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Abstract: Medical economics is essential in cardiac genetics for the clinical application and develop-
ment of research results. However, related economic evaluations are unclear, and limited systematic
reviews are available on the cost-effectiveness of drug selection based on the CYP2C19 LOF allele.
This review analyzed research in the MEDLINE database from January 2012 to June 2023 using more
evidence than a well-designed cohort study, owing to the lack of relevant research in the database.
For example, cost-effectiveness analyses are often reported as simulation assays, and were included
in this analysis. No conditions related to patient background or antiplatelet drug therapy were
selected. This review was conducted according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement (2020). Twenty-one cardiac genetic studies were
selected, of which nineteen involved antiplatelet therapy after PCI. A universal group consisting of
clopidogrel and other drugs was used as the baseline and compared with the drug selection groups
based on the CYP2C19 LOF allele. The incremental cost—effectiveness ratio was generally below
50,000 (US$/Qaly), and drug selection based on the CYP2C19 LOF allele was the most cost-effective,
followed by universal clopidogrel. Although cardiac genetic and economic data are rudimentary, this
review indicates that antiplatelet therapy (drug selection based on the CYP2C19 LOF allele) after PCI
is generally cost-effective.

Keywords: incremental cost-utility ratio ICUR); quality-adjusted life year (QALY); percutaneous
coronary intervention (PCI); adenosine diphosphate (ADP); acute coronary syndrome (ACS); evidence
level; genotype-guided therapy

1. Introduction

Cardiovascular diseases develop because of a combination of genetic and environ-
mental factors [1]. Although “heart failure” is a common phenotype, the timing of onset
and degree of severity vary by case. Therefore, the identification of pathogenic variants
using genome analysis could allow for stratification of the disease state and individualized
therapeutic interventions based on genetic information. Genetic factors associated with
congenital long QT syndrome and essential hypertension have long been discussed. The
genetic factors associated with dilated cardiomyopathy (DCM), hypertrophic cardiomyopa-
thy, and lifestyle-related cardiovascular diseases (ischemic heart disease, atrial fibrillation,
and hypercholesterolemia) have recently been studied. For example, DCM is caused by
genes encoding proteins important for maintaining the function of cardiac muscle cells,
such as titin, lamin A/C, and desmoplakin [2]. Further genetic studies are being conducted
in the field of ischemic heart disease, focusing on common variants in single nucleotide
polymorphisms (SNP) regions [3].
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The clinical application and development of cardiac genetics research have introduced
new financial burdens, such as R&D investments, infrastructure development, and addi-
tional testing and diagnosis costs. In addition, the socioeconomic effects of these factors
must be considered. In general, cost-effectiveness analysis, which is part of health technol-
ogy assessment (HTA), has become popular worldwide, as a method for conducting an
economic evaluation of medical interventions [4]. Therefore, this study surveyed research
on the cost-effectiveness of cardiovascular disease treatment based on genetic information
and examined methods for evaluating the economic potential of cardiac genetics. The ex-
pected effect of this study was to encourage the implementation of these results in practice
to reduce financial burden. Large racial differences in genetics and the considerable number
of rare diseases have limited the accumulation of clinical evidence in medical economics,
including treatment strategies based on cardiac genetics. Therefore, the focus remains on
major diseases with established genetic testing methods that have a strong track record of
research involving treatment strategies based on genetic information in the present study.

Percutaneous coronary intervention (PCI or stent placement) is a widely used revas-
cularization technique for ischemic heart diseases such as angina pectoris, in which an-
tiplatelet therapy suppresses platelet aggregation after surgery. Although adenosine diphos-
phate (ADP) P2Y12 receptor inhibitors and aspirin are the most commonly used therapies,
the pharmacogenetic mechanisms of action of ADP (P2Y12) receptor inhibitors are sub-
ject to debate regarding the pharmacogenetic mechanisms of action, including CYP2C19.
Protocols have been considered to determine which intervention (such as drug therapy)
is appropriate based on whether a patient carries the CYP2C19 loss-of-function (LOF)
allele [5]. From a socioeconomic perspective, the cost-effectiveness of genetic testing and
diagnosis has been verified in parallel with systematic reviews of simulation studies [6].
Many of these reports indicated good cost-effectiveness.

