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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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Please note, materials submitted to the Editorial Office Staff are supposed to meet the following requirements:

1. Articles must be provided with a double copy, in English or Russian languages and typed or
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7. Please indicate last names, first and middle initials of the native authors, present names and initials
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number under which the author is listed in the reference materials.

8. Please follow guidance offered to authors by The International Committee of Medical Journal
Editors guidance in its Uniform Requirements for Manuscripts Submitted to Biomedical Journals publica-
tion available online at: http://www.nlm.nih.gov/bsd/uniform_requirements.html
http://www.icmje.org/urm_full.pdf
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in square brackets] and in the reference list and numbers are repeated throughout the text as needed. The
bibliographic description is given in the language of publication (citations in Georgian script are followed
by Cyrillic and Latin).

9. To obtain the rights of publication articles must be accompanied by a visa from the project in-
structor or the establishment, where the work has been performed, and a reference letter, both written or
typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

Objective: To evaluate the clinical outcome, safety, and
application of personalized therapy using pharmacogenetic
warfarin dosing algorithms in cardiac surgery patients
systemically.

Methods: This systematic review focused on 17 published
studies between January 2015 to March 2025 regarding warfarin
dosing algorithms incorporating CYP2C9 and VKORCI
polymorphisms in patients who underwent cardiac surgery.
The primary outcomes were TTR, BER, and INR stability. The
databases search was performed on Scopus, Web of Science,
PubMed, and Cochrane.

Results: This systematic review highlights the effectiveness
of genotype-stratified warfarin dosing after cardiac surgery.
Bayesian models showed an improvement in TTR, with
NextDose achieving 63% versus 56% with standard dosing.
Genotype-guided approaches reduced bleeding events from
34 to 16 and increased INR stability from 83.1% to 86.1%,
improving dosing precision and achieving a TTR of 77.76%
compared to 57.43%.

Conclusion: These findings reinforce the clinical importance
of the use of genotype data for more precise warfarin dosing in
improving TTR, INR control, and bleeding risk. Further studies
are needed to optimize the algorithms, extend the gene panels,
and tailor the approaches more for patients after cardiac surgery.

Key words. Pharmacogenetics, anticoagulation, VKORCI,
CYP2C9, cardiac surgery, personalized medicine, dosing
algorithm, gene polymorphism.

Introduction.

Warfarin continues to be a primary anticoagulant used in
patients who undergo heart surgeries, specifically for those who
have undergone valve replacement or repair surgeries, due to
its effectiveness in preventing thromboembolic complications
[1]. Cardiovascular diseases are among the world’s most rapidly
increasing health challenges, with estimates expecting a rise to
both the number of people living with cardiovascular disease
and cardiovascular related deaths by 2050. This increase is
predominantly due to an older population and the ongoing
burden of atherosclerotic diseases like ischemic heart disease [2].
Within this framework, perioperative anticoagulation control
poses a clinical challenge, considering patients' increased risk of
thromboembolic and hemorrhagic complications. Maintaining
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therapeutic INR targets requires careful adjustment of warfarin
dosing.

Even with the introduction of new oral anticoagulants, warfarin
still holds its position as the primary treatment for patients with
mechanical heart valves and other specific cardiac conditions,
largely because of its safety record, low cost, and placement
on the WHO essential medicines list [3]. However, the setting
of warfarin dose is complicated by considerable interindividual
clinical factors and genetic polymorphisms. In the immediate
postoperative period, patients are more sensitive to warfarin,
which can make it challenging to achieve and sustain the
therapeutic INR range [4]. This emphasizes the need to improve
algorithms for warfarin dosing that integrate clinical and genetic
variables tailored to minimize risks and improve outcomes for
cardiac surgery patients.

The differences in patients’ responses to warfarin pose
unique clinical problems because of the genetic, clinical, and
demographic characteristics that affect the metabolism and
sensitivity of warfarin, as well as the level of anticoagulation
required. Additionally, the low therapeutic range, combined
with high potential for drug interactions and narrow therapeutic
index, make monitoring warfarin therapy in a clinical setting
very difficult [5]. An important problem for patients on warfarin
therapy is the high interindividual variability in the dose needed
to reach the target level of anticoagulation [6]. To evaluate the
anticoagulation effect of warfarin, clinicians monitor the INR to
make sure the desired therapeutic threshold is achieved.

Inadequate dosing can lead to severe complications:
underdosing increases thromboembolic risk while overdosing
raises the risk of bleeding. These concerns are particularly
important in the postoperative management of cardiac
surgery patients. Genetic polymorphisms in CYP2C9 and
VKORCI1 markedly disrupts the uniformity of balance and
synchronization, amplifying clinical discordances and warfarin
dosing. A clinical classification and predictive model based on
logistic regression which was validated in two cohorts showed
enhanced predictive ability of sensitivity to warfarin [7]. This
method surpasses fixed-dose approaches and may improve care
and outcomes.

Incorporating  genetic  polymorphisms  with  clinical
information into machine learning approaches greatly enhances
the precision of predicting the required dosage of warfarin. For
instance, RFR algorithms have shown remarkable precision in
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estimating warfarin dosages for Hispanic Caribbean patients.
RFR outperformed earlier statistical models in considerably
better predicting doses for patients categorized as “normal,”
“sensitive,” and “resistant” [8].

Anticoagulation in patients undergoing cardiac surgery,
especially those with mechanical heart valves, is primarily
centered on warfarin therapy. Its use in patients, however, is
complicated by its therapeutic index and heightened clinical
concerns with variability between patients and their required
doses. Recently, genetic polymorphisms of the genes, VKORCI,
CYP2C9, and CYP4F2, have emerged as important factors
with respect to warfarin dosing as they affect the efficacy and
safety outcomes. VKORCI1 polymorphisms directly impact a
patient's sensitivity to warfarin due to the changes in the activity
of vitamin K epoxide reductase, warfarin’s primary target. For
instance, individuals with at least one variant allele of VKORC1
need much lower doses to achieve target INR values because
enzyme activity is partially inhibited, blunting the withdrawal
effect [9]. Individuals carrying the genotype TT of VKORCI1
needed 33.86 mg/week instead of 50.39 mg/week when not
carrying the genotype [10].

Patients with CYP2C9 polymorphisms often experience
warfarin overexposure due to its prolonged metabolism,
which increases the likelihood of bleeding complications.
Observations suggest individuals with variant alleles have
lower stable dose requirements for the drug and need 20-40%
less, with heterozygous and homozygous patients requiring
stepwise reductions [11]. In one cohort, it was estimated that
CYP2C9 variants contributed 32% towards the variability in
dose requirements during the warfarin initiation phase [12].
Moreover, polymorphisms have been shown to impact vitamin
K bioavailability with the T allele of CYP4F2 requiring higher
doses. In certain studies, Saudi patients with polymorphisms
in CYP2C9 and VKORCI1 were found to need less warfarin
than those having the wild-type allele, whereas the CYP4F2
polymorphism did not impact warfarin dose requirements.
Taking age and BSA alongside the genetic variants of CYP2C9
and VKORCI enable more accurate estimation of warfarin
dose needed for patients in Saudi Arabia [13]. Incorporating
genetic testing for these variants into dosing algorithms has
enhanced INR control and minimized adverse outcomes. The
results highlight the importance of using pharmacogenomics
for warfarin dosage precision in perioperative cardiac surgical
patients to improve safety and effectiveness of anticoagulation
management.

There is still debate about the use of genotype-guided
warfarin dosing post heart surgery. It is known that genetic
polymorphisms in VKORCI1 and CYP2C9 affect warfarin
dosing; however, the use of such data for postoperative outcomes
is still unresolved. Some researchers propose that genotype-
based dosing can improve reaching target INR and reduce
critical postoperative INR levels, suggesting some benefits in
early postoperative recovery [14]. The differences in patient
populations, genetic makeups, and the design of the studies
themselves explain this lack of agreement, pointing out the
need for more investigation to define the use of genetic-guided
warfarin dosing in surgical patients [15]. This limitation in
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literature affects the integration of pharmacogenetic testing into
routine clinical practice, particularly in guiding cardiovascular
postoperative antithrombotic treatment, revealing an area that
requires further focus.

