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numbers of real patients for clinical trials. They have developed a computer simulator that could generate avatars with
specific warfarin pharmacokinetics/pharmacodynamics.
The generated avatars are not real patients but can simulate
the warfarin pharmacokinetics/pharmacodynamics characteristics using a statistical model. The model is based on
Bayesian network and was trained and validated with large
registry data.9 By using this model, unlimited numbers of
individual avatars with distinct clinical characteristics of
warfarin pharmacokinetics/pharmacodynamics calculated
based on specific age, sex, comorbidity, concomitant drugs,
and genotype could be generated by the use of computers.
With the avatars, theoretically unlimited numbers of clinical hypothesis could be tested without participation of real
patients. How close these virtual clinical trials are to the
real clinical trials?

n this issue of Circulation: Cardiovascular Genetics,
Ravvaz et al1 presented an interesting report on the evaluation of warfarin dosing protocols among patients with atrial
fibrillation with various different clinical backgrounds. This
article is unique in reporting a new method using a computer
simulation–based approach.
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To date, anticoagulation effects of warfarin are monitored by
prothrombin time international normalized ratio (PT-INR).2 The
appropriate warfarin dose to achieve the target PT-INR is affected
by various factors, including age, sex, comorbidity, concomitant
drug,3 and genetic polymorphisms of specific enzymes related to
warfarin metabolism, such as vitamin K epoxide reductase complex and CYP2C9.4 After clarification of warfarin metabolism,
the impact of genetics on the PT-INR control with warfarin was of
particular interest. Conflicting results have been published to date
on the improvement of PT-INR control using genotype-guided
warfarin dosing.5–8 Despite speculated impacts of the 2 enzymes
directly related to warfarin metabolism, prediction of appropriate
warfarin dose in individual patients using genotype information
had less impact than expected. Furthermore, the impact of genotype-guided warfarin dose adjustment strategy on the clinical
outcome rather than achieving target PT-INR is difficult to prove
because clinical outcomes are influenced by multiple factors
including those that could not be monitored by PT-INR control.
Randomized clinical trials give us strong scientific evidences but
require substantial numbers of real patients who agree to participate into the trials. Constructive logic from personalized genome
information to clinical practice is still underway. New methods to
reduce numbers of real patients without losing the ability to test
clinical efficacies in specific patient populations were awaited.

Testing Multiple Hypothesis With
Virtual Large Clinical Trials
All previously published clinical trials testing the validity of
genotype-guided warfarin dose adjustment were conducted
with general patient population of atrial fibrillation, posthip/
knee replacement, etc. Even when the trials did not show
superiority of theoretically superior genotype-guided dose
adjustment, there might be subpopulation of patients who
gain benefit by this protocol. To date, the best way to find
patient population gain real benefit is to conduct multiple
clinical trials with different patient populations as shown in
Figure A. Subgroup analysis within 1 clinical trial may also
be helpful but often face confounders. If our understanding of human body become more accurate and quantitative,
we might be able to predict outcome after drug intake with
constructive logic by calculating from genomes to organ
function through cell functions as shown in the Figure B.
The method proposed by Ravvaz et al1 is in between Figure
A and B. They created a mathematical model of patients by
training with inductive approach using a real-world cohort
composed from substantially large numbers of real patients.
The model can produce unlimited numbers of avatars with
various clinical parameters mimicking the distribution of
other parameters in the real-world as shown in the Figure
C. If someone wants to know if there is a difference in the
efficacy of genotype-guided approach by age, they can run
independent virtual clinical trials with distinct avatar groups
without recruiting real patients. For example, they can run
virtual randomized clinical trial in 1 group only including
avatars with age >65 years and the other only including avatars <65 years.
The method proposed in this article by Ravvaz et al1 could
serve as a bridge between current gold standard of large-scale
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Figure. Method to bridge real randomized clinical trial to constructive precision medicine. Schematic illustration for establishing new
drug interventions in patients with different backgrounds, such as young vs old, male vs female, diabetes mellitus (DM) and non-DM. To
elucidate the effect in population with 2 distinct background factor of interest (α and β in this figure), the approach with the current evidence based medicine method (A) requires 2 independent clinical trials with large real patient recruitment to achieve balanced distribution
of other potential contributing factors. The approach with constructive logic (B) could predict outcomes by calculating all the associated
process after simply changing the factor of interest (B). However, this approach requires all the logic from drug intake to the outcome. One
drug may influence the structure and function of target protein(s). Molecular dynamic calculation with huge computer resource is required.
Indeed, all the factors influenced by the drug intake has not been clarified. Thus, precise prediction from genetic differences to the variation of drug effects is still to be elucidated. The method proposed by Ravvaz et al1 (C) creates a mathematical model of patient. The model
is trained by using inductive approach with a real-world cohort. By doing so, the effect of drug when the factor of interest is changed
could be predicted without explicitly modeling the molecular interactions. This allows us to create avatars mimicking real patients with different background for the factors of interest. Thus, we can test hypothesis without preparing large numbers of cohorts by running virtual
clinical trials using these avatars.

randomized clinical trial results–based medicine (evidencebased medicine) and the future expected pure precision medicine based on the constructive logic. The method Ravvaz et al1
has proposed creates a simulation model based on pharmacodynamics and pharmacokinetics from an existing cohort composed
of real patients. This model allows calculation of outcomes from
parameters, such as age, sex, race, genetic information, etc., and
can produce avatars that mimic the actual patients. Thus, the
model allows us to prepare as many participants in virtual clinical trials as we need and allows us to perform enormous numbers of virtual clinical trials testing multiple clinical hypothesis.
However, the model proposed by Ravvaz et al1 currently
includes only simple parameters. There are many other factor potentially influencing PT-INR control, such as rarely
used drug intake, bacterial infection, etc. Furthermore, the
calculation of outcomes from warfarin intakes is greatly
simplified in this model. Both PT-INR and clinical outcome

should be influenced by complicated cell-based coagulation,10 which was not implemented in this model. The
method Ravvaz et al1 reported in this article is interesting
but just the simple beginning. Future expansion of research
in this area is expected.

