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Abstract

Background Although studies assessing the cost effec-

tiveness of genotype-guided warfarin dosing for the man-

agement of atrial fibrillation, deep vein thrombosis, and

pulmonary embolism have been reported, no publications

have addressed genotype-guided warfarin therapy in

mechanical heart valve replacement (MHVR) patients or

genotype-guided warfarin therapy under the fee-for-service

(FFS) insurance system.

Objective The aim of this study was to evaluate the cost

effectiveness of genotype-guided warfarin dosing in

patients with MHVR under the FFS system from the Korea

healthcare sector perspective.

Methods A decision-analytic Markov model was devel-

oped to evaluate the cost effectiveness of genotype-guided

warfarin dosing compared with standard dosing. Estimates

of clinical adverse event rates and health state utilities were

derived from the published literature. The outcome mea-

sure was the incremental cost-effectiveness ratio (ICER)

per quality-adjusted life-year (QALY). One-way and

probabilistic sensitivity analyses were performed to

explore the range of plausible results.

Results In a base-case analysis, genotype-guided warfarin

dosing was associated with marginally higher QALYs than

standard warfarin dosing (6.088 vs. 6.083, respectively), at a

slightly higher cost (US$6.8) (year 2016 values). The ICER

wasUS$1356.2 per QALY gained. In probabilistic sensitivity

analysis, therewas an82.7%probability that genotype-guided

dosing was dominant compared with standard dosing, and a

99.8%probability that itwas cost effective at awillingness-to-

pay threshold of US$50,000 per QALY gained.

Conclusion Compared with only standard warfarin ther-

apy, genotype-guided warfarin dosing was cost effective in

MHVR patients under the FFS insurance system.

Key Points for Decision Makers

Genotype-guided warfarin dosing for optimal

anticoagulation appears to represent a cost-effective

strategy in mechanical heart valve replacement

(MHVR) patients under the fee-for-service system.

Our analysis indicates that genotype-guided warfarin

dosing may be considered an integral part of

healthcare prior to the initiation of warfarin therapy

in MHVR patients under the fee-for-service system.

1 Introduction

Warfarin is the most commonly prescribed anticoagulant

used to prevent thromboembolic events [1, 2]. Because of

its narrow therapeutic index and large inter-individual

variation, an inappropriately high dose can cause serious

adverse events such as intracranial hemorrhage (ICH),

whereas inappropriately low doses can result in treatment
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failure including fatal ischemic stroke [3]. The polymor-

phisms in cytochrome P450 2C9 (CYP2C9) and vitamin K

epoxide reductase complex subunit 1 (VKORC1) account

for approximately 40% of inter-individual variation in

warfarin maintenance dose requirements [4, 5], such that

genotype-guided, individualized warfarin therapy is now

recommended [3]. Despite reports indicating the cost

effectiveness of genotype-guided warfarin dosing [6–9],

the majority of insurance plans do not cover warfarin

pharmacogenetic testing [3].

Previously published cost effectiveness of genotype-

guided warfarin dosing studies focused on atrial fibrillation

(AF) patients treated under the diagnosis-related group

(DRG) system [6–12]. It was reported that genotype-gui-

ded warfarin dosing could be cost effective depending on

the cost of CYP2C9 and VKORC1 genotyping in AF under

the DRG system [6–9, 11, 12]. Mechanical heart valve

replacement (MHVR) patients are at a markedly higher risk

of thromboembolism than those with AF [13]. In addition,

unlike other indications such as AF and deep vein throm-

bosis, MHVR patients can have a higher sensitivity to the

warfarin caused by hemodynamic and hemostatic insta-

bility just after open heart surgery, with declining warfarin

sensitivity over time [5, 14, 15]. Moreover, while MHVR

patients should start anticoagulant therapy upon hospital-

ization for open heart surgery [1, 2], patients with AF or

deep vein thrombosis can take anticoagulant medications

as outpatients [2, 16]. Thus, a cost-effectiveness analysis in

MHVR patients may have different results to those in other

indications because they have a different risk of adverse

events and utility value.