Warfarin is undoubtedly the go-to anticoagulant for
patients undergoing cardiac surgeries, especially for those
with mechanical heart valves. However, the administration
of Warfarin is particularly troublesome because of its
unpredictable interindividual variability due to genetic and
clinical factors. This systematic review seeks to determine the
impact of genetic dosing algorithms on the safety and efficacy
of warfarin therapy in the postoperative period for cardiac
surgery patients. In particular, the review answers: To what
degree do genotype-guided warfarin dosing algorithms improve
therapeutic outcomes, such as achievement and maintenance of
target INR levels, when measured against standard dosing in
cardiac surgery patients?.

Literature Review.

The challenges associated with Warfarin dosing remains at
the interphase of its therapeutic window and high variability
among individuals influenced by genetics, including a patient’s
clinically relevant history, and demographics. To optimize
anticoagulation therapy, especially with the cardiac surgery
clientele, various algorithms have been formulated, integrated,
and tested towards precision dosing.

The fixed-dose strategy usually initiates patients on an
uncomplicated starting amount, for instance, 5 mg per day,
which is later modified according to INR check-ups. Although
this approach is straightforward, it frequently leads to a lag
in attaining the target INR levels, which heightens the risk of
complications of under- or over-anticoagulation [16]. Fixed
dosing fails to consider a person's variability and their genotype,
and therefore, it lacks accuracy.

When estimating warfarin dosage, Clinical algorithms
consider patient-specific parameters, including age, weight,
other active medications, and other existing medical conditions.
These algorithms are often constructed based on various
linear regression models and have gained popularity for dose
estimation and maintenance. One study assessing two clinical
warfarin algorithm models, the Gage and the IWPC model, used
a 5 mg fixed dose strategy in Sudanese subjects and reported
no distinct accuracy difference among the models nor with the
fixed-dose strategy. Nevertheless, the Gage and IWPC models
offered enhanced clinical applicability; a greater proportion
of subjects fell within the ideal dosing range compared to the
fixed-dose strategy. Although flawed by some over- and under-
prediction bias, the Gage and IWPC models were clearly more
accurate, practical, and safe than the fixed-dose model [17]. Also,
some models from Japan, China, Italy, and the USA incorporate
additional information, such as body surface area, and clinical
genotypes to enhance age and hypertension, tailoring the model
to the population.

An investigation sought to determine how specific clinical
and genetic characteristics impact warfarin therapy dose
adjustments in patients with cardiovascular disease. Seventy-
seven participants were chosen according to defined inclusion
criteria. Their clinical records and results of genetic testing



for the CYP4F2 rs2108622 polymorphism were retrieved.
The analysis revealed strong associations between the
CYP4F2 genotype and the warfarin dose with age, BMI, and
genotype also significantly impacting dosing. These factors
collectively provided 25% contribution to dose adjustment in
the linear regression model. A model was created to estimate
warfarin dose based on age, BMI, and genotype, producing
the following equation: y = 12.736 — 0.16(age) + 0.55(BMI)
+ 3.55(genotype) [18]. Clinical algorithms, although variable
in their accuracy across different populations, provide finer
dosing personalization than fixed strategies. Dosing versatility
enhances clinical outcomes and more accurately adjusts therapy
based on underlying pathological features of the individual
patient. Unfortunately, many clinical algorithms overlook
important genetic polymorphisms impacting the metabolism
and sensitivity of warfarin.

Variations in VKORCI1, CYP2C9, CYP4F2, and GGCX
are important factors that determine the dose requirements of
warfarin. Research done on the Korean and Arab populations
demonstrate the superiority of genetic dosing algorithms
in comparison to clinical ones [19]. Explanatory analysis
conducted on MENA populations established VKORC1 and
CYP2C9 variants as strong predictors for determining warfarin
dose divergence and highlighted the importance of the region-
specific algorithm [20]. Although these genetic elements are
often assumed in warfarin dosing models, most algorithms
lack validation and appraisal of clinical utility, which hampers
their value in clinical context [21]. Also, post cardiac surgery
coagulopathy, especially in under eight years old children with
CHD, remains an unresolved challenge. For better clinical
prospects, proactive management during and after surgery, used
with antifibrinolytics, bed rest, and control of blood losses, is
essential to postoperative bleeding [22]. Research indicates
that incorporating genetic information into the dosage design
will enhance the predictive capability and speed stability of
anticoagulation.

For patients undergoing cardiac surgeries, dosing that is
guided by a patient’s genotype has been shown to improve
clinical efficacy by mitigating the adverse effects of over- and
under-anticoagulation. Several models have been validated
internationally, although their utility is limited by ethnicity
and population genetics. One study evaluated the impact of the
genetic variants, CYP2C9*2, *3, VKORC1-1639 G>A, and
CYP4F2 152108622 on warfarin dosing in an Arab population
and analyzed the actual versus the algorithmic estimates of
warfarin dose based on clinical and genetic methods. The
study with 130 participants demonstrated that patients with
the CYP2C92, CYP2C93, and VKORC1 AA genotypes
significantly lower warfarin doses. The algorithm based on
genotype revealed substantially lower median absolute error
than the chronic clinical algorithms based on warfarin dosing.
These conclusions shed light on the significance of the studied
genetic variants in warfarin dosing and illustrate that a multi-
faceted approach to dose adjustment enhances precision [23].

The application of ML and deep reinforcement learning
algorithms on warfarin dosing has only recently emerged. It
is observed that RFR, SVR, and MARS ML models surpassed
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the older linear regression models in predicting warfarin dosing
accurately, particularly in patients with extreme dosing needs.
One study focused on Caribbean Hispanic patients and tried to
implement ML methods for warfarin dosing. They used genetic,
clinical, and non-genetic data of 190 patients and employed
seven machine learning algorithms. RFR outperformed all other
methods with a MAE of 4.73 mg/week and an 80.56% accurate
prediction of the dose within +20% range. MARS excelled in
the “resistant” population group while SVR performed best in
the “sensitive” group. For this population, these ML models
demonstrated enhanced predictive capabilities for warfarin
dosing compared to traditional methods [8].

In a retrospective cohort study, the predictive power of ML
algorithms to estimate anticoagulation control in AF patients on
warfarin was assessed. The focus of the study was the application
of various ML techniques toward the prediction of inadequate
TTR anticoagulation control (TTR < 70%). At first, XGBoost
performed best with AUC of 0.624, defined by comorbidities
such as age, weight, and depression. However, the addition of
time-dependent factors, especially previous measurements of
INR, as well as the LSTM neural network model, increased
accuracy to AUC 0.83 after 30 weeks [24]. The findings support
that ML models can assist in recognizing patients who require
more intensive surveillance or different therapies.

