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Utilization of Computer Mod€

e Hypotheses Development & Testing
e Design of Medical Products
 Personalized Medicine
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HeartFlow® FFRCT

& @ Secure https://www.heartflow.com ﬁi

O HeartFlow

Sophisticated Analysis, Delivered Simply

. HeartFlow creates a personalized, digital
3D model of the arteries.

. Powerful computer algorithms solve
millions of complex equations to assess
the impact that blockages have on blood

flow.

. The result is a color-coded map that aids
clinicians in determining, vessel-by-vessel,

if sufficient blood is reaching the heart.

Information regarding the Indications and Limitations of the
HeartFlow Analysis can be found here.

cleared January 2016  https://www.accessdata.fda.gov/cdrh_docs/pdf15/K152733.pdf



Cardiolnsight Medtronic.

& C' | ® www.medtronic.com/us-en/healthcare-professionals/products/cardiac-rhythm/cardiac

CARDIOINSIGHT MAPPING VEST

The Cardiolnsight™ Mapping Vest is a single use, disposable,
multi-electrode vest that works with the Cardiolnsight
Workstation to gather cardiac electrophysioclogical data from
the body surface.

Indications, Safety, and Warnings

Read More

CARDIOINSIGHT WORKSTATION

The Cardiolnsight™ Workstation takes the ECG signals
collected by the Cardiolnsight Mapping Vest and combines
them with CT scan data to produce and display simultaneous,
multi-chamber, 3-D cardiac maps.

Indications, Safety, and Warnings

Read More

d Instrumentation
setup

{
224-channel ECG

potentials

Figure 1 Block diagram of the ECGI procedure. (a) Photographs of
instrumentation setup. (b) CT transverse slices showing heart contours (red)
and body-surface electrodes (shiny dots). (¢) Meshed heart-torso geometry.
(d)} Sample ECG signals obtained from mapping system. (e) Spatial
representation of BSPM. (f) ECGI software package (CADIS). (g) Examples
of noninvasive ECGI images, including epicardial potentials, electrograms
and isochrones.

Ramanathan et al., Nature Med., 2004

El © 2004 Nature Publishing Group http://www.nature.com/naturemedicine

cleared November 2016 https://www.accessdata.fda.gov/cdrh_docs/pdf16/k162440.pdf




Clinical Research

Heart Rhythm, Vol 13, No 8, August 2016

Feasibility of using patient-specific models and the
“minimum cut” algorithm to predict optimal ablation
targets for left atrial flutter ®

Sohail Zahid, BS,” Kaitlyn N. Whyte, " Erica L. Schwarz,” Robert C. Blake III, MS, T

Patrick M. Boyle, PhD,” Jonathan Chrispin, MD, Adityo Prakosa, PhD,” Esra G. Ipek, MD, ¥
Farhad Pashakhanloo, BS,  Henry R. Halperin, MA, MD, FHRS," Hugh Calkins, MD, FHRS,?
Ronald D. Berger, MD, PhD, FHRS,* Saman Nazarian, MD, PhD, FHRS,*

Natalia A. Trayanova, PhD, FHRS

From the " Institute for Computational Medicine, Department of Biomedical Engineering, Johns Hopkins
University, Baltimore, Maryland, TCardioSolv Ablation Technologies Inc, Baltimore, Marvland, mDejw‘n'ﬂ'nenf
of Medicine, Johns Hopkins University School of Medicine, Baltimore, Maryland, and *Department of
Epidemiology, Johns Hopkins University School of Medicine, Baltimore, Maryland.
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Examples of FDA Partnershif

e European Joint Initiatives/Global Collaborations
 Medical Device Innovation Consortium (MDIC)

* |Interagency Modeling and Analysis Group (IMAG)
 Health and Environmental Science Institute (HESI)

e Avicenna Alliance

ttps://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm595622.htm



FDA Modeling

& C' | & Secure | https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm595622 htm