The fee-for-service (FFS) insurance system, the domi-

nant payment method in Korea, is a model that separately

bills treatment and hospitalization according to the type of

clinical service, duration of hospitalization, and outpatient

clinic visits [17]. While the cost of inpatient care is fixed

under the DRG system, the cost can be reduced due to

faster stabilization of patients and early discharge under the

FFS system [18]. As yet, no reported studies have focused

on genotype-guided warfarin dosing in MHVR patients or

genotype-guided warfarin dosing under the FFS system.

Therefore, we evaluated the cost effectiveness of genotype-

guided versus standard warfarin dosing in MHVR patients

under the FFS system.

2 Methods

2.1 Model Structure

A decision-analytic Markov model was developed to sim-

ulate the outcomes of two treatments: genotype-guided

warfarin therapy versus standard therapy (Fig. 1). The

base-case analysis consisted of a hypothetical cohort of

Asian MHVR patients commencing warfarin therapy [5].

Patients were categorized according to CYP2C9 and

VKORC1 genotypes (CYP2C9 wild-type/VKORC1 –1639

AA, CYP2C9 wild-type/VKORC1 –1639 AG or GG, and

CYP2C9 variant/VKORC1 AA). The CYP2C9 variant/

VKORC1 AG or GG subgroups were not included due to a

lack of available data on those patients [5, 7]. Genotype

testing involved CYP2C9*3, CYP2C9*13, CYP2C9*14 and

VKORC1 –1639 G[A based on East-Asian genotype pro-

files [5, 19].

Patients in the standard therapy group received initiation

dosing following the 5 mg nomogram [20, 21]. After the

initial dose, the warfarin dose was adjusted to find the

stable warfarin dose based on INR monitoring through a

trial-and-error process. In the genotype-guided warfarin

therapy group, patients took an initial warfarin dose as

calculated by a pharmacogenetic-based algorithm using

demographic, clinical, and genetic data. The genotype-

guided warfarin therapy group received CYP2C9 and

VKORC1 genotyping before the initial warfarin dose.

Based on our previous data, we assumed that patients in

both groups received warfarin therapy during 2 weeks of

initial hospitalization and subsequent outpatient clinic

visits [5]. International normalized ratio (INR) control

could be within, below, or above the target INR range, and

time spent in INR ranges were used to determine the

probability of adverse events.

In MHVR patients commencing warfarin therapy, we

assumed schedule of INR measurements as follows: once

per day when the patient was not within the INR target

range during hospitalization, once per week when the

patient remained in the INR target range, once per week

after hospital discharge (until the patient reached a

stable warfarin dose), and once per month after the patient

reached a stable warfarin dose. The patients were followed

for a lifetime. Four tiers of outcomes were simulated for

each study arm: no event, bleeding, thromboembolism, and

death. Total direct medical cost and quality-adjusted life-

years (QALYs) gained were calculated on a weekly cycle.

Major bleeding events were classified as ICH or

extracranial hemorrhage (ECH), including gastrointestinal

bleeding [22]. Major thromboembolic events were defined

as ischemic stroke and transient ischemic attack (TIA) [9].

The model was constructed using the TreeAge Pro software

package (TreeAge Software Inc., Williamstown, MA,

USA).

2.2 Data Sources

In this study, we used data from our previous study which

included 265 MHVR patients [5]. Briefly, the previous

study was an observational cohort study over 1 year of
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follow-up. It suggested that the CYP2C9 and VKORC1

genotypes influenced warfarin dosing in an early phase as

well as steady state of warfarin therapy in Korean patients

with MHVR. We also developed the genotype-based pre-

dictive algorithm for the warfarin maintenance dose.