However, some studies have denied the usefulness of drug selection based on the
CYP2C19 LOF allele (genotype-guided therapy); therefore, these contrasting results require
further updates using the most current information on this topic [7]. There are also reports
showing that, in patients undergoing primary PCI, the strategy of selecting oral P2Y12
inhibitors based on the CYP2C19 genotype was non-inferior (lower incidence of bleeding)
to standard therapy with ticagrelor or prasugrel, with respect to thrombotic events at
12 months [8]. In cases where these additional clinical efficacies are not different or minimal,
the balance between clinical benefit and increased intervention costs is a point of contention
in health economics. In other words, it is desirable to examine whether a cost-effectiveness
analysis can adequately address such issues.

In light of the above, this study involved a systematic review of the cost-effectiveness
of drug selection based on the CYP2C19 LOF allele (genotype-guided therapy) and used
the results as material to discuss the ideal medical economic evaluation method in this
area, with the aim of contributing to the development of future health economic evaluation
methods related to cardiac genetics.

2. Method
2.1. Basic Concept of This Review

This study aimed to consolidate evidence and advance the discussion on economic
factors of healthcare related to cardiac genetics, with a focus on P2Y12 inhibitor selection
based on the CYP2C19 loss-of-function allele. Furthermore, based on the information
obtained, the procedural aspects of cost-effectiveness evaluations were considered, focusing
on the characteristics of cardiac genetics while factoring in the trends in oncology cardiology
practice. The literature reviewed in this review was limited to studies with evidence
from clinical trials and similar protocols. Therefore, in examining the comparisons of
outcomes between medical technologies, reports of complementary simulation studies
(model calculations) were excluded if no comparison of test results from clinical trials or
other studies were included. This exclusion was due to the limited ability to rigorously
discuss the level of evidence and the difficulty of meta-analysis ([9,10]; Supplementary
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Material S1, Supplementary Material S2). Therefore, the area of genetic screening for
familial hypercholesterolemia FH (identification of subjects by genetic screening), which is
discussed later in this review, was positioned as a reference, and only simulation studies
that specifically discussed clinical impact were addressed.

2.2. Related PCI and Antiplatelet Therapy

PCI destroys atherosclerotic lesions within the coronary arteries, resulting in platelet
adherence to the rupture site of the blood vessel wall and thrombus formation. Organ
ischemia symptoms occur when a thrombus is sufficiently enlarged to occlude the coronary
artery or embolize it peripherally. Antiplatelet therapy is administered to treat the symp-
toms. Since local thrombosis in the coronary arteries after PCI is common, combination
antiplatelet therapy (DAPT) consisting of aspirin and ADP (P2Y12) receptor inhibitors
is preferable to aspirin alone [11]. Antiplatelet combination therapy, particularly after
stent placement, is the standard PCI treatment used worldwide. ADP (P2Y12) receptor
inhibitors include thienopyridine (e.g., ticlopidine, clopidogrel, and prasugrel) and non-
thienopyridine (e.g., ticagrelor) drugs. Thienopyridine drugs are prodrugs that exhibit their
effects after metabolism, whereas non-thienopyridine drugs act directly on P2Y12 receptors.
Therefore, non-thienopyridine drugs exert more rapid effects than thienopyridine drugs.