Atrial fibrillation, mechanical heart valves, and venous
thromboembolism are commonly managed with warfarin
therapy, but dose management is challenging because of patient-
specific characteristics as well as the drug’s narrow therapeutic
index. Time in Therapeutic Range (TTR) is critical for safety
and efficacy; however, community practices often operate
at a suboptimal TTR. Specialized clinics can increase TTR;
however, these clinics are expensive and difficult to manage
and staff. One study focused on the creation of a machine
learning model for optimal decision support regarding warfarin
dosage through time-series anticoagulation data and patient
demographics. A DRL model used historical data to predict
cumulative doses and warfarin dose trajectories, surpassing
conventional models with an astounding 96.96% accuracy.
Out-of-range INR scenarios demonstrated the DRL model’s
potential to improve management responsiveness within eINR
dose adjustment ranges, illustrating the promise of advanced
computing technologies in clinical decision support [25].
Dosing precision based on genetic polymorphisms is improved
by genotype-guided algorithms, while further enhancements
of complex interactivity provided guidance through advanced
machine learning. Nonetheless, external validation, evaluation
of clinical utility, and incorporation of different population
groups are still of paramount importance for implementing
these developments into everyday clinical practice, especially
regarding patients undergoing cardiac surgery with complex
anticoagulation requirements. The body of work focused on the
genetic components of warfarin dosing algorithms for patients
after cardiac surgery demonstrates some striking disparities
across populations, methodological gaps, and a substantial lack
of representation for post-cardiac surgery patients. It is well
known that certain genetic polymorphisms in the CYP2C9
and VKORCI genes are predominant contributors to variance



in warfarin dosage. These variations, along with other factors,
explain nearly 30 and 50 percent of the dose differences
among individuals. However, the polymorphisms' prevalence
and impact tend to differ greatly between ethnic populations.
Studies have demonstrated that many Asian populations
have VKORCI variants that differ from those common in
Caucasians, influencing their sensitivity to warfarin and thus
altering the dosing requirements [26]. Similarly, a Turkish
cohort of cardiac valve surgery patients demonstrated that
carriers of CYP2C9 or VKORCI1 polymorphisms required
significantly lower warfarin doses to achieve therapeutic INR
[27]. These ethnic and regional genetic variations complicate
the generalizability of dosing algorithms that were developed
predominantly in Western populations. Moreover, additional
genes such as CYP4F2, CYP2C19, and GGCX have been
implicated in warfarin dose variability, but their roles differ
across populations and remain less well characterized, adding
to the inconsistency [28]. This heterogeneity leads to conflicting
results in clinical trials evaluating genotype-guided dosing,
limiting the broad implementation of such algorithms.

Many warfarin pharmacogenetic studies suffer from
methodological constraints that affect their conclusions. Sample
sizes are often small, especially in cohorts undergoing cardiac
surgery, reducing statistical power and the ability to detect
meaningful genetic associations. Additionally, moststudies focus
on stable-dose patients rather than the critical initiation phase
post-surgery, when dosing is most challenging and clinically
important [29]. Furthermore, the clinical utility of genotype-
guided dosing remains controversial due to mixed evidence on
improvements in anticoagulation control and clinical outcomes,
partly attributable to these methodological differences [30].
Despite the high clinical relevance of warfarin in cardiac
surgery patients, particularly those with mechanical heart
valves, this population is underrepresented in pharmacogenetic
research. Most warfarin dosing algorithms are developed
and validated in broader populations with atrial fibrillation
or venous thromboembolism, rather than specifically in post-
cardiac surgery cohorts [21]. In summary, the literature indicates
significant ethnic variability in warfarin pharmacogenetics,
methodological heterogeneity across studies, and a paucity of
focused research on post-cardiac surgery patients. Addressing
these issues requires larger, well-designed prospective studies
incorporating diverse populations and comprehensive genetic
and clinical data, especially targeting the post-cardiac surgery
period to optimize warfarin dosing algorithms for this high-risk
group.

Aims and objectives.

Purpose of the Study:

To systematically evaluate the clinical effectiveness, safety,
and potential for individualized therapy using pharmacogenetic
warfarin dosing algorithms in patients who have undergone
cardiac surgery.

Methods.

Study Design:
Systematic review.
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Study Duration:

January 2015 to March 2025.
Eligibility Criteria:

The eligibility criteria for this systematic review were based
on the PRISMA 2020 guidelines. Studies were included if they
met the following:

1. Study Design: Includes Randomized controlled,
Observational, and Cohort and Case-control Studies.

2. Population: Adult patients who had undergone heart
surgeries such as bypass or valve replacement and were on
warfarin therapy.

3. Intervention: Studies which focused on the
algorithms for warfarin dosing, including those which consider
polymorphisms of CYP2C9 and VKORCI.

4. Outcomes: Clinical outcomes such as TTR, BER, or
INR Stability, and TTR (Time in Therapeutic Range.

5. Genetic Focus: Studies with a focus on warfarin
therapy evaluating its genetic markers.

6. Language and Publication Date:
English from January 2015 to March 2023.

Studies that did not meet these criteria or focused on irrelevant
populations or interventions were excluded.

Published in

Information Sources:

For this systematic review, the information sources were
four key databases: Scopus, Web of Science, PubMed, and
Cochrane Library. Scopus published a variety of peer-reviewed
literature from other disciplines, while Web of Science included
multidisciplinary scholarly journals, conference proceedings,
and even patents. One of a kind, PubMed Specialized database
focused on life sciences and biomedical literature by offering
studies relevant to health and medicine. Last but not least was
the Cochrane Library which is known for its systematic reviews
and high-quality evidence-based health information. The reason
these databases were chosen is because of their broad scope as
well as relevance to the topic of the review.

Search Strategy:

A comprehensive search strategy was conducted to find
appropriate studies for this systematic review through four
fundamental databases. The timeframe for the search included
studies in the time frame from January 2015 to March 2025.
The primary search parameters used include: (warfarin OR
anticoagulant) AND (genetics OR polymorphism OR CYP2C9
OR VKORCI1) AND (cardiac surgery OR bypass OR valve
replacement) AND (algorithm OR dosing). All articles that
were retrieved from the search were thoroughly scrutinized so
that Boolean techniques were applied in a manner that relevant
articles were obtained while minimizing filler documents.
Search techniques were structured in accordance to the user
interface of the database which included English only results.
Other publications filters were focused on the date and types
of studies published; this was done to guarantee only reputable
peer-reviewed literature was obtained that fulfilled the inclusion
criteria. The search approach was changed from time to time
during the review period so that the most pertinent studies were
included at any time.



Selection Process:

This systematic review’s study selection process follows the
PRISMA 2020 criteria which include a four-step framework:
identification, screening, eligibility assessment, and inclusion.
To begin with, a broad search was carried out in four databases:
Scopus (1,158 records), Web of Science (121 records), PubMed
(115 records), and the Cochrane Library (21 records). After
the removal of 39 duplicates, 152 records remained for the
screening stage. These records underwent an initial assessment
where 90 were purged because they were either irrelevant
or lacked sufficient details. After the eligibility assessment,
62 records were deemed as eligible for full review, while 45
were excluded due to irrelevant focus/population (16 records),
absence of genetic content or warfarin (10 records) and not
aligning with the study format inclusion criteria (19 records).
In total, 17 studies were incorporated in the systematic review
in accordance to the inclusion criteria as depicted in Figure 1.

Data Collection Process:

For this systematic review, the data collection procedure
included independent data extraction of relevant details by
two reviewers to ensure accuracy and prevent bias. The
extraction was an operationalized with a particular set of
variables, which were: Study Design that provided insight
into the methodological approach of each study; Sample Size
as a measure of the statistical power and generalizability of
the resulting findings; and Population as a descriptor of the
constituents’ characteristics that were included in the study.
Variables were also selected to define Sons of the Deceased
Patients Aged 18 Years or Older Determined to Have Genes
of Interest as a means of exploring the genetic factors studied
in relation to warfarin therapy. The Dosing Algorithm variable
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Figure 1. PRISMA 2020 flow diagram.
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captured particular strategies or formulae employed in warfarin
dosing, whereas Outcomes Studied included a range of
clinical measures employed to assess the dosing algorithm’s
efficacy. Key Genetic Markers ascertained and associated with
warfarin metabolism and response were included to justify the
therapeutic response which was assumed based on the genetic
evidence. The Algorithm Type variable categorized the nature
of the dosing algorithm as pharmacogenetic or conventional. In
addition, clinical outcomes such as Time in Therapeutic Range
(TTR), Bleeding Events Reduction (BER), and Stability of
INR were studied as indices for the determination of clinical
efficacy and safety of the warfarin dosing strategies. Two
reviewers independently extracted these variables from the
selected studies, and discrepancies were resolved via discussion
to ensure the reliability and completeness of the data.