2.3 Clinical Input

We retrieved the clinical inputs for the model from the

literature. INR values were used as a surrogate marker for

warfarin efficacy and safety. The percentage of time spent

in, below, and above target INR ranges were used to

determine the probability of an adverse event or therapeutic

failure for each genotype subgroup. The mean percentage

of time spent below, within, and above target INR ranges

(\1.7; 1.7–2.8;[2.8), were determined for each genotype

subgroup using data from our previous study [5], and was

assumed to reflect standard warfarin therapy in Asian

MHVR patients [5, 23, 24]. The percentage of time spent in

the various INR ranges was calculated using the method

described by Rosendaal et al. [25]. Figure 2 depicts the

percentage of time spent in the different INR ranges

according to CYP2C9 and VKORC1 genotypes during

months 1, 6, and 12 of warfarin therapy. In the genotype-

guided warfarin therapy group, we estimated that the

patients with genotype-guided warfarin therapy would

spend 12.6% more time within the target INR range, 9%

less time below the target INR range, and 3.6% less time

above the target INR range during the first month on the

basis of the findings of Verhoef et al [9].

The risk of thromboembolism and major bleeding events

was derived from published clinical literatures [26, 27].

The relative risks of thromboembolism and major bleeding

events were increased in patients below or above the target

INR range, respectively [23, 27, 28]. We assumed that the

risk of adverse events in the target INR range of 2–3 was

similar to the risk associated with the target range

employed in Korea of 1.7–2.8 [5, 23, 24]. A total of 29% of

the major bleeding events were ICH [29]; we assumed that

all of the other major bleeding events were ECH

[6, 7, 22, 27]. We also assumed that ECH patients would

recover within 1 month [6, 9]. ICH patients had a 48.6%

probability of dying and a 34% probability of recovery

with sequelae [22]; the remaining patients (17.4%) recov-

ered from ICH. A total of 60% of the thromboembolic

events were classified as ischemic stroke; the remaining

events (40%) were classified as TIA [9]. We assumed that

11.7% of stroke patients died [30], 43.6% recovered with

sequelae [30], and the remaining patients (44.7%) recov-

ered from stroke. It was assumed that all of the TIA

patients were fully recovered within the subsequent month

[9]. The annual mortality rate for MHVR patients was

Fig. 1 Decision-analytic model. Mechanical heart valve replacement

patients who start warfarin are classified according to treatment arms

(genotype-guided warfarin therapy vs. standard therapy) and catego-

rized according to CYP2C9 and VKORC1 genotype. The international

normalized ratio control could be within, below, or above the target

range, and patients might consequently experience no event,

intracranial hemorrhage, extracranial hemorrhage, ischemic stroke,

transient ischemic attack, or other death according to transition

probabilities. CYP2C9 cytochrome P450 2C9, ECH extracranial

hemorrhage, ICH intracranial hemorrhage, INR international normal-

ized ratio, MHVR mechanical heart valve replacement, TE throm-

boembolism, TIA transient ischemic attack, VKROC1 vitamin K

epoxide reductase complex subunit 1, VT variant, WT wild-type
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estimated at 7% per year [31]. The mortality rate during

sequelae was estimated at 0.73% per month [32]. The

mortality rates were obtained by the slope of linear

regression of the log-transformed survival data [33]. The

model input parameters are listed in Table 1.

2.4 Utility and Cost Input

Our hypothetical cohort was composed of Korean MHVR

patients, and a utility value of 0.73 for MHVR patients was

obtained from The Netherlands population-based MHVR

patients’ EQ-5D scores [34]. The utility estimates associ-

ated with adverse events were derived from US population-

based EQ-5D scores [35, 36]. A disutility value of 0.194,

for initial warfarin therapy during hospitalization for open

heart surgery, was applied [37], with a disutility value of

0.013 used for long-term anticoagulant care [35, 36]. Costs

were determined from a healthcare sector perspective [33].

All relevant direct medical costs covered by the national

insurance were considered. The costs and effectiveness

were discounted at 3% per year in accordance with the

World Health Organization (WHO) guideline [38]. All

costs were updated to 2016 values using data obtained from

the Korean National Health Insurance Service (NHIS). The

Korean won to US dollar (US$) yearly average exchange

rate was approximately 0.001 in 2016 [39]; i.e., 1000

Korean won was calculated to be US$1; all costs were

expressed in US dollars. We estimated the cost of CYP2C9

and VKORC1 genotyping assay to be US$140, based on

current pricing in Busan Paik Hospital, although this cost

varies widely in the available data [40]. The cost of anti-

coagulant care during hospital admission days and clinical

visits for INR monitoring were estimated using the micro-

costing method using public data obtained from the Health

Insurance Review & Assessment service [40]. Hospital

admission costs comprised the general room, food service,

prescription dispensing, INR monitoring, and doctors’ fees.