2.3. Genotype-Guided Therapy to Be Evaluated

The CYP2C19 protein, which belongs to the cytochrome P450 group of the mixed-
function oxidase system, is involved in the metabolism of many xenobiotics and is encoded
by CYP2C19. Genetic polymorphisms exist in the expression of CYP2C19, with approxi-
mately 3-5% of Caucasians and 15-20% of Asians lacking CYP2C19 function, resulting in
weak metabolism [12]. Thienopyridine clopidogrel is a prodrug that, when metabolized by
cytochrome P450, becomes an active metabolite that exhibits its effects. Therefore, CYP2C19
gene polymorphisms may inhibit clopidogrel from achieving its pharmacological effects.
Genotype-guided therapy (GGT) has been discussed as an alternative to antiplatelet therapy
for PCI. Guided treatment involves the selection of an intervention based on the presence or
absence of the CYP2C19 LOF allele (degree of poor metabolism). The analytical comparison
populations in many studies included universal DAPT for clopidogrel, universal DAPT for
prasugrel, or ticagrelor and GGT-based DAPT. Furthermore, prasugrel and ticagrelor are
the first-line drugs used in Europe [13].

2.4. Health Economic Evaluation (Cost-Effectiveness Analysis)

Methods for measuring and analyzing the utility values of patients based on their
health-related quality of life (QOL) have been developed and are continuously improving.
A cost-utility analysis (CUA) applies this concept to a cost-effectiveness analysis (CEA).
When a utility function is applied to a cost-effectiveness calculation, medical value is
determined as a “resource consumption (mainly direct medical costs)/health recovery
(patient outcomes such as utility)” [14], with one outcome being the global index “quality-
adjusted life years” (QALYs). This concept integrates the utility value for a patient and
the number of years of life and discusses both quantitative (life prognosis) and qualitative
outcomes (QOL) [14]. The incremental cost—effectiveness ratio (ICER) can be a “yardstick”
for judging whether cost-effectiveness is superior or inferior. The formula for the ICER is
the difference between the cost (b) of similar technology 3 and the cost (a) of new medical
technology « (that is, (a)—(b)) divided by the difference between the effectiveness (B) of
similar technology (3 and the effectiveness (A) of new medical technology « (that is, (A)-(B))
(Figure 1) [15-17]. These concepts are included in cardiovascular field guidelines, such as
those of the American Heart Association (AHA) in the United States [15].
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Figure 1. Concept of cost—effectiveness evaluation (incremental cost—effectiveness ratio); ICER
is denoted as ICUR (incremental cost-utility ratio) when utility (Qaly) is applied as an
effectiveness measure.

2.5. Simulation Study

Uncertainty in the data of clinical trials and clinical studies is due to variability in
the efficacy and cost of treatment for each patient as well as variability in the original
background factors of the patients. This uncertainty can be reduced by ensuring that an
appropriate number of cases are included in the study and by designing a trial or study.
However, a health economic evaluation as a simulation experiment, which is not a real
clinical study, is greatly affected by the uncertainty of the parameters, making it important
to verify the robustness of the results. In particular, to evaluate the uncertainty of multiple
parameters simultaneously, a Probabilistic Sensitivity Analysis, in which the evaluation
is based on the simultaneous distribution of those parameters, is desirable. Note that
when considering the simultaneous distribution of multiple parameters, the probability
density function of the simultaneous distribution becomes complex and difficult to evaluate
analytically; therefore, Monte Carlo simulations and computerized arithmetic estimation
of the Markov Chain Monte Carlo method are often used in the analysis [18]. By plotting
and analyzing a large amount of hypothetical data obtained from these simulations on an
incremental cost—effectiveness plane, it was possible to calculate the confidence intervals for
the ICER. However, when extrapolating the outcomes (indirect comparison of interventions,
statistically nonsignificant) of different trials and discussing the superiority or inferiority of
medical technologies, the ability to discuss the validity of the estimated values rigorously is
limited. This is a useful approach to predict the effectiveness of new medical technologies
that require time to clarify the results of clinical trials.

