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OBJECTIVES: The objective of this study was to evaluate the performance of pediatric pharmacogenetic-
based dose prediction models by using an independent cohort of pediatric patients from a multicenter trial.
METHODS: Clinical and genetic data (CYP2C9 [cytochrome P450 2C9] and VKORCT [vitamin K epoxide reduc-
tase]) were collected from pediatric patients aged 3 months to 17 years who were receiving warfarin as part of
standard care at 3 separate clinical sites. The accuracy of 8 previously published pediatric pharmacogenetic-
based dose models was evaluated in the validation cohort by comparing predicted maintenance doses to
actual stable warfarin doses. The predictive ability was assessed by using the proportion of variance (R?), mean
prediction error (MPE), and the percentage of predictions that fell within 20% of the actual maintenance dose.
RESULTS: Thirty-two children reached a stable international normalized ratio and were included in the vali-
dation cohort. The pharmacogenetic-based warfarin dose models showed a proportion of variance ranging
from 35% to 78% and an MPE ranging from —2.67 to 0.85 mg/day in the validation cohort. Overall, the model
developed by Hamberg et al showed the best performance in the validation cohort (R? = 78%; MPE = 0.15
mg/day) with 38% of the predictions falling within 20% of observed doses.

CONCLUSIONS: Pharmacogenetic-based algorithms provide better predictions than a fixed-dose approach,
although an optimal dose algorithm has not yet been developed.
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INTRODUCTION

patients. In infants and children, warfarin use is
further complicated by diet variations, frequent

Warfarin is the most commonly prescribed
oral anticoagulant in infants and children. It
is often used off-label for prophylaxis after
Fontan surgery, mechanical prosthetic valves,
Kawasaki disease with large aneurysms, dilated
cardiomyopathy, and idiopathic pulmonary
arterial hypertension.! Management of warfarin
therapy in adults is complicated by its narrow
therapeutic window and variability in warfarin
disposition and response among and between

illnesses, and dynamic and developing hepatic
and hemostatic systems.

Polymorphisms in the cytochrome P450 2C9
(CYP2C9) and vitamin K epoxide reductase
(VKORC1) genes have been shown to account
for approximately 6% to 45% of adult warfarin
dose variation depending on the patient popu-
lation studied.? CYP2C9 is responsible for the
metabolism of the more pharmacologically active
S-enantiomer of warfarin and the CYP2C9*2 and
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CYP2C9*3 allelic variants have been associated
with smaller therapeutic doses.** VKORC1 re-
cycles reduced vitamin K, and gene polymor-
phisms, including rs9923231 (-1639 G>A), confer
increased warfarin sensitivity, necessitating
smaller therapeutic doses.’® The efficacy and
safety of warfarin therapy are dependent on
maintaining the international normalized ratio
(INR) within a target range. For example, a ret-
rospective review of adult venous thromboembo-
lism patients showed that patients with an INR <
2.0 had a higher incidence of thromboembolism
(relative risk [RR] 4.5, 95% confidence interval
[CI] 3.1-6.6), while patients with an INR > 5.0
had a higher incidence of major bleeding (RR
6.4, 95% CI 2.5-16.1) than patients with an INR
of 2.0 to 3.0.7

Although smaller in size than the published
adult studies, several recent pediatric studies®*®
have suggested that CYP2C9 and VKORCI al-
lelic variation may account for approximately
4% to 50% of warfarin dose variability, and sev-
eral pediatric pharmacogenetic-based prediction
models*'® have been developed in an attempt to
explain the interindividual variability in warfarin
response. Although genetic variation has been
associated with warfarin response, the clinical
utility of these dose algorithms remains contro-
versial. External validation using an independent
data set is critical to providing predictive infor-
mation and thereby help guide future clinical
decisions. Therefore, the objective of the current
study was to externally validate and compare the
accuracy of dose predictions in published pedi-
atric pharmacogenetic-based prediction models
with a cohort of warfarin-treated children from a
US Food and Drug Administration (FDA)—-spon-
sored multicenter trial.