The total cost of the clinical visit comprised the cost of

INR monitoring and the doctor’s fee. The cost of warfarin

(US$0.07 in Korea) was not included in this model [40].

The cost of valve replacement, ischemic stroke, TIA, ICH,

ECH, and sequelae after stroke or ICH were estimated via

the gross-costing method using Korean NHIS data from

July 2015 to June 2016 [41].

2.5 Analyses

Base-case estimates of the costs and QALY values

associated with the genotype-guided and standard war-

farin dosing strategies were first determined, followed by

one-way sensitivity analysis to evaluate the impact of

different input parameters on the results. Parameters

were varied according to their 95% confidence intervals,

and varied by 20% if a confidence interval was not

available. The risk of thromboembolism or major

Fig. 2 Percentage of time spent in, below, and above target

international normalized ratio ranges in patients with mechanical

heart valve replacement at a 1 month, b 6 months, and c 12 months,

estimated based on our previous data [5]. The bars represent the

percentage of time spent in, below, and above target INR ranges,

stratified by CYP2C9 and VKORC1 genotype. CYP2C9 cytochrome

P450 2C9, INR international normalized ratio, VKROC1 vitamin K

epoxide reductase complex subunit 1, VT variant, WT wild-type
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Table 1 Clinical, cost, and utility inputs

Model variables Base case (95% CI or clinically plausible range) References

Genotypea

CYP2C9 wild-type/VKORC1 AA 72.04% (65.59–78.49) [5, 7]

CYP2C9 wild-type/VKORC1 AG or GG 16.67% (11.31–22.02) [5, 7]

CYP2C9 variant/VKORC1 AA 11.29% (6.74–15.84) [5, 7]

Risk of thromboembolism

Absolute risk of thromboembolism (within therapeutic INR range) 2%/year (1–3)b [26]

Relative risk of thromboembolism (above therapeutic INR range) 1 [27, 28, 46]

Relative risk of thromboembolism (below therapeutic INR range) 5.07 (2.92–8.8) [28]

Risk of bleeding

Absolute risk of major bleeding (within therapeutic INR range) 2.68%/year (1.34–4.02)b [27]

Relative risk of major bleeding (above therapeutic INR range) 8.28 (1.24–8.28) [27, 28, 46]

Relative risk of major bleeding (below therapeutic INR range) 1 [27, 28, 46]

Thromboembolism outcomes (if thromboembolism occurs)

TIA 40% (calculated)c [9]

Stroke 60% (48–72) [9]

Mortality after stroke 11.7% (9.4–14.0)d [30]

Recovery 44.7% (calculated)c [30]

Sequelae after stroke 43.6% (34.9–52.3)d [30]

Mortality during sequelae per month 0.73% (0.58–0.88)d [32]

Bleeding outcomes (if bleeding occurs)

ECH 71% (calculated)c [29]

Mortality after ECH 5% (1–10) [22]

ICH 29% (23–35)d [29]

Mortality after ICH 49% (36–61) [22]

Recovery 17% (calculated)c [22]

Sequelae after ICH 34% (27–41)d [22]

Mortality during sequelae per month 0.73% (0.58–0.88)d [32]

Risk of any-cause death

Annual mortality 7%/year (5.6–8.4)d [31]

Effects of genotype-guided warfarin dosing

Change in time within range ?12.6% (?6.3 to ?18.9)b [9]

Change in time with INR\1.7 –9% (–4.5 to –13.5)b [9]

Change in time with INR[2.8 –3.6% (–1.9 to –5.5)b [9]

Utilities

MHVR patients 0.73 (0.67–0.79) [34]

Initial phase of anticoagulation in hospital –0.194 (–0.097 to –0.291)b [37]

Long-term anticoagulation after stabilization –0.013 (0.010–0.016)d [7]

ICH –0.14 (–0.12 to –0.16) [7]

ECH –0.06 (–0.02 to –0.1) [7]