2.6. Review Design

The paper search question for this study, which took a trial approach, was “Is the
cost effectiveness of P2Y12 inhibitor selection based on the CYP2C19 loss-of-function allele
superior?” to contribute to the development of future economic evaluation methods for
cardiac genetics. The next question was “Are there other disease areas for which there
are more than a certain number of cost-effectiveness reports related to cardiac genetics?”
This study sets a standard for objectively discussing the level of evidence as an inclusion
criterion for papers. In particular, I aimed to collect papers that had a certain degree of
representativeness in terms of the target population, intervention techniques, and sample
size, while taking into account the heterogeneity between trials. However, regional differ-
ences, such as system characteristics, patient differences, such as disease characteristics,
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and inter-intervention differences, such as treatment characteristics, including unrecogniz-
able uncertainties, were considered impossible to discuss rigorously. To select databases
that affected the comprehensiveness of the search, one main database was used for trial
selection. However, there was a report [19] that MEDLINE alone can retrieve only 55% of
the documents needed for review, and EMBASE alone can retrieve only 49%. Therefore, in
this study, I set the following conditions as a countermeasure. This study incorporated the
results of one or more systematic reviews that included at least one database other than the
one selected.

2.7. Literature Review Methods and Conditions

This study used the MEDLINE (Medical Literature Analysis and Retrieval System On-
line) database, accessed through PubMed (National Center for Biotechnology Information).
The keywords searched were related to the target disease [cardiogenetics or ischemic heart
disease], related technology [PCI or antiplatelet therapy], evaluation technology [genotype-
guided therapy OR CYP2C19], and evaluation methods [cost-effectiveness, health economy,
and economic evaluation]. The target period was from January 2012 to June 2023 (Figure 2).
Based on the limited number of results, the criteria for selecting the literature were set
at a higher evidence level than that of a well-designed cohort study. When selecting the
literature, duplicates of the constituent literature in the systematic review articles were
avoided as much as possible while considering the characteristics of the reported content.
In addition, considering the characteristics of cost-effectiveness analysis, reports on model
calculations (simulation studies that cannot discuss the level of evidence) were included.
Studies published in languages other than English were excluded. The search process
involved surveying the database using keywords and narrowing down the results based
on the strategy requirements and abstracts. No conditions related to patient background
or drug therapy were used when selecting the antiplatelet therapy studies. Although
this study was not a rigorous systematic review, it was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement
(2020) [20,21].

2.8. Meta-Analysis

Problems with meta-analyses have been discussed, including the integration of studies
with different participants and intervention backgrounds, the risk of including low-quality
studies, and the tendency not to publish negative results [22]. Approaches for estimating
the integration effect in meta-analyses can be broadly classified into two types. There were
two types of models: the fixed-effects model (when there was no heterogeneity between
studies) and the random-effects model (when there was heterogeneity between studies).
The former assumes that the true effect size is the same in each study and that differences
in effect estimates between studies are due to error variation. The latter assumes that
the true effect size is distributed around a certain value across the studies. If there is
heterogeneity in the reported content between studies and the cause is thought to be the
population, intervention, or outcome, it is desirable to conduct a subgroup analysis for each
item that may be the cause of the heterogeneity [23]. Funnel plots are often used to assess
publication bias. In other words, it has been suggested that when there is a high possibility
of publication bias or selection bias, the results of meta-analysis are inconsistent with the
results of large-scale clinical trials [24]. Generally, the greater the number of included
papers, the more accurate the discussion. In this study, while excluding simulation studies
because meta-analysis is difficult, I assumed that there would be heterogeneity between
studies and explored the possibility of a meta-analysis.
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Target database: MEDLINE
Target period: January 2012 to June 2023
Evaluation method: cost-effectiveness OR health economy OR economic evaluation
Evaluation intervention: genotype-guided therapy OR CYP2C19

/\.

Primary position Reference position
Target disease: Ischemic heart disease Target disease: Other cardiogenetics
(PCI AND antiplatelet therapy) (a certain number of cost-effectiveness

reports related to cardiac genetics)

Abstract screening
Type of research study: clinical trials and simulation cases

Quality of study design: level of evidence and population characteristics

Full-text screening

Check: paper quality and purpose fit

Included articles

Systematic arrangement and consideration of meta-analysis possibilities

Figure 2. Overview of review flow.