‘-{é U_8. Department of Health and Human Services

N U.S. FOOD & DRUG

ADMINISTRATION

News & Events

Home » News & Events » Newsroom » Press Announcements

FDA Statement

Statement from FDA Commissioner Scott

Gottlieb, M.D., on the agency’s scientific

AtoZIndex | Fq

Home | Food | Drugs | Medical Devices | Radiation-Emitting Products | Vaccines, Blood & Biologics | Animal & Veterinary

evidence on the presence of opioid compounds
in kratom, underscoring its potential for abuse

Additional adverse events associated with kratom use identified

f sHare in LINKEDIN | @ 2INIT EMAIL | & PRINT
For Immediate February 6, 2018
Release

Summary
svidence of kratom compounds’ opioid properties.

FDA releases adverse events and scientific analysis providing even stronger

FDA developed the Public Health
Assessment via Structural Evaluation
(PHASE) methodology — a tool to help
us simulate, using 3-D computer
technology, how the chemical
constituents of a substance (such as
the compounds alkaloids found in
kratom) are structured at a molecular
level, how they may behave inside
the body, and how they can
potentially affect the brain. In effect,
PHASE uses the molecular structure
of a substance to predict its biological
function in the body.

https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm595622.htm




FDA Modeling

VICTRE: Virtual Imaging Clinical Trials for
Regulatory Evaluation

f sHARE W TWEET | in LINKEDIN | @ PINIT | &% EMAIL | & PRINT

Contact:
Aldo Badano, Ph.D.

VICTRE In 3

1. What is VICTRE? VICTRE is a research program aiming at demonstrating that computational modeling can
play an increasingly predominant role in the regulatory assessment of imaging products.

2. Rationale: Expensive and lengthy clinical trials delay regulatory evaluation. This burden can stiffle innovation
affecting patient access to novel, high-quality imaging technologies.

3. Strategy: We propose an in silico replication of an existing clinical trial with demonstration of savings and
benefits for stakeholders.

Summary

Powerful and open-source radiation imaging system
simulation and image analysis tools are now becoming
available to industry, academia, and government
researchers, allowing for a greater understanding of the
effect of system design and modifications on the
performance of new imaging technologies. These tools
have the potential to facilitate less-burdensome regulatory
evaluation and rapid deployment of meritorious imaging
devices while demonstrating significant pitfalls in defective
designs.

In this program, we aim to demonstrate the benefits of
computational modeling for entire imaging chains in
comparison to traditional methods that rely on burdensome

https://www.fda.gov/medicaldevices/scienceandresea
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RECHANNELING THE CURRENT CARDIAC RISK PARADIGM:
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JULY 23, 2013

slide courtesy off David Strauss, FDA



Standards

& C' | @& Secure | https://cstools.asme.org/csconnect/CommitteePages.cfm?Committee=100108782 [ < S

- GO TO ASME.ORG HOME >

V&V 40 VERIFICATION AND VALIDATION IN COMPUTATIONAL
MODELING OF MEDICAL DEVICES

ME
Mee“ngs Provide procedures to standardize verification and validation for computational modeling of medical devices

= May 2018 Committee Meetings and V&V Symposium
= New V&V 80 Subcommittee on Energy Systems -- Call for Participants

» Next V&V 40 Meeting Officers Staff Contact

% & CHAIR Tina M. Maorrison Ryan Crane, PE
I!:ELEg'mT:E:Sembﬂwn e — VICE CHAIR  Marc Horner, Ph.D. The American Society of Mechanical Engineers
» V&V Document Status VICE CHAIR  Jeffrey Bischoff Two Park Avenue
— - STAFF SECRETARY Ryan Crane, PE MNew York, NY 10016
= ASME V&V Symposium Archive Phone: 1(212) 591-7004
= BST Reports & Balanced Scorecard Fax: 1(212)591-8501
= Journal for VVUQ Flyer _ _ craner@asme.org
a V&V 40 Background / History v |e Comml Pages
- - . - = ubgroup on Endovascular
= FDA Seminar on "V&V for Computational Modeling for Medical Devices" V&V 40 SubgrnuE on Fluid Dynamics
Codes & Standards Resources V&V 40 Subgroup on General Methodology !
» Participation V&V 40 Subgroup on Heart Valves
= Volunteer Recruiting Toolb V&V 40 Subgroup on Drt_hnpedlcs ;
- - V&V 40 Subgroup on Solid Mechanics
- an ASME , developer or peer reviewer! V&V 40 Subgroup on Stents
® ASME C&S Policies, F es, and Gui

