenance dose in children, indicating the clinical utility
of pharmacogenetics-guided warfarin therapy in children.
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