MATERIALS AND METHODS

Clinical Protocol

Patients were recruited from 3 US medical
centers: Children’s Mercy Kansas City, Children’s
Hospital of Los Angeles, and Children’s Hospi-
tal of Wisconsin. The study was approved by
the FDA’s Research Involving Human Subjects
Committee and the local ethics committees of all
participating institutions. Patients 3 months to 17
years of age who were currently receiving war-
farin or who had received warfarin treatment for
greater than 7 days within the past year were eli-

gible for study inclusion. Patients and/or parents
were fully informed about the study and, when
appropriate, patient assent was obtained. Infor-
mation on age, weight, height, sex, warfarin dose,
INR, prothrombin time, other medical illness or
medications, and adverse drug reactions was
collected for all patients. Indications for warfarin
were classified as follows: thrombosis, congenital
heart disease, prosthetic heart valve, and “other”
for remaining indications. Target INR varied ac-
cording to indication. A stable INR was defined
as 3 consecutive INRs at least a week apart with
no change in warfarin dose and an INR within
10% of the predetermined target range.

Genotyping

Whole blood was collected from all patients
into EDTA-vacutainers and DNA was extracted
by using a QIAmp DNA Blood Mini Kit (Qia-
gen, Valencia, CA). DNA quality was asserted
via agarose gel electrophoresis and concen-
tration determined spectrophotometrically
with a NanoDrop 2000 (NanoDrop Products,
Wilmington, DE). Six single nucleotide poly-
morphisms (SNPs) of CYP2C9 were assayed to
determine the presence of the following allelic
variants: CYP2C9*2 (rs1799853), *3 (rs1057910),
*5 (rs28371686), *6 (rs9332131), *8§ (rs7900194),
and *11 (rs28371685). In the absence of any of
these SNPs, a CYP2C9*1/*1 genotype was as-
signed. Allele designations are per the Human
Cytochrome P450 (CYP) Allele Nomenclature
Database (http://www.cypalleles.ki.se/). For
VKORCI1, rs9923231 (-1639 G>A) was inter-
rogated. Genotyping was performed by using
commercially available TagMan genotype assays
(Thermo Fisher Scientific, formerly Life Tech-
nologies, Foster City, CA). Briefly, 6-uL reactions
were carried out in 96-well plates by using the
KAPA Probe qPCR Master Mix (KAPA Biosys-
tems, Wilmington, MA). Cycling was performed
on the Applied Biosystems 7900 Real Time PCR
System (Applied Biosystems, Waltham, MA)
according to manufacturer’s specifications. Data
were analyzed with the SDS2.4 software.

Statistical Analysis

Patient demographics were analyzed by us-
ing descriptive statistics including median and
range values. The individual predicted daily dose
was compared to the mean observed individual
daily dose. From the individual predicted and
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observed dose values, the mean prediction er-
ror was calculated with the following equation:

1 y y
MPE = — 3 OBSij - PREDjj

The mean prediction error (MPE) was defined
as the average of differences between the ob-
served warfarin doses and the predicted doses
and is a measure of bias.

Model Comparison

The performance of 8 pediatric pharmacoge-
netic-based dose models, including 2 pharmaco-
kinetic/pharmacodynamic (PK/PD) models'**®
and 6 linear regression models,*'* were evaluated
by using the validation cohort. The empiric stan-
dard warfarin body-weight dose was assumed to
be 0.2 mg/kg/day." Specific model covariates are
shown in Table 1. Demographics, clinical charac-
teristics, and genetics used in model derivation/
development are shown in Table 2. The output
from each model was converted to a daily dose
and compared to the actual daily maintenance
dose. To determine the ability of the models to
explain variability in maintenance dose require-
ments, the predicted warfarin dose was plotted
against the actual warfarin maintenance dose.
The accuracy of each model was assessed by us-
ing the R? (proportion of variance) statistic and
MPE. Clinical accuracy of the predictions was
assessed by calculating the proportion of patients
in which the predicted dose was 20% or more
below the actual dose (underdosed), within 20%
of the actual dose (ideal dose), or 20% or greater
above the actual dose (overdosed).