Additional Committees

S&C Successful Practices for ASME Standards Development

Committees V&V 10 Verification and Validation in Computational Solid Mechanics
® S&C Training Modules V&V 20 Verification and Validation in Computational Fluid Dynamics and Heat Transfer
« S&C Vision and Mission Statement V&V 30 Verification and Validation in Computational Simulation of Nuclear System Thermal Fluids Behavior
s CSC Group Photos V&V 50 Verification and Validation of Computational Modeling for Advanced Manufacturing
= Board on Standardization & Testing Interpretation Policy V&V Verification and Validation in Computational Modeling and Simulation
» Standardization & Testing Department Procedures
- SEndardzsion s esing Avars &
» Committee Handbook L] ASME Product Catalog

Publication Information - ASME Standards Technology, LLC Committees

» Project Initiation Notices V&V standards in Product Catalog
@« Public Review Drafts B94 Committee on Cutting Tools
Standards & Certification Update - Newsletter

= Proposed Changes

= Continuous Mair intenance Cycle

- ig C i red and Withdrawn Standards

= Recently Published Standards in STND Department -February 16, 2018
= Errata

http://www.fda.gov/regulatoryinformation/standards/default.htm




uidances

Cellular & Gene Therapy
Guidances

f sHaRe | W TWEET | in LINKEDIN | @ PINIT | 5 EMAL 8 PRINT

Should you find a link that does not work within any Guidance document,
Rule or other document posted on the FDA Web site, please try
searching for the document using the document title. If you need further
assistance, please go to Contact FDA.

Cellular & Gene Therapy Guidance Documents

Guidance for Industry

E14 Clinical Evaluation of QT/QTc
Interval Prolongation and

Proarrhythmic Potential for

« Deviation Reporting for Human Cells, Tissues, and Cellular and
Tissue-Based Products Regulated Solely Under Section 361 of
the Public Health Service Act and 21 CFR Part 1271; Guidance
for Industry (PDF - 171KB)

Non-Antiarrhythmic Drugs

9/2017

» Recommendations for Microbial Vectors Used for Gene Therapy;
Guidance for Industry (PDF - 161KB)
09/2016

= Homologous Use of Human Cells, Tissue, and Cellular and
Tissue-Based Products; Draft guidance for Industry and FDA
Staff (PDF - 120KB)
10/2015

« Design and Analysis of Shedding Studies for Virus or
Bacteria-Based Gene Therapy and Oncolytic Products; Guidance
for Industry (PDF - 120KB)

8/2015

Contains Nonbinding Kecommendations

Mobile Medical Applications

Guidance for Industry and Food

and Drug Administration Staff

Document issucd on February 9, 2015,

This document supersedes “Nobile Medical Applications: Guidance for
Food and Drug Administration Stafl™ ksued on September 25, 2013,

This document was upiated to be consistent with the guidance document

“Medical Devices Data Systems, Medical Image Storage Devices, and Medical

Image Communlcations Devices™ Issued on February 9, 2015,

For questious about this document regarding CDRH-regulated devices. coutact Bakul Patel at
fda.bihs gev or contact the Office of the

T96-5528 ar by el

3 mail at Bakul Patel;
Center Darcctor at 301~

600,

http://www.fda.gov/forindustry/fdabasicsforindus

dditional copies are available from

Office of Training and Communicaion

Division of Drug Juformarion, HFD-240

Canter.for Drug Evaluation and Research
Food and Drug Administration

iTel
hitp/www e gavicder guidanceindex. him

Qffica of Communicarion, Traiing and
Mamfacturers Assistance, HFM-A0
Center for Biologics Evaluarion and Research
Food and Drug Adminizwation
1401 Rockvilia Fike, Rockville, MD 105521443