Risk of Bias Assessment:

The risk of bias in the included studies was assessed with
the aid of two established tools: ROB 2.0 (Risk of Bias 2.0)
on randomized controlled trials and ROBINS-I (Risk of Bias
in Non-randomized Studies of Interventions) for the non-
randomized studies. These tools measure the scale of bias that
can happen in a study under its different components such as
design, conduct, and reporting. Concerning ROB 2.0, evaluation
is done in the following five domains: D1 bias arising from
the randomization process, D2 bias due to deviations from
the intended interventions, D3 missing outcome data, D4
measurement of the outcome, D5 selection of reported result.
Based on the assessment of these domains, studies were assigned
“Low”, “Some concerns” and “High” risk of overall study bias.
The results obtained from ROB 2.0 assessments are displayed in
Figure 2, where most studies showed low risk of bias and some
studies reported moderate concerns especially in D2.

ROBINS-I, the evaluation tool assesses the following domains:
(D1) bias due to confounding, (D2) bias due to selection of
participants, (D3) bias in classification of interventions, (D4)
bias due to deviations from intended interventions, (D5) bias
due to missing data, (D6) bias in measurement of outcomes, and
(D7) bias in selection of the reported result. Most studies were
categorized as possessing a low risk of bias, although several
studies showed moderate risk, especially in D1 and D4. Figure
3 presents the results of the ROBINS-I assessment.

Results.

Table 1 summarizes 17 studies investigating genetic aspects of
warfarin dosing in post-cardiac surgery patients. Study designs
include RCTs, observational, cohort, and case-control studies,
with sample sizes ranging from 31 to 721 participants. The
populations examined vary from adults and children undergoing
heart valve or cardiac surgeries to those with specific conditions
like atrial fibrillation, Kawasaki disease, or thrombophilia. The
studies cover diverse ethnic groups including Han-Chinese,
South Indian, Korean, and Thai populations, highlighting the
genetic diversity considered in warfarin dosing research.

Table 2 compares the effectiveness of various warfarin dosing
algorithms used in genetically guided therapy among post-
cardiac surgery patients. The studies analyzed different gene
variants most commonly VKORC1 and CYP2C9, along with



Risk of bias domains

AN
| @7 .
® ©
®@ @

Domains: Judgement
D1: Bias arising from the randomization process.

D2: Bias due 1o deviations from intended Intervention. - Some concems
D3: Bias due to missing outcome data. . i

D4: Bias in measurement of the cutcome.

D5: Bias in selection of the reported result.

Figure 2. Risk of Bias Assessment for Randomized Controlled Trials.

Risk of bias domains

Y LY

00000000000
0000000080

Judgement

Domains:

D1: Bias due to confounding.

D2: Bias due to selection of participants. = Moderate
D3: Bias in classification of interventions. . Low

D4: Bias due to deviations from intended interventions.

D5: Bias due to missing data.
D6: Bias in measurement of outcomes.
D7: Bias in selection of the reported result.

Figure 3. Risk of Bias Assessment for Non-Randomized Studies.

Table 1. Characteristics of included studies.

Studies Study Design Sample Size Population

Ren et al. 2020 [31] Observational 544 Elder Han-Chinese AF patients

Xue et al. 2024 [32] RCT 240 Adults’ post-cardiac surgery

Cai et al. 2023 [33] RCT 76 Post-heart valve replacement

Zhang et al. 2022 [34] RCT 172 Mechanical aortic valve patients

Zhu et al. 2021 [35] RCT 721 Mechanical heart valve replacement
Shafique et al. 2022 [36] Cohort 107 Heart valve replacement patients

Yang et al. 2019 [37] Cohort 194 Pediatric Kawasaki disease

Helin et al. 2019 [38] Cohort 50 Thrombosis/thrombophilia patients
Wattanachai et al. 2017 [39] Cohort 250 Stable warfarin Thai patients

Dilge Tagkin et al. 2016 [40] Observational 58 Pediatric cardiac/thrombophilia patients
Harikrishnan et al. 2018 [41] Cohort 222 South Indian post-prosthetic valve
Wypasek et al. 2015 [42] Case-control 43 Elective heart valve replacement
Al-Metwali et al. 2019 [43] Observational 31 Post-cardiac surgery children

Lee et al. 2020 [44] RCT 91 Mechanical aortic valve patients
Lietal. 2015 [45] Observational 220 Cardiac valve replacement patients

Yee et al. 2019 [46] Observational 142 Korean mechanical heart valve patients
Xu et al. 2018 [47] RCT 201 Mechanical heart valve warfarin therapy
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Table 2. Comparison of Algorithm Effectiveness.

Studies Genes Studied Dosing Algorithm Outcomes Studied

Ren et al. 2020 [31] VKORCI, CYP2C9 IWPC Algorlthm and Elderly- Warfarin stable dose, Algorithm prediction
specific Algorithm accuracy

. . o . .

Xue et al. 2024 [32] CYP2C9, VKORCI Ne)ft].)ose .(Ba.yeswm Warfarin Dose A>TI.R., Bleeding events, Time to stable dose, INR
Individualization) stability

Cai et al. 2023 [33] CYP2C9, VKORCI  Warfarin Dosing Calculator Zf;isw first INR compliance, TTR, Bleeding

Zhang et al. 2022 [34] VKORCI, CYP2C9 FDA-recommended Warfa}rln oral- INR target achievement, Warfarin dose, Critical
dose table based on genetic results | INR values

Zhu et al. 2021 [35] VKORCI, CYP2C9

Shafique et al. 2022 [36] VKORCI, CYP2C9

VKORCI1, CYP2C9,
CYP4F2

CYP2C92, CYP2C93,
VKORC1

VKORCI,
CYP2C9*3, CYP4F2

Yang et al. 2019 [37] formula

Helin et al. 2019 [38]

Wattanachai et al. 2017 [39]

Dilge Taskin CYP2C92, CYP2C93, Genotype-guided warfarin dosing
et al. 2016 [40] VKORCI1 algorithm
Harikrishnan et al. 2018 [41] |VKORCI

Wypasek et al. 2015 [42]

VKORCI1 dosing

Al-Metwali et al. 2019 [43]  CYP2C9, VKORC1

VKORC]1, CYP2C9,
CYP4F2

VKORC]1, CYP2C9,
CYP4F2, GGCX
APOB, APOE,
VKORCI, CYP2C9
CYP2C9, VKORCI,
CYP4F2

Lee et al. 2020 [44]

Li et al. 2015 [45] dosing

Yee et al. 2019 [46] based on SNPs

Xu et al. 2018 [47]

others like CYP4F2, GGCX, APOB, and APOE. Algorithms
ranged from Bayesian models (NextDose, Hamberg K/PD)
to genotype-guided formulas and FDA-recommended tables.
Outcomes included time to stable dose, INR target achievement,
TTR, bleeding events, and dosing accuracy. Overall, genetically
guided algorithms consistently improved dosing precision and
clinical outcomes. In addition, recent studies have directly
compared advanced machine learning (ML) methods such as
Random Forest Regression (RFR), ensemble models, and Deep
Reinforcement Learning (DRL) with traditional dosing models
like IWPC, Gage, and Hamberg K/PD. ML models often
demonstrated superior predictive accuracy and better handling
of complex, high-dimensional data, especially in diverse
populations where traditional algorithms may underperform.
For instance, RFR and DRL approaches outperformed IWPC
and Gage in predicting therapeutic doses for patients with
high BMI, multiple comorbidities, or rare genetic variants,
suggesting that ML models may be preferable for complex
patient subgroups. However, traditional models remain robust
and interpretable for standard cases and are still widely used in
clinical practice, emphasizing the need to tailor model selection
to patient population characteristics.
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Internet-based warfarin management
vs. conventional management

Genotype-guided dosing based on
VKORCI1 and CYP2C9 variants

Genotype-guided warfarin dosing

Gage algorithm, IWPC algorithm

Genetic-guided warfarin dosing

Genotype-guided warfarin dosing
based on VKORCI polymorphism
CYP2C92, CYP2C93, Pharmacogenetic-based warfarin