The validation cohort was classified as requir-
ing an INR goal range of 1.5t0 3.3 (n=13), 1.8 to
3.2 (n=10), or 2.5 to 4 (n = 9) accordingly to the
Moreau model.” The predicted warfarin dose
for the Hamberg PK/PD model was estimated
on the basis of the published Warfarin Dose
Calculator 1.0.1 by using the a priori estimated
dose function.”” The predicted warfarin dose for
the Lala PK/PD model was estimated by using
the optimized starting dose from Table 2 of the
original article.**

RESULTS

Patient Characteristics
A total of 48 children were enrolled and
genotyped between 2008 and 2013. Thirty-two

children reached a stable INR and were included
in the validation cohort. Sixteen children never
achieved a stable dose after a median follow-up
of 215 days and were excluded from the analysis.
Characteristics of the validation cohort are dis-
played in Table 3. The median age was 4 years
and 9 months and the median weight was 16.1 kg
at the time of the stable dose. Most patients (n =
31) were white. The most common indications for
warfarin treatment were congenital heart disease
(n=11) or a prosthetic heart valve (n = 11). Eleven
children (34%) had Fontan procedures. The me-
dian time to reach a stable INR as defined by the
study was 95 days, with maintenance doses rang-
ing from 0.7 to 10 mg/day. Genotype frequencies
for VKORC1 -1639 G>A, CYP2C9*2 and *3 were
similar to those previously reported.’®** We did
not observe CYP2C9*5, *6, *8, or *11 in our patient
cohort. None of the children experienced a clini-
cally significant bleed.

Model Comparison

Comparisons of dose predictions in the study
cohort are summarized in Table 4. Pharmacoge-
netic-based algorithms provided dose estimates
that were closer to actual dose requirements than
estimates derived from a fixed-dose approach, as
evidenced by lower mean prediction errors. The
pharmacogenetic warfarin dose models showed
a proportion of variance (R?) ranging from 35%
to 78%. The Hamberg®' and Nguyen' models
showed the highest correlation with R* values
of 78% and 74%, respectively. Bias (MPE) was
smallest for the predictions made by the Nowak-
Gottl* and Hamberg* models (-0.03 and 0.15,
respectively). Besides the Lala'® and Hamberg*
model, all of the other models tended to over-
predict warfarin maintenance doses. The phar-
macogenetic warfarin dose models predicted an
ideal maintenance dose (+20%) in 9% to 47% of
patients. Overall, the Hamberg* and Moreau™
models had the best predictive performance (R?
=78%; MPE = 0.15 mg/day; 38% within 20% of
the ideal dose range and R? = 66%; MPE = -0.19
mg/day; 47% within 20% of the ideal dose range,
respectively) in this cohort of patients.

DISCUSSION

The objective of this study was to validate
previously published pharmacogenetic-based
warfarin models with an independent cohort of

226

J Pediatr Pharmacol Ther 2016 Vol. 21 No. 3 ® www.jppt.org

SS900E 93l) BIA 20-| L-GZ0Z 1e /wod Aioyoeignd:poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



JPPT

Prediction of Warfarin Dose in Pediatric Patients

Downloaded from https://prime-pdf-watermark.prime-prod.pubfactory.com/ at 2025-11-02 via free access