TIA –0.103 (–0.088 to –0.119) [7]

Stroke –0.14 (–0.12 to –0.16) [7]

Sequelae –0.374 (–0.16 to –0.374) [7]

Cost (US$)

Genotyping 140 (70–210)b [40]

Hospitalization fee for initial anticoagulation (weekly) 709 (354–1063)b [40]

Clinical visit fee for INR monitoring 18 (9–27)b [40]

Valve replacement surgery 2334 (0–4667)e [41]

ICH 12,385 (0–24,769)e [41]
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bleeding events was varied by 50%. The effect of

genotype-guided warfarin dosing on increasing time

spent within the target INR range (12.6% in base-case

analysis) was varied by 50% (6.3–18.9%). Genotyping

costs varied between US$70 and US$210 and the costs

of anticoagulant treatment were varied by 50%. The

costs of valve replacement, ischemic stroke, TIA, ICH,

ECH, and sequelae after stroke or ICH were varied by

100% (because the Korean NHIS claims data does not

include out-of-pocket insurance costs).

A probabilistic sensitivity analysis, using the Monte-

Carlo simulation method, was performed to examine the

combined impact of uncertainties concerning the values of

multiple input parameters on the estimated cost-effec-

tiveness of genotype-guided warfarin dosing. This also

enabled us to calculate the probability that genotype-

guided warfarin dosing would be cost effective at a cer-

tain threshold or at the willingness-to-pay value. During

the probabilistic sensitivity analysis, the simulation was

conducted by randomly sampling distributions of all

variables, which were defined with 95% confidence

intervals or plausible ranges. Gamma distribution was

used for cost data [33]. Dirichlet distribution was used for

the probabilities with more than two possible results (e.g.,

genotype and outcomes of adverse events). Beta distri-

bution was used for utilities [33]. Log-normal distribution

was used for the relative risk of adverse events and

mortality [33]. Normal distribution was used for the

percentage of time spent in, below, and above target INR

ranges [42]. Finally, results of the Monte-Carlo simulation

were ordered by using a cost-effectiveness acceptability

curve to test for the probability of the estimated incre-

mental cost-effectiveness ratios (ICERs) being under an

assumed willingness-to-pay threshold of US$50,000 per

QALY gained [43].

2.6 Estimation of Time Taken to Reach

Stable Anticoagulation

Stable anticoagulation was defined as two consecutive

INRs in the therapeutic range, with no dose adjustment

during the follow-up interval (weekly) [44]. We estimated

the time taken to reach stable warfarin dosing in our

MHVR patients in both the genotype-guided and standard

warfarin dosing arms, using simulation data obtained from

our Markov model.

2.7 Model Validation

To assess the predictive validity of the model, we com-

pared the cumulative probabilities of ischemic stroke and

major hemorrhage associated with standard warfarin dos-

ing to the clinical trial results of a randomized evaluation

of long-term anticoagulation therapy over a 2-year period

[29]. Model outputs for the 2-year cumulative probability

of ischemic stroke and ICH were 2.11%/year and 1.13%/

year, respectively, compared with 2.02%/year and 1.10%/

year, respectively, for Asian patients.

3 Results

3.1 Base-Case Analysis

Table 2 shows the results of the cost-effectiveness analysis.

Compared to standard warfarin therapy, the genotype-

guided approach increased QALYs marginally (0.005; i.e.,

2 days of perfect health) and increased costs by US$6.8.

The ICER was US$1356.2 per QALY gained, which was

less than the generally acceptable threshold for willingness

to pay of US$50,000 per QALY gained.