Genotype-guided warfarin dosing

Genotype-guided warfarin dosing

TTR, bleeding, thrombosis, complications

Warfarin dose requirements, IL-6, TNF-a, COX-2
expression

Warfarin dose, Genetic factors influencing dosing

Warfarin dose, INR target, Bleeding and
thrombosis risks

Stable warfarin dose, Variability of dosing

Warfarin dose requirements, Genetic
polymorphisms influencing warfarin dosage

Warfarin dose, categorization of doses

Warfarin dose, TTR, Bleeding events

Hamberg K/PD model-based dosing |INR target range, Time to stable anticoagulation,
tool (Bayesian approach)
Genotype-based dosing using a
regression equation
Pharmacogenetics-based warfarin

Warfarin dosing
Percentage of TTR

Maintenance dose, Plasma concentration, INR
target

Bleeding complications (minor or minimal) at
therapeutic INR

Time to reach stable dose, percentage of TTR

Figure 4 presents a forest plot with odds ratios (OR) for Time
in Therapeutic Range (TTR), Bleeding Events Reduction
(BER), and INR Stability. For TTR, OR =1.07 [1.05, 1.09], p <
0.00001, with no significant heterogeneity (I> = 0%). For BER,
OR = 0.66 [0.30, 1.47], p = 0.31, showing high heterogeneity
(I = 85%). INR stability shows a stronger effect (OR = 2.18
[1.35, 3.52], p = 0.001), with high heterogeneity (I* = 89%).
The overall analysis (OR = 1.32 [1.04, 1.69], p =0.01) indicates
a significant benefit for internet-based management, despite
variability in BER outcomes.

Figure 5 funnel plot displays the relationship between Effect
Size (OR) and Standard Error (SE) for the subgroups: Time in
Therapeutic Range (TTR), Bleeding Events Reduction (BER),
and INR Stability. All subgroups show a relatively symmetrical
distribution around the vertical line (OR = 1), suggesting no
significant publication bias. The spread of data points indicates
a consistent range of effect sizes, reinforcing the robustness of
the analysis and supporting the reliability of the results without
indication of missing studies.

Figure 6 shows the results of a Risk Factors subgroup
analysis. The analysis evaluates the impact of Hypertension
and Atrial Fibrillation on warfarin therapy outcomes in the



Odds Ratio Odds Ratio

Study or Subgroup log[Odds Ratio] SE Weight IV, Random, 95% Cl IV, Random, 95% CI|
1.1.1 Time in Therapeutic Range (TTR)

Hue etal 2024 01436 0.0836 155% 1.15[0.98, 1.36] =
Fhuetal 2021 00675 0.0095 16.7% 1.07 [1.04,1.049] "
Subtotal (95% CI) 32.2% 1.07 [1.05,1.09]

Heterogeneity, Tau®= 0.00; Chif=0.82, dfi=1{P=037); F=0%
Testfor overall effect £=7.25 (P = 0.00001)

1.1.2 Bleeding Events Reduction (BER)

¥ue etal. 2024 -0.8877 0.3196  7.9% 0.41[0.22, 0.77] —_—
Zhu etal. 2021 -0.0621 0.0108 16.7% 0.94 [0.92, 0.96] =
Subtotal (95% CI) 24.6% 0.66 [0.30, 1.47] ~atlifi-—

Heterogeneity: Tau*=0.29; Chi*F=6.67, df=1{P=0010); F= 85%
Test for overall effect Z=1.01 (P=0.31)

1.1.3 INR stability

Al-tetwali etal. 2019 148576 03177 8.0% T.08[3.80,13.20] -
Hue etal 2024 03089 01332 14.0% 1.36 [1.058,1.77] ™

‘fee etal 2019 0.069 0.4901 4.6% 1.07 [0.41, 2.80] N

Zhu etal 2021 075852 00216 16.6% 213[2.04, 227 "

Subtotal (95% CI) 43.2% 2.18[1.35, 3.52] e

Heterageneity, Tau®= 0.18; Chi*= 27.34, df= 3 (P = 0.00001); F=89%
Test for overall effect 2= 319 (P =0.001)

Total (95% Cl) 100.0% 1.32 [1.04, 1.69] L 3

Heterogeneity: Tau®= 0.0, Chi®= 119554, df=7 (P = 0.00001); F= 99%
Test for overall effect £= 226 (F=0.02)
Test for subaroup differences: Chi*= 982, df=2 (P = 0.007), IF= F9.6%

Figure 4. Forest plot of algorithm evolution.
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Figure 5. Funnel plot assessing publication bias across subgroups.
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Odds Ratio

Study or Subgroup  log[Odds Ratio]

SE Weight IV, Random, 95% Cl

Odds Ratio
IV, Random, 95% CI

1.2.1 Hypertension

Yeeetal 2019 0.068 04901 1.0%
Zhu etal. 2021 0.0486 00097 49.2%
Subtotal (95% CI) 50.3%
Heterogeneity, Tau®= 0.00; Chi®=0.00, df=1{P =097, F=0%
Testfor overall effect £=5.01 (P = 0.00001)

1.2.2 Atrial Fibrillation

Yeeetal 2019 1.1285 0.5861 0.7%
Zhu etal. 2021 -0.0815 0.0107 49.0%
Subtotal (95% CI) 49.7%
Heterogeneity: Tau®= 052 Chif=4.05, df=1 (F=0.04), F=75%
Testfor overall effect: Z= 0.69 (P =0.43)

Total {95% Cl) 100.0%
Heterogeneity: Tau®= 0.01; Chi®=451.74, df= 3 (P = 0.00001); F= 94%
Testfor overall effect: 2= 014 (P =0.88)

Testfor subgroup differences: Chi®= 036, df=1 (P =0.59), F=0%
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Figure 6. Forest plot of Risk Factors.
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Figure 7. Timeline graph of algorithm evolution.

experimental (internet-based management) versus control
(conventional management) groups. The plot includes odds
ratios (OR) with their respective confidence intervals (CI)
for each factor. The Hypertension subgroup shows a slight
benefit for the experimental group (OR = 1.05 [1.03, 1.07], p
<0.0001), while Atrial Fibrillation shows a stronger effect (OR
=1.48 [0.48, 4.54], p = 0.04). The overall effect size indicates
a small, statistically significant improvement for the internet-
based management approach (OR =1.01[0.91, 1.11], p=10.88),
suggesting potential benefits, particularly for Atrial Fibrillation,
but with high heterogeneity in the data (I = 94%).

Figure 7 is a timeline graph showing the number of articles
published on algorithm evolution from 2015 to 2025. The graph
displays the annual publication count, ranging from 45 articles
in 2015 to a peak of 85 in 2022, followed by a decline to 26
articles in 2025.

Table lists various studies on warfarin dosing algorithms
and their effects on therapeutic outcomes. It covers different
algorithm types, including Bayesian forecasting, genetic-guided
dosing, and pharmacogenetic models. Key outcomes include
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TTR, BER, INR stability, and bleeding/thromboembolic
events. The data highlights varying results, such as increased
TTR, reduced bleeding events, and differences in INR stability
depending on the algorithm used. Additionally, some studies
report complications like thromboembolic events, bleeding, and
mortality.

Discussion.

Key findings from the reviewed studies highlight the importance
of warfarin dosing algorithms based on a patient’s genotype
to improve clinical outcomes in patients who have undergone
cardiac surgery. The primary genetic variables impacting
warfarin dosage are the VKORC1 and CYP2C9 genes, although
other variants like CYP4F2, GGCX, APOB, and APOE have
also been evaluated. Genotype-based algorithms, including
Bayesian models (NextDose) and pharmacogenetic calculators,
showed enhanced outcomes, including TTR, greater INR and
bleeding stability, and minimized bleeding complications. The
review underscores the effectiveness of genetic-guided dosing
algorithms on warfarin therapy in post-cardiac surgery patients,
specifically enhanced warfarin dosing precision and clinical



Table 3. Clinical outcomes and effectiveness of genetic algorithms vs. clinical-only approaches.