Kioba1ed adA1ousb yoes uiyum s133fgns (6 0z =) 419b6ae 10 (63 07>) I9]jews 10j sasop B/bw JusIayIp oM 4
(V/D LDYONA X 96V) LE00 + (V/V LDHOMA X 36Y) LED0 + ((L+)/L x 6DTdAD) SYEQ + (V/D LDHOMA) €€£°0 — (V/V LDHOMA) ¥TL'L = (4K) 3BV X £20°0 + 860°L = (Kep/bw) 3soq o7 :y
(19430 104 0 ‘21npad0Id URUOL JOJ |) UOEIIPU| X L9L"0 — (S3|9]|e
JUBLIBA JO JIRQUINU) € 5 6DTdAD X £9%°0 — (S3[3]|2 JUBLIBA JO JSQUINU) T 5 6DTAD X LTL'0 — (V/V 104 T 'D/Y 104 | 'D/D 404 0) LDYONA X £5T°0 = (B3) WBIBM X #10°0 + LL£'L = (Kep/Bw) 3sog p 6
¢olgeL 4
9s0p pajewysa uoud e Q'] J03e[ndjeD) 350 ULIBMBAN D
dNI39618] X €£0°0 + (Cx/Lx6DTAAD 1) 6€0°0 + (Lx/L x 6DTAAD 1) S70°0 + (1/D LDYOMAH) €40°0 + (D7D LDYONAH) LL°0 + (4K) 9By X 90000 — 60°0— = (Aep/Bx/bw) asoq :p
sobues YN| payidadsaid € ojul s|eob yYN| 9z110b6a1ed ‘(s9|3)|e Jueriea
€ x40 T 4 6DTdAD 4O J9qWINU) dDTAAD X 67°€ — (€°€ UNI 196101 J1) TG L L + (ST UNI 1961 JI) €8°/ + (V/V 10§ T 'D/V 404 L 'D/D 104 0) LDYONA X #'G — (Wd) WBIdH X 820 + ££°0L— = (im/Bw) 3soq >
(41930 J04 | ‘2inpadoid ueuo4 10} 0) UOIIRIIPU X 981°0 + (SII3]|B T «
6DTdAD JO J9QUINU) T, 6DTdAD X LLT'0 — (SII3]|B € x 6DTAAD JO I9QUINU) € 4 6DTAAD X 820 — (D/D 104 T “D/Y 104 | ‘Y/V 104 0) LDUONA X LGE'0 + (W) WYBISH X L 10 + 600°0— = (Aep/bw) ssogp :q
(dAy plIm 6DZdAD 10U J1) Z0'0 — (D/V LDYOMA) LO'0 + (¥/V LDHOMA) 80°0 — (#4) 9BV X £10°0 - 60 = (Aep/6dy/Bu) asog
asDIINPal dPIXOda Y UILUDIIA ‘| DYOMNA 21wbuApodpuiipyd/onaujodpulibyd ‘Gd/)d 010l pazijpwiiou [puoibuIdlul “YN| ‘0Std dwWody20143 dAd

X X X Kep/bw uoissaibail Jeaur 211 19 Jeap y

X X X X Kep/bw uolssalbal Jeaur c1|@ 39 meys 5}

X *X X X Kep/By/bw adnid alei@ee]

X X X X X Aep/Bw AdNd  1zul® 30 Biaquiey e
X X X X Kep/63/6w uolissaibal Jeaul ..[e 19 usknbN p
X X X X ym/bw uolssaibai Jeaur o1/e 12 nealoy b)
X X X X Kep/bw uoissaibal Jeaul se19ssig q

X X X Kep/6/6w uolIssaibal Jesul] gle 19 [10D-3eMON e

adfjousn adAjousan syun
|eoD YNl  uonesipuj Wb6I12H aby wbam 622dAD LOHOMA uondipaid asoqg uoneauaqg U943y  [SPON

sa1e1eA0) WIYOB|Y 950 uliejiep) paseg-adAjousn paysiignd *L djqeL

227

J Pediatr Pharmacol Ther 2016 Vol. 21 No. 3 ® wwuw.jppt.org



E Marek, et al

Downloaded from https://prime-pdf-watermark.prime-prod.pubfactory.com/ at 2025-11-02 via free access

|9pow aziw3do 03 Pasn spoYo) #

snobBAzowoy €, 10 Zy (9) G pue SN0BAZ0IRIAY €, 10 Ty (0E) ST :SNILIS 6DTdAD
Kep/bwi