Table 1 continued

Model variables Base case (95% CI or clinically plausible range) References

ECH 2085 (0–4169)e [41]

TIA 3185 (0–6370)e [41]

Stroke 7363 (0–14,727)e [41]

Sequelae, long-term treatment 383 (0–767)e [41]

CI confidence interval, CYP2C9 cytochrome P450 2C9, ECH extracranial hemorrhage, ICH intracranial hemorrhage, INR international nor-

malized ratio, MHVR mechanical heart valve replacement, TIA transient ischemic attack, VKORC1 vitamin K epoxide reductase complex

subunit 1
a Lack of available data in a subgroup of patients carrying the CYP2C9 variant/VKORC1 AG or GG genotype
b ±50%
c The remainder add up to 100%
d ±20%
e ±100%
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3.2 Sensitivity Analysis

Figure 3 depicts a tornado diagram summarizing the results

of the one-way sensitivity analysis of the clinical and

economic parameters on the cost effectiveness. The ICER

varied between –US$19,850 per QALY gained (less costly

and more effective) and US$27,643 per QALY gained

when the genotype-guided warfarin dosing increased the

time within the target INR range by between 6.3% and

18.9%. This effect of genotype-guided warfarin dosing had

the greatest influence on the cost effectiveness. The ICER

varied between –US$12,662 per QALY gained (less costly

and more effective) and US$15,375 per QALY gained

when the genotyping costs varied between US$70 and

US$210. The ICER varied between –US$4763 per QALY

gained (less costly and more effective) and US$10,620 per

QALY gained when the absolute risk of thromboembolism

varied between 1%/year and 3%/year. The ICER varied

between –US$8670 per QALY gained (less costly and

more effective) and US$12,426 per QALY gained when

the relative risk of thromboembolism below the target INR

range varied between 2.92 and 8.8. We performed exten-

sive sensitivity analysis on the costs of ischemic stroke,

TIA, ICH, ECH, and long-term sequelae (the Korean NHIS

claim data do not include out-of-pocket insurance costs).

Although the costs of adverse event increased two-fold,

they did not affect the robustness of the base-case results,

with the exception of the cost of long-term sequelae

treatment. However, The ICER was \US$0 per QALY

gained (dominant cost effectiveness) when the cost of

sequelae was [US$412. In the base-case analysis, we

assumed that genotype-guided warfarin dosing did not

affect hospital admission days for MHVR open heart sur-

gery. If genotype-guided warfarin dosing reduces hospital

stay by 1 day, the ICER (–US$16,223 per QALY gained)

exhibits dominant cost effectiveness.

In the probabilistic sensitivity analysis, genotype-guided

warfarin dosing was more effective and more costly in

17.3% of simulations (Fig. 4) and was the dominant

strategy (less costly, more effective) in 82.7% of simula-

tions. There was also a 99.8% probability that genotype-

guided warfarin dosing was cost effective at a willingness-

to-pay threshold of US$50,000 per QALY gained. Figure 4

also indicates the probability that genotyping would be cost

effective over a range of likely thresholds.

3.3 Reduced Time to Reach Stable Anticoagulation

in Genotype-Guided Warfarin Dosing

The analysis of time taken to reach stable anticoagulation

indicated that patients treated with genotype-guided war-

farin dosing achieved a stable dose faster than those who

were treated using standard warfarin dosing (Fig. 5). The

median time taken to reach a stable warfarin dose in the

genotype-guided versus standard dosing group was 12 and

20 days, respectively; 90% of patients receiving genotype-

guided versus standard dosing reached a stable warfarin

dose after 26 and 42 days, respectively. The mean value of

hospitalization days in MHVR patients was 17 based on

our previous data [5], and the proportion of patients

achieving stable anticoagulation under genotype-guided

and standard warfarin dosing was 67.4 and 42.4%,

respectively.

4 Discussion

This is the first study to assess the cost effectiveness of

genotype-guided warfarin dosing in MHVR patients and

genotype-guided warfarin dosing under the FFS system. In

a base-case analysis, we demonstrated that MHVR geno-

type-guided warfarin dosing represents a cost-effective

strategy of reducing the risk of bleeding and thromboem-

bolism. In this study, half of MHVR patients carrying the

CYP2C9 wild-type/VKORC1 AG or GG genotype were

below the target INR range during early-phase warfarin

therapy compared with 27% of MHVR patients carrying

the CYP2C9 wild-type/VKORC1 AA genotype. It has been

reported that the risk of thromboembolic events is signifi-

cantly increased in patients below the target INR range

[27, 28]. MHVR patients are also at significantly greater

risk of thromboembolism than AF patients during early-

phase treatment [2, 15], such that genotype-guided dosing

represents a safer warfarin dosing strategy [45]. In total,

24% of the CYP2C9 variant/VKORC1 AA genotype car-

riers were above the target INR range compared with 11%

Table 2 Base-case results Strategy Cost

(US$)