/e, fa. govieber, guidelines.hom

U.S. Department of Health and Human Services
Food and Drug Administration
Center for Drug Evaluation and Research (CDER)
Center for Biologics Evaluation and Research (CBER)

October 2005
ICH

Guidance for Industry

S7B Nonclinical Evaluation of
the Potential for Delayed
Ventricular Repolarization
(QT Interval Prolongation)
by Human Pharmaceuticals

Addieional copies are avallable from:

Office af Tratning and Communication
Divisicn af Drug frformation, HFD-240
Cener for Drug Kvalarion and Research

‘oo and Dreg Adminseratton
S0k Fishers L
Rockle, MEY 20857
(Telp 30782742
et rerv, i powcder g anese tndiex ke
e of Communicarion, Traming aad
Marnugcrarers Asststance, HEM-40
Clnser for Biologics Evaluation and Research
“nod anel [rug Admiiswaion
1401 Rocknlle Pike, Rockville, MU X0852-1428
g ik gowcher guidelines. om

TU.5. Department of Health and Human Services
Food and Drog Administration
Center for Drug Evaluation and Research (CD)]
Center for Biologics Evaluation and Research (CBER)

Ociober 2005
ICH

ry/ucm234622.htm




Reporting of Computational

Modeling Studies in Medical Device

Submissions

Contains Nonbinding Recommendations
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Medical Device Develdpment

Contains Nonbinding Recommendations
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Evaluation of Computer Modeling at FDA

The NEW ENGLAND JOURNAL of MEDICINE

‘ REVIEW ARTICLE ‘

THE CHANGING FACE OF CLINICAL TRIALS
Jeffrey M. Drazen, M.D., David P. Harrington, Ph.D., John J.V. McMurray, M.D., James H. Ware, Ph.D.,
and Janet Woodcock, M.D., Editors

An FDA Viewpoint on Unique Considerations
for Medical-Device Clinical Trials

Owen Faris, Ph.D., and Jeffrey Shuren, M.D., J.D.

“In some circumstances, a clinical trial is
not able to answer the most critical
questions related to the safety and
effectiveness of a device...”

“The greatest safety concern for pacemakers in the
MRI environment is the potential for a cardiac lead to
act as an antenna and to direct radiofrequency
energy from the MRI scanner to the lead tip, heating
the tip and potentially ablating cardiac tissue.”

“Given that heating would be most likely to occur in
rare, worst-case conditions that would be difficult to
predict clinically, relying on a clinical trial as the
primary validation of safety would have required
many thousands of participants. Instead, FDA
approval rested primarily on robust mathematical
modeling that was validated with bench studies and
studies in animals. The modeling data, which
simulated thousands of combinations of device and
patient geometries and MRI scan conditions,
provided strong evidence that even worstcase
conditions would be very unlikely to result in
detrimental lead heating.”

http://www.nejm.org/doi/full/10.1056/NEJMra1512592




Evaluation of Computer Models®

e Verification

Verification and

i Va|idati0n validation in
. o . scientific Computing
e Uncertainty Quantification
(VVUQ)

e Calibration

 Parameter Sensitivity Analysis
 |mplementation (numerical solvers)
e Emulators

e Optimal Experimental Design

e Credibility/Applicability

e Risk Assessment




Evaluation of Computer Models®

depends on the context of use (COU)!

Increasing
level of

evidence
required

consequence of decision



Verification, Validation and Uncertainty
Quantification (VVUQ)

Verification:

Does the computational model accurately solve the
underlying mathematical model?

Validation: Mathemat@afnalysis
ow well does the computational model approximate
‘reality’?

Mathematical
Model

Uncertainty Quantification (UQ):
How much does uncertainty in parameters / initial
conditions affect the results? Para

examples of are provided for each
in the following slides

Numerics
Software

Numerical #
- solution
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Modeling of Cardiac Electrophysi

Cell model

(e

ca’

Apply stimulus &
solve equations
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Computational mesh
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Other inputs:
= Stimulus protocol and
stimulated region
= Conductivities
= Parameters or initial
conditions (e.g. for local
heterogeneities)

Governing equations (monodomain / bidomain equations) Solve

4 Action

potential

Calcium
transient

eguations

.