UBI

aspIINpal apIxoda Y UIWIDIIA ‘| DHOMNA ‘05 td dW0IY203A3 dAD

0 €x
(1t 0 Tx 19410 9%/ ‘uedBWY
(6)6 QoL (£9) 19 Lx (oo WS v¥s (ze)dze  +6T o uesy uedly %8 DUYM %58 (8'61-0'L) ¥'TL 00l 1€ 19 Jeap
0 €x
0 (€)e Tx 19430 9%/ | ‘ueisy
(e (S¥L (0459 Lx 8L L (o)L  (T¥)6E +01-52°0 %/ 1 ‘ueadoing %99 (8'£L-L10) 8t €6 e1/€ 39 Mmeys
0 €x paxiw 951, ‘uesuswy
0 0 Cx uedLIyY %8 ‘ueisedne)
0 SVv (88) Tt L () L1 (1) 8 (L0 ¢ €0-¥00 %7 DWuedsiH %19  (8L-€€°0) x¥'t 9C #slB 10 BlE
0 €x
(e (e Tx 19YI0 %91
(wL)ee  (zr)oz  (LL)9Ll Lx (L) 2z (09)6L  (S€) LS 85°0-20°0 ‘uelsy %/ "SUYM %// (6'81-90°0) €9 133 #7118 39 Blaquiey
0 €x
0 0 Cx ueIsy %8 ‘uedlIawy
81 (61) £ (€4) LT Lx (oL (9v)£1 (Dol ¥€0-¥00 UedLY %61 @UYM %EL (9'81-8L) x9°6 LE 12 39 UsknBN
* €« (ueyiem
F + Cx uo €9)
¥ F (¥9) €9 Lx gL)sL (9 er  (0€) st 05°0-€0°0 UYM %06< (81-5T°0) «¥'8 8Ll o[€ 39 NeaIo
0 €x
(1 (i T
(L) L1 (L) L1 (04) ¥8 L« (81) e (9v) s (9€) €v +8°C1-50 13430 %P T "DUYM %9/ (8L-1) L1 ocl 6/ 39 SS9
0 €x (ULeyIeM
0 @1 Tx uo f€)
(r1)8 (6L)LL  (99)6€ Lx (T1) £ (ev) st (9v) LT 9'0-€0°0 AUYM %00l (0'61-0'L) 0'SL 6S 5|@ 39 [HOD-}eMON
€x Cx L A vD P (Kep/6>/6wi) A ‘(abuey)
(%) u ‘snjeis 6DZdAD (%) u ‘snieys LODYOMA 9s0( pPaAiasqo fApruyi3 aby ueipapy N U343

JPPT

S|9POJA JO UOIIRALIS( 404 UOI}_WIOU| d13dUSBodRWIRY pue ‘|ediull) “lydelsbowaq g jqeL

J Pediatr Pharmacol Ther 2016 Vol. 21 No. 3 ® www.jppt.org

228



Prediction of Warfarin Dose in Pediatric Patients

JPPT

Table 3. Characteristics of Cohort (n = 32)

Characteristic

Median (Range) or No. (%)

Age (yr)
Weight (kg)
Height (cm)
Body surface area (m?)
Sex
Male
Female
Race
Multiple races
White
Ethnicity
Latino or Hispanic
Not Latino or Hispanic
Unknown
Warfarin
Maintenance dose (mg/day)
Maintenance dose (mg/kg/day)
Treatment indication
Thrombosis
Congenital heart disease
Prosthetic heart valve
Other
INR goal
1.5-2.5
2-3
2.5-35
Other
CYP2C9 genotype
*1/*1
*1/*2
*1/*3
*2/*2,*2/%3,%3/*3
VKORCT rs9923231 genotype
GG
GA
AA

4.8(1.1-17)
16.1 (8.4-99.6)
103.7 (69.5-186.1)
0.68 (0.40-2.27)

22 (69)
10(31)

2.5(0.7-10)
0.11(0.02-0.37)

6(19)
11 (34)
11 (34)
4(13)

15 (47)
11 (34)
6(19)

CYP, cytochrome P450; INR, international normalized ratio; VKORC], vitamin K epoxide reductase

pediatric patients from a multicenter trial. We
identified 8 pediatric warfarin dose algorithms
that included pharmacogenetic information. All
of the pharmacogenetic-based models performed
better than a fixed-dose approach. Comparing
the pharmacogenetic models, those proposed
by Hamberg?' and Moreau'® had the best perfor-
mance in this cohort of patients, although greater
than 50% of patients had either underdose or

overdose predictions. Both the Hamberg and
Moreau models included INR target ranges as a
covariate, which may have contributed to their
predictive ability in this cohort. Factors such as
adherence, drug-drug interactions, and dietary
intake of vitamin K, along with other genetic
variation, may have contributed to residual unex-
plained variability in warfarin dose and therefore
limit the predictive performance of these models.
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Table 4. Accuracy Measures of Warfarin Dose Models

Model R? Mean Prediction Error

(95% Cl), mg/day

Underpredicted (%) Ideal (%) Overpredicted (%)