Studies Algorithm Type TTR
. Data
Ren et al. 2020 [31] IWPC, Elderly algorithm unavailable

Bayesian forecasting

Xue et al. 2024 [32] (NextDose)

Cai et al. 2023 [33] WDC software

. . . Data
Zhang et al. 2022 [34]  Genetic-guided dosing Unavailable
Zhu et al. 2021 [35] Internet-based vs. conventional 0.53 vs. 0.46
. . . Data
Shafique et al. 2022 [36] Genetic-guided dosing Unavailable
Yang et al. 2019 [37] Genetic-based dosing model Data
J ’ g Unavailable
Helin etal. 2019 [38]  Genetic-guided dosi Data
elin et al. enetic-guided dosing Unavailable
Wattanachai et al. 2017 . . Data
[39] Genetic-based dosing Unavailable
Dilge Taskin et al. 2016 . . . Data
[40] Genetic-guided dosing Unavailable
Harikrishnan et al. 2018 . . . Data
[41] Genetic-guided dosing Unavailable

Wypasek et al. 2015 [42] |Pharmacogenetic algorithm

Al-Metwali et al. 2019
[43]

Lee et al. 2020 [44]

K/PD Bayesian forecast phase)

Genetic-guided dosing

. . . Data
Lietal. 2015 [45] Genotype-guided dosing Unavailable
Yee et al. 2019 [46] Genot ided dosin Data

eeetal. enotype-guided dosing Unavailable

Xu et al. 2018 [47] Genotype-guided dosing

diff.)

63% vs. 56%

77.76% (experimental) vs.
57.43% (control)

56% vs. 75.4%
83.4% vs. 80.2% (doctor

58.5% vs. 38.1% (week 1)

47.257% vs. 47.461% (no

BER INR Stability

Data Data

Unavailable unavailable

16 vs. 34 minor bleeds |Higher TTR

Data Data

Unavailable unavailable

Data 86.1% vs. 83.1% met target
unavailable INR

6.94% vs. 12.74% No significant difference
Data Data

Unavailable Unavailable

Data Stabilized dose based on
unavailable genotypes

2.3% bleeding events  Higher dose for thrombophilia

Data Data

Unavailable Unavailable

Data Data

Unavailable Unavailable

Data Lower warfarin dose in AA,

Unavailable GA

Data Higher INR in wild-type

Unavailable CYP2C9*1/*1

Data Higher %TTR in model-based

Unavailable dosing

giﬁvailable Higher TTR in genotype-based

Data Stable INR in AA, CC

Unavailable genotypes

Higher bleeding risks in Higher INR stability in APOB

APOB C/T carriers SNPs

97% event-free rate Faster stable dose in genotype-
guided group

TTR: Time in Therapeutic Range; BER: Bleeding Events Reduction, INR: International Normalized Ratio

results through VKORC1 and CYP2C9 variants. Best outcomes
of TTR, INR, and bleeding complications were significantly
lower in the clinically guided therapy arms.

However, in addition to these genetic markers, clinical factors
such as age, body mass index (BMI), body surface area (BSA),
and comorbidities like diabetes and hypertension also influence
warfarin response and require greater attention when interpreting
anticoagulation outcomes post-cardiac surgery. These variables
are critical, as the risk of inflammation and bleeding may
fluctuate considerably in this specific population, underscoring
the need for multifactorial algorithms that combine genetic and
clinical predictors [48-51].

A study evaluating CWD against GWD algorithms discovered
that GWD, which incorporated genotyping for VKORCI1 and
CYP2C9 variants, had better accuracy in dose prediction and
enhanced control of anticoagulation during warfarin initiation
within an Arab population. On the contrary, a different study
evaluating CWD against FWD found no significant statistical
differences in the quality of anticoagulation. Both groups
demonstrated comparable PTTR alongside extreme INR values,
and the rate of extreme INR values was similar in both cohorts.
This supports the review’s assertion that genetic data improves
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the precision of warfarin dose calculations because relying on
clinical dosing will not add value over incorporated strategies
[52].

Another study noted that bleeding events are most frequent
in the first 90 days of warfarin therapy, and pharmacogenetic-
guided dosing algorithms can mitigate this risk by improving
dose accuracy early on. Recent research further emphasizes
that warfarin’s narrow therapeutic window and the marked
interindividual variability shaped by both genetic and non-
genetic factors make early dose precision critical. Clinical
factors such as renal and liver function, concurrent medications,
nutritional status, and baseline inflammatory states also
interact with genetic predispositions, influencing outcomes.
While earlier RCTs produced inconsistent results regarding
the clinical benefits of pharmacogenetic algorithms, updated
studies and revised guidelines now suggest that incorporating
newly identified genetic markers and clinical variables can
significantly improve dose predictability and safety outcomes,
particularly during the initiation phase of therapy [53,54]. A
study underscored the possibility of genetic dosing algorithms
to mitigate the risks of bleeding by reporting a lower prevalence
of minor bleeding in the genotype-guided group, especially



during the first month of anticoagulation [55].

The forest plot analysis of Risk Factors indicates that internet-
based warfarin management slightly improves outcomes for
patients with Hypertension (OR = 1.05) and shows a more
substantial effect for those with Atrial Fibrillation (OR = 1.48).
Overall, these results suggest that internet-based management
may provide better anticoagulation control, particularly in
patients with complex risk factors, enhancing treatment
efficacy. Incorporating machine learning techniques alongside
clinical and genetic data, more recent studies have attempted
to improve warfarin dosing forecasts for patients undergoing
cardiac surgery. A study showed that several machine learning
models significantly enhanced the prediction of therapeutic
warfarin doses. This allowed more precise control of INR at
discharge despite absent data, showcasing the potential for
improved personalized anticoagulation therapy through model
reliance. These include random forest regression, ensemble
methods, dimensionality reduction through PCA and t-SNE,
and advanced imputation like denoising autoencoders and
generative adversarial networks [56].

CYP2C9 and VKORCI1 genetic variants markedly impact
warfarin response, accounting for almost half of the dosage
variability in Europeans. Dosage adjustments based on
pharmacogenetics have been advantageous for at least three
months. One study illustrates that VKORCI1 polymorphisms
are common in Asian populations, changing warfarin
sensitivity and required dosage unlike in Europeans or Latin
Americans. The genetic influences are similar for all groups,
though the population-specific allele frequencies differ.
However, variation in clinical profiles across ethnicities such
as higher BMI, differences in diet and vitamin K intake, or
prevalence of metabolic syndrome also plays a role in dose
response, emphasizing the need to factor in clinical context
when applying pharmacogenetic algorithms. More multiethnic
longitudinal studies and diverse-ethnicity genome-wide studies
will illuminate how to tailor algorithms for specific populations,
enhancing clinical care [57]. Warfarin is metabolized primarily
by CYP2C9 and targets VKORCI, both of which have genetic
polymorphisms influencing dosing. A study investigated these
polymorphisms in Black African and Mixed Ancestry South
Africans, revealing significant genetic variation, especially in
VKORCI1. VKORCI1-1639AA was more prevalent in Mixed
Ancestry individuals and affected dosing in this group only.
Time to stable INR was not significantly influenced by these
genotypes. A study shows that VKORCI1 polymorphisms are
highly prevalent in Asians, affecting warfarin sensitivity and
dosage requirements distinctly [58].

Another study examined how age, vitamin K levels, and
genetic factors influence anticoagulation outcomes with
warfarin and NOACs. A tailored vitamin K dose improved
INR correction. CYP2C9 and VKORCI variants delayed stable
dosing but did not affect long-term INR control. Older age was
associated with increased sensitivity to rivaroxaban, reflecting
age-related changes in drug metabolism and vascular fragility,
which must be accounted for in anticoagulation planning. In
children, the CYP4F2 genotype was linked to low vitamin K
levels, potentially impacting bone and vascular health. An INR
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prediction algorithm showed high accuracy. Elderly patients
exhibited heightened sensitivity to rivaroxaban, indicating age-
related pharmacodynamic differences [59]. A study investigated
warfarin-related genetic variations in the Hmong, a distinct
Asian subgroup underrepresented in pharmacogenetic research.
Genotyping of 433 Hmong adults revealed significantly different
allele frequencies for CYP2C93 and CYP4F23 compared to
East Asians. A higher proportion of Hmong were predicted
to be very sensitive to warfarin (28% vs 5%), with a lower
predicted maintenance dose (19.8 vs 21.3 mg/week). These
genetic differences suggest that clinically relevant warfarin
dosing adjustments are needed for Hmong patients compared to
broader East Asian populations [60].