3. Results
3.1. Literature Search Results

During our literature review, I identified 34 medical reports related to cardiac genetics
(including those on ischemic heart disease) (Figure 3). Of these, 13 were excluded because
of their research content and design. Two studies focused on the medical economics
of treatment strategies based on cardiac genetics (FH), whereas the others concentrated
on the cost-effectiveness of drug selection (GGT) based on the CYP2C19 LOF allele. 1
finalized nineteen reports related to antiplatelet therapy after PCI and two reports (treated
as references) on genetic screening for FH [6,25-42].
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(19 reports, Simulation: 14 (2 reports, Simulation: 2

reports) reports)

Figure 3. Review flow diagram (results).

Post-PCI antiplatelet therapy (including GGT) articles consisted of two review papers,
one RCT (application to simulation study), two cohort studies, and 14 simulation (model
calculation) reports (Table 1). The cost-effectiveness evaluation used cost—utility analysis
with QALY in 18 reports. Among ADP (P2Y12) receptor inhibitors, clopidogrel, prasugrel,
and ticagrelor were identified in 18, 14, and 13 reports, respectively. Two selected papers
on genetic screening for FH were a CUA based on simulations (model calculations).

3.2. Antiplatelet Therapy (GGT) after PCI

Many studies have evaluated medical economics using the general clopidogrel DAPT
group as the baseline and a drug selection (GGT) group based on the CYP2C19 LOF allele.
The analysis period is often longer than 12 months. Regarding the treatment strategies and
patient characteristics, first-time PCI for myocardial infarctions was common (Table 2).
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Table 1. Literature review results (number of papers); drug selection based on CYP2C19 LOF allele.

Item ADP (P2Y12) Receptor Inhibitor Analysis Method
. . Cost-Utility Cost-Effectiveness
Category Clopidogrel Prasugrel Ticagrelor Analysis Analysis
Systematic review
or meta-analysis 2(11.1) 2(14.2) 2(15.3) 2(11.1) 2 (66.6)
Randomized
control trial 0(0.0) 1(7.1) 1(7.6) 1(5.5) 0(0.0)
Cohort study 2(11.1) 1(7.1) 1(7.6) 2(11.1) 0 (0.0)
Simulation (model
calculation) 14 (77.7) 10 (71.4) 9(69.2) 13 (72.2) 1(33.3)
Total amount 18 14 13 18 3

Note: There was some overlap between groups. The list of systematic reviews includes simple reviews. Figures in
parentheses are percentages. No meta-analysis was reported.

Table 2. List of literature types surveyed; excludes simulation studies.

. ADP (P2Y12)
Number and Publish RS tu'd Y Treatment Study Analysis Type and Analysis Receptor
egion Strategy and . Outcome, Result, and ; P
Author Year . Design . Period Inhibitor as
(Country) Patients (Number of Reports) Conclusion DAPT
Cost-utility analysis:
Qaly, Cost-effectiveness
analysis: MACE
Prasugrel [ICUR: 24,617
1 Sawsan . X (NZD/Qaly)—4200 Clopidogrel,
AlMukdad, etal. 2020 - 13 re£ g;t:ig}:ﬁ;?iggne tstlll;csre;ture Systematic (US$/Qaly) - Prasugrel,
(Reference: [6]) Y review ICER: US$4200, Ticagrelor
dominant],
Ticagrelor [ICUR:
dominant, 42,546
(US$/Qaly)—22,821
(US$/Qaly)]
Cost-utility analysis:
Qaly, Cost-effectiveness
analysis: clinical events
2 Mlnghuan _ 7 reports (the target literature was . ICUR: dominant, two - Clopidogrel,
Jiang, et al. 2015 simulation study) Review included i Prasugrel,
(Reference: [34]) y rep01jts were Included i Ticagrelor
which ticagrelor was
superior to GGT [42,546
(US$/Qaly), 22,821
(AUD/Qaly)].
Cost-utility analysis:
Qaly; clinical events
death, [recurrent
Number of set cases: 1000 Model m(yocardi[al ir?farrcti}m
3 Daniel M F patients, RCT: 2700 patients calculation based definite stent . Prasugrel,
Claassens, et al. 2022 Netherlands scheduled with ST-segment on RCT (clinical thrombosis, stroke, and 12 Months Ticagrelor
(Reference: [26]) elevation myocardi'al infarction effects are based platelet in};ibition’and
who undergo primary PCI on RCT data) patient outcomes major
bleeding)
ICUR: Dominant
Cost-utility analysis:
4 Vasilios In 549 patients diagnosed with Qaly
Fragoulakis, etal. 2019 Spain coronary artery disease followed Cohort study ICUR: Dominant 12 months Clopidogrel
(Reference: [30]) by PCI [Autility: 0.0067 (Qaly),
ACost: —234 (€)]
In 3210 patients who were
scheduled for elective PCI " ;
Cost-utility analysis: .
5B.A. L. M. (Patients with ST-segment Clopidogrel
- Cohort stud, 1 ’
Deiman, et al. 2016 Netherlands elevation myocardial infarction onortstuey Qaly 18 months Prasugrel