Fixed dose 0.33 —3.49 (-5.19,-1.79)
(0.2 mg/kg/day)

Nowak-Gottl etal® 0.52 -0.03 (-0.61, 0.55)
Biss et al’ 0.66 —-0.28 (-0.76, 0.20)
Moreau et al' 0.66 -0.19 (-0.67, 0.29)
Nguyen et al™ 0.74 —2.67 (-3.79,-1.55)
Hamberg etal”*  0.78 0.15(-0.23,0.53)
Lala etal®™ 0.60 0.85(0.34,1.37)
Shaw et al' 0.58 —-0.48 (-1.00, 0.05)
Vear et al' 0.35 —0.63 (—1.28, 0.03)

9 9 81
34 16 50
22 37 41

47 44
6 19 75
34 38 28
56 19 25
16 41 44
16 34 50

Cl, confidence interval

These results are in line with those of Hamberg
and colleagues,'*?' where investigators tested the
predictive performance of pediatric genotype-
based dose algorithms by using a subset of a
published pediatric data set. Authors compared
2 PK/PD and 4 linear regression models, deter-
mining that the PK/PD model by Hamberg gave
the most accurate dose predictions.?" The PK/
PD models show promise with dose predictions
and offer more flexibility than linear regression
models but often require specialized software for
individualized dose predictions. Thus, Hamberg
and colleagues' created a Java-based tool to esti-
mate individualized a priori and a posteriori dose
predictions. This tool provides universal access to
individualized dose predictions and could help
overcome specialized software requirements in
the future. These PK/PD models are based on the
assumption of a similar concentration-response
relationship for pediatric and adult patients.
Recent research indicates that the concentrations
of several coagulation factors, including vitamin
K-dependent factors, differ between adults and
children from infancy,”* suggesting a potential
difference in response to anticoagulants.

External validation is critical for determining
the best model for warfarin dose predictions and
generating unbiased estimates of model perfor-
mance. To our knowledge, this is the second re-
port of external validation using an independent
cohort of children. In comparison, several adult
dose prediction models have undergone external
validation.>* In adults, incorporation of genetic
and clinical information has been shown to be
predictive of stable warfarin dose, but clinical

trials evaluating genotype-guided warfarin dose
produced mixed results.”

This study is limited by its small size and a rath-
er genetically homogenous patient population.
We did not have any children with CYP2C9*2/%2,
CYP2C9%2/*3, or CYP2C9*3/*3 genotypes confer-
ring considerable reduction of CYP2C9 activity,
limiting the analysis. In comparing the published
genotype-based algorithms, we made a number
of assumptions and model performance may
have improved with additional patient informa-
tion. In addition, the American College of Chest
Physicians (ACCP) CHEST guideline starting
dose of 0.2 mg/kg is intended as a starting dose
rather than a daily maintenance dose. However,
despite these limitations, the current cohort of
warfarin-treated children provides valuable
information on the performance of previously
published pediatric pharmacogenomics-based
warfarin dose models.

Owing to limited patient numbers and chal-
lenges in pediatric enrollment in these clinical
trials, there is an effort to create a consortium
and pool data in order to improve warfarin use
in children. Although warfarin is the standard
oral anticoagulant used in pediatric patients,
prospective randomized controlled trials inves-
tigating its use are lacking' and there is limited
evidence-based information on whom to treat,
at what intensity, and the length of treatment.”
Many of the current recommendations have
been extrapolated from adult studies, including
indication-related target INRs. According to the
ACCP CHEST guidelines, evidence supporting
the recommendations for antithrombotic therapy
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in neonates and children is weak, and studies
addressing appropriate drug target ranges are
urgently required.’® Thus, a consortium could
aid in addressing these gaps in our knowledge as
well as in investigating the influence of genotype
on warfarin dose and response.

CONCLUSION

Genetic testing to guide warfarin therapy in
children has not been recommended owing to a
lack of evidence,” but recent studies have shown
a substantial contribution of age-dependent
factors and CYP2C9 and VKORCI genotype
on dose requirements. Pharmacogenetic-based
algorithms provide better predictions than a
fixed-dose approach although an optimal dose
algorithm has not yet been developed.
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