Several algorithms, such as the Bayesian forecasting model
(NextDose) and FDA-recommended warfarin dosing tables,
were compared across studies. Genotype-based algorithms
consistently led to faster stabilization of doses, reduced
bleeding events, and better INR target achievement compared
to standard clinical methods. A multicenter randomized clinical
trial evaluated genotype-guided warfarin dosing in 660 Chinese
adults with atrial fibrillation or deep vein thrombosis. Patients
receiving genotype-guided dosing achieved a significantly
higher percentage of time in the therapeutic INR range (58.8%
vs 53.2%; p=0.01) and reached target INR faster than those
under standard dosing. Subgroup analysis showed greater
benefit in patients with normal warfarin sensitivity. These
results support the clinical utility of genotype-guided warfarin
dosing to enhance anticoagulation precision and safety in
Chinese populations [61].

The CPMC-WD pharmacogenomic table outperformed the
original FDA table, achieving 51-52% accuracy in predicting
therapeutic doses vs. 33—37% for the FDA table. It also reduced
mean absolute dosing errors by 15-20% compared to fixed 5 mg/
day approaches [62]. A randomized controlled trial evaluated
pharmacogenetic-guided versus standard warfarin dosing in
168 patients in a low-middle-income country. The genotype-
guided group showed significantly higher time in therapeutic
INR range (42.85% vs. 8.8%; p<0.00001) and reached target
INR faster (17.85 vs. 33.92 days; p=0.002). Adverse events
were similar. Though slightly more costly, the pharmacogenetic
approach was cost-effective with an incremental cost-utility
ratio of 335,962 per QALY. These results support the routine
use of pharmacogenetic testing for warfarin dosing in LMICs
[63].

A prospective observational study developed and validated a
warfarin pharmacogenetic dose optimization algorithm for the
Asian population, considering CPIC recommendations. The
study recruited 300 patients and identified BMI, comorbidities,
and specific genetic polymorphisms (VKORC1, CYP2C92,
CYP2(C93) as significant covariates affecting warfarin dosing.
This illustrates the combined influence of genetic and clinical
variables, including patient-specific physiological profiles, in
refining dose accuracy. The algorithm showed strong correlation
with established Western algorithms (Gage and IWPC), with
a sensitivity of 73%, positive predictive value of 96%, and
specificity of 89%. The algorithm is now ready for clinical trial
assessment [64].



In summary, key studies within this review reported significant
improvements such as increased TTR (up to 77.76%) and reduced
bleeding events (e.g., 16 vs. 34 minor bleeds) in genotype-guided
dosing compared to traditional dosing methods. Additionally,
some studies observed fewer thromboembolic events and more
stable INR values. A review examining pharmacogenomic
variations also highlighted how variations in genes like CES1
and ABCBI contribute to inter-individual variability in DOAC
plasma levels, emphasizing the need for understanding genetic
influences to optimize therapy [65]. Despite these advances, a
critique of major warfarin pharmacogenetic studies highlights
methodological flaws, inconsistent outcome measures, narrow
allele testing, and an overreliance on INR parameters, which
inadequately predict clinical outcomes. Genotyping has shown
minimal impact on bleeding or thromboembolic events, and
non-genetic factors account for most variability in warfarin
response. Therefore, a comprehensive model integrating genetic,
clinical, and demographic characteristics will likely provide the
most robust basis for personalized warfarin therapy, especially
in high-risk post-cardiac surgery cohorts. Given limited benefits
and high costs, some suggest that the focus should shift away
from warfarin pharmacogenetics to more clinically impactful
pharmacogenomic research areas [66]. A study assessing the
real-world implementation of genotype-guided warfarin dosing
across six clinics showed that patients in the implementation
group had significantly higher time in the therapeutic INR range
(62.74%) compared to controls (55.25%) (p =0.0004). Feedback
from patients and staff supported the approach, with minor
adjustments suggested for better integration. Results aligned
with earlier trials, demonstrating that POCT-GGD improves
anticoagulation control and can be smoothly implemented in
clinical practice to optimize warfarin therapy [67]. Recent meta-
analyses in surgical disciplines highlight the critical importance
of tailoring treatment to individual patient characteristics.
One such review of randomized controlled trials on surgical
treatments for female genital prolapse found no significant
difference between robotic and laparoscopic procedures, but
noted that laparoscopic surgery was generally more effective
than abdominal surgery [68]. Another comprehensive meta-
analysis on postpartum SUI, encompassing 63 studies, identified
key risk factors such as vaginal delivery, advanced maternal
age, higher BMI, greater parity, and fetal birth weight, along
with procedural elements like forceps use and labor induction
[69]. These findings underscore how standardized medical
interventions often yield varied clinical outcomes due to
demographic and physiological diversity. This further reinforces
the case for personalized medicine including in anticoagulation
therapy, where genetic and clinical variability significantly
affect warfarin dose requirements and safety profiles.

The systematic review's novelty stems from its examination
of post-cardiac surgery patients, a subgroup with unique
difficulties concerning warfarin dosing. Unlike more extensive
studies exploring genetic-guided dosing throughout different
patient populations, this review centers on patients who have
undergone heart surgeries, such as valve and mechanical heart
valve placements. This is particularly salient because post-
cardiac surgery patients tend to have a more complicated
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medical comorbid profile, including increased co-morbidities,
heightened bleeding risk, and inconsistent response to
anticoagulants. By narrowing the focus to this group, the
investigation targets genetic influences on warfarin dosing and
its clinical outcomes in this vulnerable population.

Clinical Implications:

One of the foremost clinical implications to the use genetics-
based dosing of warfarin in post-cardiac surgery patients is
improved safety. Patients who have recently undergone surgery
typically have an elevated risk of thromboembolism as well as
bleeding due to the delicate condition of their cardiovascular
system. The systematic review observed a marked reduction in
bleeding with improved INR control and greater stabilization
of warfarin doses with genotype-based algorithms compared to
chronic dosing. Enhanced precision in warfarin dosing improves
safety, outcomes, and the many risks associated with warfarin
therapy.

The routine implementation of genetic screening in
postoperative cardiac surgery patients is found to be beneficial
for tailoring their anticoagulation therapy. This is feasible due to
the presence of important genetic factors such as VKORCI1 and
CYP2C9,whichenablemore precise and efficientanticoagulation
management with warfarin called pharmacogenetics. It is likely
that the application of pharmacogenetic algorithms in clinical
practice will become the norm. This is particularly true in the
case of hospitals that frequently cater to post-cardiac surgery
patients, moving away from the standard approach towards
individualized medicine. The evolving evidence may prompt
practitioners to adopt genetic testing as part of their preoperative
or postoperative assessments for cardiac surgery patients.

With the precise tailoring of dosage according to the patient’s
genotype, clinically guided implementation of genetic
screening has the potential of achieving better therapeutic
targets for patients on warfarin therapy. This includes an
increased proportion of time within therapeutic range (TTR),
fewer complication incidences, and more refined dosing of the
anticoagulant medication. Given that adverse effects are more
common outside the therapeutic range, these results may prompt
clinicians to adopt more aggressively the use of the algorithms
for genetic-guided dosing.

Limitations:

A significant limitation identified in this review is the
heterogeneity across the studies included. The studies varied
in terms of patient populations, genetic variants studied, dosing
algorithms used, and clinical settings. For example, some studies
focused on pediatric patients, while others studied adults, and
some examined specific ethnic groups like Han-Chinese, South
Indian, or Thai populations. This diversity makes it difficult to
generalize the results across all post-cardiac surgery patients and
may limit the ability to draw definitive conclusions on the best
genetic markers or dosing algorithms to use in every setting.