Effectiveness

(QALYs)

Marginal

cost (US$)

Marginal

effectiveness

(QALYs)

ICER (US$/

QALY gained)

Standard warfarin

dosing

26,478.5 6.083

Genotype-guided

warfarin dosing

26,485.3 6.088 6.8 0.005 1356.2

ICER incremental cost-effectiveness ratio, QALYs quality-adjusted life-years

Cost-Effectiveness of Genotype-Guided Warfarin 663



of CYP2C9 wild-type/VKORC1 AA genotype carriers. The

risk of hemorrhagic complications is significantly

increased when the INR exceeds the target INR

[27, 28, 46].

This is the first cost-effectiveness analysis of genotype-

guided warfarin dosing considering Asian patients who

have lower minor allele frequencies of CYP2C9 and

VKORC1 than other ethnicities (Asian 0% vs. Caucasian

12% for CYP2C9*2; Asian 2% vs. Caucasian 8% for

CYP2C9*3; Asian 7.5% vs. Caucasian 61.5% for

VKORC1 G allele) [47, 48]. In addition, Asian patients

receiving standard warfarin therapy have been reported to

face a higher risk of stroke and adverse events than non-

Asian patients [29, 49]. Thus, genetic effects on warfarin

response are different among different ethnic populations

Fig. 3 Tornado diagram of one-way sensitivity analysis. The hori-

zontal bars represent the range of the incremental cost-effectiveness

ratio for one-way sensitivity analysis over the range of the parameter

in parentheses. The dotted vertical line indicates the incremental cost-

effectiveness ratio of genotype-guided warfarin dosing at base-case

analysis. ECH extracranial hemorrhage, ICH intracranial hemorrhage,

INR international normalized ratio, QALY quality-adjusted life-year,

TE thromboembolism, TIA transient ischemic attack, % TTR per-

centage of time within therapeutic INR range

Fig. 4 Cost-effectiveness acceptability curve representing the prob-

ability that the genotype-guided warfarin therapy is cost effective at

various willingness-to-pay thresholds. The curve was generated from

the Monte-Carlo simulations. QALY quality-adjusted life-year

Fig. 5 Time taken to reach stable anticoagulation. The time taken to

reach stable anticoagulation in a proportion of patients is shown on

the x-axis. The dotted horizontal lines represent the proportion of

patients reaching stable anticoagulation (50 and 90%). The dotted

vertical line represents the average hospital stay (17 days) calculated

from our previous study [5]. The two curves indicate the rates of

patients reaching stable anticoagulation for each treatment arm:

genotype-guided warfarin therapy (solid curve) vs. standard therapy

(dotted curve). The proportion of patients in each treatment arm over

time was generated from simulation of a Markov model
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[47, 50]. However, previously published reports about the

cost effectiveness of genotype-guided warfarin dosing have

not focused on Asian patients [6–12]. In general, genetic

testing was cost effective in instances of higher minor

allele frequency [51, 52]. Our results showed that geno-

type-guided warfarin dosing was a cost-effective strategy

in Asian patients, despite low minor allele frequencies of

CYP2C9 and VKORC1, which indicates that genotype-

guided warfarin dosing may also be cost effective in other

ethnicities with higher minor allele frequencies of CYP2C9

and VKORC1.