(Reference: [33])

who received primary PCI were
not included.)

ICUR: <10,000 (€/Qaly)

DAPT: dual antiplatelet therapy. MACE: major adverse cardiovascular events. RCT: randomized control trial.
ICUR: incremental cost-utility ratio. PCI: percutaneous coronary intervention. GGT: genotype-guided therapy.
Note: The category RCTs refers to studies on model analysis as an extension of RCTs for convenience.
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In most cases, the treatment outcomes (QALY) of the GGT intervention group im-
proved or the treatment costs decreased compared to those of the general DAPT group.
In all included articles, drug selection based on the CYP2C19 LOF allele (GGT) treatment
strategy was more cost-effective than that based on universal clopidogrel, universal pra-
sugrel, or ticagrelor (Figure 4). The ICUR of the GGT group was generally less than 50,000
(US$/Qaly). GGT interventions showed the greatest cost-effectiveness, followed by clopi-
dogrel (including generics), ticagrelor, and prasugrel. Owing to the long survey period,
changes in drug generation may have influenced our results. Some analyses (in review
papers) have found that ticagrelor is highly cost-effective.

GGT cost-effectiveness results
(composition by drug: overlap with each other)

2.2%

m Superior to universal clopidogrel m Superior to universal prasugrel

= Superior to universal ticagrelor Inferior to any universal regimen

Figure 4. Cost-effectiveness results of genotype-guided therapy (drug selection based on CYP2C19
LOF allele); GGT: Genotype-guided therapy:.

In a meta-analysis, it is important to consider not only the quality of the paper, but
also selection bias. However, a funnel plot was not possible due to the small number of
included studies [43]. Therefore, publication bias could not be determined. Furthermore,
the information required for the meta-analysis (e.g., calculation of weighted averages) and
the number of studies were highly restricted, making it difficult to conduct a meta-analysis.
Considering that the MEDLINE database, used in this study, has a relatively high coverage
of representative studies, it is desirable to further examine in detail whether a sufficient
amount of information for meta-analysis can be obtained, even if the number of databases
applied is expanded.

3.3. Genetic Screening for Familial Hypercholesterolemia

No clinical trial studies have rigorously discussed genetic screening for familial hyper-
cholesterolemia (FH). Simulation studies (model calculations) have been conducted in the
United States and Australia. Studies with relatively high contributions to clinical strategies
were selected. Specifically, articles that discussed the significance of detecting heterozygous
FH, including the status of statin pharmacotherapy and other clinical practices (LDL-C lev-
els and stroke incidence), were selected. Articles on screening strategies for children were
excluded from the analysis. The two resulting articles were used as references [44,45]. One
of these studies was conducted in Australia and used a Markov model for decision analysis



Cardiogenetics 2024, 14

68

to evaluate the utility of population genomic screening in adults aged 18—40 years. The
results of that study indicated that population genomic screening for FH was cost-effective
if the cost per test was less than AU$250 and the ICUR per Qaly obtained was less than
AU$28,000. The second article involved model calculations from the US that reported an
ICUR at age 20 of US$181,000 per Qaly, with a 38% probability of cost-effectiveness at the
willingness-to-pay threshold of US$100,000 per Qaly. Based on this, the authors concluded
that population screening for FH is not cost-effective under the current willingness-to-pay
threshold. However, the cost-effectiveness of genetic screening for FH is ongoing, and
further discussions focusing on younger populations are required.