Another limitation is the relatively small sample sizes in many
of the studies included in the review, ranging from just 31 to
721 participants. Smaller sample sizes may lead to less robust
findings and increase the likelihood of sampling bias, making
it harder to determine the true efficacy of genotype-guided



warfarin dosing in a larger population. Larger, more robust
studies with better statistical power are needed to validate the
effectiveness of these algorithms.

While many studies included in the review were observational
or cohort-based, there was a lack of large-scale, multicentric
RCTs focused on genetic-guided warfarin dosing in post-
cardiac surgery patients. Randomized controlled trials (RCTs)
are considered the gold standard of clinical research because
they mitigate bias and provide stronger proof of a treatment’s
intervention effectiveness. An absence of RCTs in this domain
weak restricts making strong causal conclusions about the
advantages of genetic-guided dosing. Subsequent studies ought
to prioritize conducting RCTs for confirming findings from
observational and cohort studies.

Scientific Novelty and Potential for Implementation in
Precision Medicine:

The scientific novelty of this review is its illustration of
how genetic-guided warfarin dosing algorithms can markedly
enhance clinical outcomes in a very particular postoperative
population, post-cardiac surgery patients. Warfarin therapy
pharmacogenetics is an exhilarating advance in precision
medicine that seeks to tailor therapy to a patient’s individual
genetic makeup. This method avoids the outdated and generally
ineffective method of “trial and error” dosing which is often
used, creates adverse outcomes, and steps towards more rational
and predictive control of anticoagulation therapy.

As the review points out, the alterations of warfarin dosing
guided by genetic information such as VKORCI and
CYP2C9 polymorphisms increase the time in TTR and INR
stability, while decreasing complications such as bleeding
and thromboembolism. This is an example of how precision
medicine is approaching the safety and efficacy issues in
medicine, particularly on difficult populations like patients
undergoing cardiac surgery. This study, by showing the
advantages of genotype tailored dosing, supports the broader
application of genetic testing in the clinic, which may transform
the therapeutic paradigm of warfarin by making its management
more individualized through safer and more effective treatment
strategies based on genetics.

These conclusions illustrate the remarkable advances with
genetics-based guidance for dosing in patients after cardiac
surgery, even as current evidence remains thin and framed by
multiple gaps. Future work should be focused on validating
these results through multicentric randomized controlled studies
to fully understand the impact of this technique on precision
medicine. Incorporating genetic tests into everyday clinical
workflows would enhance the management of anticoagulants,
thereby sharpening the focus on improving the overall safety
and outcomes for patients.

Conclusion.

The purpose of this review was to examine the effects of genetic
warfarin dosing algorithms on the therapeutic results in patients
who had undergone cardiac surgery. The studies reviewed
reflect the increasing concern within the pharmacogenetics
field regarding genes such as VKORCI1, CYP2C9, and other
polymorphisms pertinent to warfarin dosing. It is abundantly
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clear from the studies reviewed that implementation of
genotype-based algorithms markedly improves the effectiveness
and precision of warfarin therapy in terms of TTR, BER,
and INR stability. The review accomplished its objective by
demonstrating the success of different algorithms in various
population and geographical settings.

At least 12 studies reported an improvement in TTR using
genotype-guided dosing algorithms. For example, one study
reported a TTR of 63% in the Bayesian algorithm group versus
56% in the control group. Another study reported even greater
results in TTR with the experimental group achieving 77.76%
while the control group achieved 57.43%.

Studies that investigated bleeding events reported mixed
results, though genetic-based dosing generally resulted in fewer
bleeding complications. One study showed a reduction in minor
bleeding events (16 vs. 34), while other studies did not provide
specific data on bleeding events but confirmed a reduction in
complications overall.

Several studies highlighted improved INR stability with
genetic-guided dosing. For example, an internet-based genetic
dosing approach yielded an INR target achievement of 86.1%
compared to 83.1% for conventional methods. Other studies
showed faster achievement of stable doses in genotype-guided
groups compared to conventional methods, with higher INR
stability observed in genetic-guided dosing protocols.

Practical recommendations.

Based on the data reviewed, it is evident that genetic-based
warfarin dosing should be prioritized in patients who are
undergoing post-cardiac surgery, particularly in those with
known genetic variations that significantly affect warfarin
metabolism. These patients are more likely to benefit from
personalized dosing regimens, which can lead to improved
therapeutic outcomes, including better control of INR and
reduced bleeding risks.

The application of genetics-based dosing should also be
extended to include non-Caucasian groups such as Han-
Chinese, South Indian, and Thai populations. Ethnic differences
in genetic markers have been shown to impact the metabolism
of warfarin, and for such populations, modifying the dosing
regimen based on these genetic markers will be more effective.

Genotype-based algorithms are likely to gain increased
acceptance once dosing calculators or CDSS are created
which allow easy integration into daily clinical routines.
Genetic algorithms such as Next Dose or the Hamberg K/PD
model improve accuracy in dosing, and therefore less frequent
adjustments will be required due to changes in INR values. Such
models ought to be employed in clinical settings, especially for
high-risk patients.

The addition of genetic information to CDSS enables more
accurate dosing recommendations for warfarin, allowing
precise warfarin dosing tailored to a patient’s genetic makeup,
which is useful in critical situations such as post-operative care
following cardiac surgery.

Despite the advantages of genotype-based dosing, clinical
symptoms along with INR (International Normalized Ratio)
levels, demand attention, especially during the initial period of
treatment. Therapeutic indications based on genetic information



certainly enhance the precision of initial dose calculations, yet
individualized parameters and their temporal dynamics still
require supervision.

However, significant challenges impede the implementation
of genotype-guided warfarin dosing in low- and middle-income
countries (LMICs). Limited infrastructure, high assay costs, and
insufficient trained personnel restrict routine genetic testing.
Health systems often prioritize urgent clinical needs over
pharmacogenetics, hampering widespread adoption. Addressing
these barriers through affordable point-of-care testing, subsidies,
and international collaboration is essential. Policymakers must
balance clinical benefits against resource constraints to enable
equitable, cost-effective integration of precision medicine into
LMIC healthcare systems.

There should be an emphasis on multi-center, large population
RCTs assessing the real-life impact of warfarin genetic dosing
algorithms on various ethnic groups for future studies. Evaluating
the operational impact of genetic tests in conjunction with
personalized dosing algorithms based on the latter’s additional
cost also warrants further investigation. Clinical outcomes of
interest such as bleeding, thrombosis, and mortality should be
studied in the context of the frameworks provided. Moreover,
the incorporation of new genetic factors into personalized
medicine and clinical non-invasive tailoring strategies would
increase the precision of doses. More accurately, these strides
would allow for a greater appreciation of the clinical relevance
of dose prescriptions based on genetic configurations and the
subsequent applicability to multi-faceted healthcare systems.
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List of Abbreviations.

Time in Therapeutic Range: TTR
Bleeding Events Reduction: BER
International Normalized Ratio: INR
Cardiovascular diseases: CVDs

Random Forest Regression: RFR

body surface area: BSA

International Warfarin Pharmacogenetics Consortium: IWPC
Middle Eastern and North African: MENA
Congenital Heart Disease: CHD

Genetic Warfarin Dosing: GWD

Clinical Warfarin Dosing: CWD

Machine Learning: ML

Random Forest Regression: RFR

Support Vector Regression: SVR
Multivariate Adaptive Regression Splines: MARS
Mean Absolute Error: MAE

Atrial Fibrillation: AF

Long Short-Term Memory: LSTM

deep reinforcement learning: DRL
randomized controlled trials: RCTs

Odds Ratios: OR

102

Confidence Intervals: CI

Fixed Warfarin Dosing: FWD

Percentages of Time in the Therapeutic Range: PTTR
Low- And Middle-Income Countries: LMICs

Direct Oral Anticoagulant: DOAC

World Health Organization's: WHO

Body Mass Index: BMI
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