The cost effectiveness of new interventions needs to

be evaluated in specific diseases under a specific

healthcare system. The previously reported cost-effec-

tiveness analyses included costs only under the DRG

system [6–12], which is a medical care payment system

used to eliminate variance in hospital costs based on

categories of patient illness [53]. Costs of inpatient

anticoagulation therapy under the DRG system do not

increase markedly when patients undertake additional

therapy; in contrast, under the FFS system, additional

anticoagulant monitoring and hospitalization days are

associated with increased costs. In our study, we

assumed that the number of hospital days in the geno-

type-guided dosing group was identical to that of the

standard dosing group, because hospital discharge was

not contingent on warfarin dose stability. However, if

genotype-guided warfarin dosing reduces hospitalization

duration by 1 day, it represents the dominant strategy. In

this study, the time taken to reach stable anticoagulation

was faster using genotype-guided warfarin dosing than

standard warfarin dosing. At the time of discharge (av-

erage hospitalization duration calculated from our pre-

vious report = 17 days) [5], 67.4% of MHVR patients

managed using a genotype-guided warfarin regimen had

achieved a stable dose compared with 42.4% of patients

under a standard warfarin dosing regimen. Due to greater

control of anticoagulation following discharge, less-fre-

quent dose adjustment and INR monitoring are required;

under the FFS system, the clinical costs of anticoagulant

treatment are reduced with genotype-guided warfarin

dosing regimens. This may also indicate that genotype-

guided dosing confers greater safety and efficacy.

However, the reduction of hospital resource use con-

sidering a patient or societal perspective cannot be

reflected under the DRG system because of a fixed

payment including out-of-pocket and indirect costs.

Thus, we cannot directly compare societal perspectives

between the two systems.

Previous studies indicate marked variability in the

effects as well as cost effectiveness of genotype-guided

warfarin dosing [6–9]. We therefore conducted extensive

sensitivity analyses, in which genotype-guided dosing was

a consistently cost-effective strategy under the assump-

tions used in this study. Genotyping costs are decreasing

over time, increasing the probability for cost effective-

ness. In their analyses, Eckman et al. [6] used a figure of

US$400 to represent the genotyping cost and reported that

genotype-guided warfarin dosing was not cost effective

for their model, except in AF patients at high risk of

bleeding [6]. They reported that in other circumstances,

genotyping was cost effective when reduced to US$200.

You et al. [8] used a figure of US$72 to represent

genotyping cost, and demonstrated that genotype-guided

warfarin dosing is cost effective. More recently, Verhoef

et al. [9] used a figure of €40 (US$62 at the time of

publication) to represent the genotyping cost and similarly

demonstrated the cost effectiveness of genotype-guided

warfarin dosing [9]. Provided that the cost of genotyping

continues to decline, genotype-guided warfarin dosing can

be cost effective as demonstrated by these studies

[6, 8, 9]. Our results showed that the cost effectiveness of

genotype-guided warfarin dosing remained robust, despite

the potential variability of clinical and economic param-

eters included in our analyses.

Currently, new oral anticoagulants (NOACs) are used as

alternatives to warfarin for the prevention and treatment of

some thromboembolic diseases such as non-valvular AF,

deep vein thrombosis, or pulmonary embolism [54]. It was

already known that these drugs are highly cost effective

compared with warfarin standard therapy. However,

NOACs are not approved for the treatment of MHVR

patients yet [54]. The use of warfarin with optimal dosing

strategies such as genotype-guided dosing should be con-

sidered for anticoagulation of MHVR patients [55].

Healthcare in Korea is provided via a compulsory

national health insurance and in many other countries

mainly via a public health insurance system. Each insur-

ance system decides whether to include a new intervention

in the reimbursement list and how to determine the price of

its national health insurance [56]. Whether an intervention

is covered by health insurance has a significant influence

on the prescribing behavior of physicians. Therefore, our

study results can provide health policy makers, health

insurance providers, and healthcare providers with impor-

tant information on the cost effectiveness of genotype-

guided warfarin dosing in MHVR patients.

A limitation of this study was that this it did not include

indirect costs, such as patient time and caregiver time. The

effect of genotype-guided warfarin dosing on increasing

time spent within the target INR range could result in

reducing the time to taken to reach stable anticoagulation

and reducing the risk of adverse events. In addition, the

genotype-guided dosing strategy could generate different

indirect costs, which may affect the cost-effectiveness

results when considering a societal perspective.
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5 Conclusion

Compared with standard dosing, genotype-guided warfarin

dosing resulted in a faster time to reach stable anticoagu-

lation, a lower risk of adverse outcomes, and appears to

represent a cost-effective treatment strategy for MHVR

patients under the FFS system.
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