Disclosures
Shinya Goto received Grant-in-Aid for Scientific Research in Japan
(24390202, 17K19669). Shinya Goto received consulting fees and
honoraria from Bayer and Astra-Zeneca. Shinya Goto also received
research grants from Sanofi-Aventis, Ono, Bristol Myers Scribb, and
Pfeizer. The other author reports no conflicts.

References
1. Ravvaz K, Weissert J, Ruff CT, Chi C-L, Tonellato P. Personalized anticoagulation: optimizing warfarin management using genetics and simulated
clinical trials. Circ Cardiovasc Genet. 2017;10:e001804. doi: 10.1161/
CIRCGENETICS.117.001804.

3   Goto and Goto   Does Simulation Facilitate Precision Medicine?
2. January CT, Wann LS, Alpert JS, Calkins H, Cigarroa JE, Cleveland JC Jr,
et al; ACC/AHA Task Force Members. 2014 AHA/ACC/HRS guideline
for the management of patients with atrial fibrillation: executive summary:
a report of the American College of Cardiology/American Heart Association Task Force on practice guidelines and the Heart Rhythm Society. Circulation. 2014;130:2071–2104. doi: 10.1161/CIR.0000000000000040.
3. Deykin D. Warfarin therapy. 2. N Engl J Med. 1970;283:801–803. doi:
10.1056/NEJM197010082831508.
4. Wadelius M, Pirmohamed M. Pharmacogenetics of warfarin: current
status and future challenges. Pharmacogenomics J. 2007;7:99–111. doi:
10.1038/sj.tpj.6500417.
5. Sconce EA, Khan TI, Wynne HA, Avery P, Monkhouse L, King BP,
et al. The impact of CYP2C9 and VKORC1 genetic polymorphism
and patient characteristics upon warfarin dose requirements: proposal
for a new dosing regimen. Blood. 2005;106:2329–2333. doi: 10.1182/
blood-2005-03-1108.
6. Pirmohamed M, Burnside G, Eriksson N, Jorgensen AL, Toh CH, Nicholson T, et al; EU-PACT Group. A randomized trial of genotype-guided
dosing of warfarin. N Engl J Med. 2013;369:2294–2303. doi: 10.1056/
NEJMoa1311386.

7. Kimmel SE, French B, Kasner SE, Johnson JA, Anderson JL, Gage BF,
et al; COAG Investigators. A pharmacogenetic versus a clinical algorithm
for warfarin dosing. N Engl J Med. 2013;369:2283–2293. doi: 10.1056/
NEJMoa1310669.
8. Gage BF, Bass AR, Lin H, Woller SC, Stevens SM, Al-Hammadi N, et
al. Effect of genotype-guided warfarin dosing on clinical events and anticoagulation control among patients undergoing hip or knee arthroplasty:
the GIFT randomized clinical trial. JAMA. 2017;318:1115–1124. doi:
10.1001/jama.2017.11469.
9. Fusaro VA, Patil P, Chi CL, Contant CF, Tonellato PJ. A systems approach to designing effective clinical trials using simulations. Circulation.
2013;127:517–526. doi: 10.1161/CIRCULATIONAHA.112.123034.
10. Tomita A, Tamura N, Nanazawa Y, Shiozaki S, Goto S. Development of
virtual platelets implementing the functions of three platelet membrane
proteins with different adhesive characteristics. J Atheroscler Thromb.
2015;22:201–210. doi: 10.5551/jat.26203.
KEY WORDS: Editorials ◼ atrial fibrillation ◼ computer simulation ◼ vitamin
K epoxide reductases ◼ warfarin

Downloaded from http://circgenetics.ahajournals.org/ by guest on June 25, 2018

Does Computer Simulation Help Facilitate Personalized Precision Medicine for the Use of
Warfarin?
Shinichi Goto and Shinya Goto
Downloaded from http://circgenetics.ahajournals.org/ by guest on June 25, 2018

Circ Cardiovasc Genet. 2017;10:
doi: 10.1161/CIRCGENETICS.117.001969
Circulation: Cardiovascular Genetics is published by the American Heart Association, 7272 Greenville Avenue,
Dallas, TX 75231
Copyright © 2017 American Heart Association, Inc. All rights reserved.
Print ISSN: 1942-325X. Online ISSN: 1942-3268

The online version of this article, along with updated information and services, is located on the
World Wide Web at:
http://circgenetics.ahajournals.org/content/10/6/e001969

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Circulation: Cardiovascular Genetics can be obtained via RightsLink, a service of the Copyright Clearance
Center, not the Editorial Office. Once the online version of the published article for which permission is being
requested is located, click Request Permissions in the middle column of the Web page under Services. Further
information about this process is available in the Permissions and Rights Question and Answer document.
Reprints: Information about reprints can be found online at:
http://www.lww.com/reprints
Subscriptions: Information about subscribing to Circulation: Cardiovascular Genetics is online at:
http://circgenetics.ahajournals.org//subscriptions/