4. Discussion

This study aimed to examine the healthcare economics of cardiac genetics, with a focus
on determining the cost-effectiveness of antiplatelet therapy (GGT; drug selection based on
the CYP2C19 LOF allele) post-PCI and compiling related evidence. The results showed that
drug selection based on the CYP2C19 LOF allele had superior healthcare economic benefits
compared to other methods for any universal regimen. Some studies have discussed
the usefulness of CYP2C19 genotypes in platelet reactivity-guided antiplatelet therapy
(PG-PRT) [39,41]. Additionally, although used only as a reference, a limited literature
review was conducted to evaluate the cost-effectiveness of genetic screening for FH. As
medical economics in this area have not been fully evaluated, an accumulation of evidence
supported by clinical trials is desired. In contrast, cost-effectiveness analysis, which is
widely used worldwide and has been applied in policymaking, is commonly used to
evaluate the economic efficiency of healthcare without major restrictions.

The CLASSICS trial (2000) compared “clopidogrel plus aspirin” with “ticlopidine
plus aspirin” in patients treated with stents. The primary endpoint rates were 4.6% in
the clopidogrel group and 9.1% in the ticlopidine group. Adverse effects were less in the
clopidogrel group [46]. This trend did not change significantly in the subsequent studies.
However, the use of clopidogrel has been associated with drug resistance. This resistance
is not due to individual differences in the action of the P2Y12 receptor but to variations
in the production of the active metabolite. Prasugrel, a third-generation thienopyridine
derivative, has a single-step metabolic pathway and less effect on the CYP2C19 genotype.
In the GRAPE registry (2016), the prasugrel group had fewer MACE and more overall
bleeding events (interpreted as minor bleeding) at 1 year than the clopidogrel group among
patients undergoing PCI for acute coronary syndromes [47]. On the other hand, prasugrel
is generally associated with an increased cost burden (drug price) in terms of medical
economics. Therefore, in post-PCI antiplatelet therapy, it is desirable to improve the cost-
effectiveness of the entire population by using GGT. The results of the present study show
that post-PCI antiplatelet therapy combined with GGT improved healthcare economics.

A meta-analysis could not be performed in this study because of the limited num-
ber of quality reports. To evaluate the clinical aspects underlying cost-effectiveness, a
meta-analysis was recently reported in patients with acute coronary syndrome (ACS). A
GGT-based P2Y12 inhibitor prescription strategy compared to a non-GGT-based strategy
was shown to have a potential benefit in reducing MACE and improving cardiovascular
(CV) mortality, myocardial infarction (MI), and stent thrombosis [48]. It has also been
reported that GGT-based P2Y12 inhibitor selection for patients with ACS achieved the
most favorable balance between safety and efficacy compared to the routine choice of
potent P2Y12 inhibitor selection (prasugrel or ticagrelor) [49]. These reports support the
significance of the wider dissemination of GGT-based P2Y12 inhibitor selection approaches
in patients with ACS.
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Several studies have demonstrated non-significant benefits of drug selection based on
the CYP2C19 LOF allele [7,8]. In contrast, the present study shows that genotype-guided
therapy is cost-effective. The difference between these results could be influenced by the
characteristics of cost-effectiveness, which includes both clinical and economic benefits, as
well as the time lag in updating the most recent reports. In other words, cost-effectiveness
improves when costs are reduced despite a lack of change in clinical outcomes. Therefore,
as a cost-minimization analysis, health economic performance increases, leading to the
conclusion presented in this study. In addition, simulation studies involve calculations
that extrapolate the results of multiple studies (e.g., mean values of subjects or controls);
therefore, a clinical trial may show no statistically significant difference between groups,
whereas an extrapolated analysis may identify an apparent variation. Although there are
limitations in explaining the level of evidence, these results must be verified by conducting
additional procedures such as a sensitivity analysis.

Simulation studies account for a high percentage of the identified cost-effective-related
studies, which is a characteristic of this type of research in various fields. Simulation
research, which includes model calculations, is considered an effective approach for stake-
holders to make rational decisions under certain assumptions. Therefore, this method
is suitable for preparing a health economic evaluation from a policy standpoint for new
medical methodologies such as cardiac genetics, for which clinical applications have not
been fully developed. Although this study incorporated reports from simulation studies,
if the target methodology is deployed in clinical practice and considered for inclusion in
medical practice guidelines, the level of evidence should be discussed based on causal
inferences. Further validation of this hypothesis is required through clinical trials.

The limitations of this study include the lack of a rigorous systematic review method,
singular use of the MEDLINE database, limited comprehensiveness, and the use of simula-
tion studies, which hinder discussions on the level of evidence. In cases such as cardiac
genetics, where research results have not been fully applied in clinical practice and the
number of reports is limited, a preliminary exploratory review is important. The results
of this study revealed several studies using drug selection based on the CYP2C19 LOF
allele; however, an extended systematic review and further meta-analyses are necessary for
the development of this field. Further research on the stratification (targeting) of genetic
screening for FH according to age and other factors related to public health programs and
services is required.

Although not included in this study because of the limited sample size, several other
studies have focused on the cost-effectiveness of cardiac genetics. For example, statin
therapy based on the polygenic risk score (PRS), which is the sum of the contributions
of SNPs to disease development, has been shown to be cost-effective [50]. Thus, health
economic evaluations related to cardiac genetics should be further developed as they can
greatly aid clinical practice and contribute to socioeconomic conditions. To support the
advancement of medical technology, a social system that encourages and accepts techno-
logical progress is necessary [51]. A system design that harmonizes people, technology,
and society to a greater degree must be developed into a socioeconomic mechanism (e.g.,
medical and industrial policies). Medical science, economics, and policy studies must
collaborate to promote behavioral changes in the people involved and advance medical
innovation and national welfare (Figure 5). Health economic evaluations associated with
the further development of cardiac genetics can serve as catalysts for such discussions.
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Figure 5. Social medical system design: Concept of applying system design to societies where
behavior change is desired (health care, etc.); Management of system design represents the academic
system and practice of creatively designing and reliably managing all kinds of large-scale, complex,
and uncertain social medicine, from the design and evaluation of medical technology and practice
systems to conceptual recommendations for social systems.

5. Conclusions

Research on the health economic potential of cardiac genetics is still in its infancy
compared with the state of research, development, and clinical applications in the field.
However, research results have accumulated in certain areas (e.g., the identification of
subjects by genetic screening and gene-guided treatment selection). Post-PCI antiplatelet
therapy (GGT; drug selection based on the CYP2C19 LOF allele), which has a substantial
number of research reports, is extremely cost-effective. However, genetic screening for FH
has not been fully evaluated, and further evidence supported by clinical trials is necessary.
The cost—effectiveness analysis method is considered to have no technical limitations in
the application to the area concerned. However, there is a lack of quality clinical studies to
further promote accurate decision-making and meta-analyses.
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Abbreviation

ACS acute coronary syndrome

CYP2C19 LOF allele Cytochrome P4502C19 loss-of-function allele
DAPT dual antiplatelet therapy

FH familial hypercholesterolemia

GGT genotype-guided therapy

HTA health technology assessment

ICER incremental cost—effectiveness ratio

ICUR incremental cost-utility ratio

MACE major adverse cardiovascular events

PCI percutaneous coronary intervention

PG-PRT genotype plus platelet reactivity-guided antiplatelet therapy
SNP single nucleotide polymorphism

QOL quality of life

QALY quality-adjusted life year

RCT randomized control trial
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