Whole heart
propagation

Pathmanathan & Gray. Ensuring reliability of safety-critical clinical applications of computational cardiac models. Front. Physiol. 2013




High resolution,
anatomically-detailed
rabbit heart geometry

special thanks to Brian Fitzgerald et al. at FDA HPC http://tinyurl.com/VFsim

Pathmanathan & Gray RA. Filament Dynamics during Simulated Ventricular Fibrillation in a High-Resolution Rabbit Heart.
BioMed Research Int. 2015




Verification of Electromechanical Computer Simulations

First tool for strongly verifying ‘bidomain’ solvers —
can be used by anyone to demonstrate correctness of their solvers

e “method of manufactured solutions” -> analytical result
e high confidence in solver correctness
e exact-error convergence analyses

Pathmanathan & Gray, Verification of computational models of cardiac electrophysiology, JINMBE, 2014

Verification test problems for cardiac mechanics solvers

1
'
Max displacement magnitade (Chaste) 5.2791 6.0839 0.9598 17867 g
Max difforence: Cardioid-tet vorsus Chastc 0.0038 0.0039 0.0020 0.0120 g :
Max difference: Cardicid-bex vorsus Chaste 0.0072 0.0073 0.0025 0.0208 B
Max difference: Cardioid-wedge verses Chasic 0.0071 0.0071 0.0025 0.0218 £
Max difference: Cardicid-pyramid versus Chaste 0.0166 0.0223 0.0031 0.0345
Chaste Tets Wedge Pyramids

NNNNN

Gurev, Pathmanathan et al., A computational model of the deforming human heart, BMMB, 2015




Validation of Electrophysiological Computer Models

Existing models do not represent the action potential upstroke during propagation!

. 'M§:§=‘§n§+§+ '&

.
8

— (.1 cm

Gray et al., Quantification of transmembrane currents during action potential propagation in the heart. Biophysical Journal, 2013

Model Development

action potential
(depolarization)

voltage clamp
(steady state inactivation)

‘ +20 mV

action potential
(depolarization
during
propagation)

140
p i
Na

Gray RA, Pathmanathan P. A Parsimonious Model of the Rabbit Action Potential Elucidates the Minimal Physiological Requirements
for Alternans and Spiral Wave Breakup. PLOS Computational Biology, 2016, 12(10): e1005087.

Gray & Huelsing, 2001 Gray et al., 2013
Berecki et al., 2010




Uncertainty Quantificatio

The Journal of

Phy5|ology

Volume 584 / Number 23 / 1 December 2016

The Cardiac Physiome Project

A publication of The Physlologlcal Soclety

J Prygmiod 554 23 (2016} pp 6E33-6B47

WHITE PAPER

Uncertainty and variability in computational and
mathematical models of cardiac physiology

Gary R. Mirams', Pras Pathmanathan?, Richard A. Gray?, Peter Challenor® and Richard H. Clayton*

I Computarional Biology, Deparoment of Compurer Science, Umiversity of Oxford, Oxglord QX1 3QD, UK
217S Food and Divug Adminiseration, 10903 New Hampshire Avermue, Sitver Spring, MDD 20003, [754
College of Engineering, Marhematics and Physical Sciewce, University of Exerer, Exeser EX4 4QF, UK

4 Insigmen institure for im-slico medicine and Deparimens of Compuser Science, University of Sheffield, Regene Coury, Shaffield 51 40P, UK

Abstract The Cardiac Physiome effort is one of the most mature and successful applications
of mathematical and computational modelling for describing and advancing the understanding
of physiology. After five decades of development, physiological cardiac models are poised to
realise the promise of translational research via clinical applications such as dmg development
and patient-specific approaches as well as ablation, cardiac resynchronisation and contractility
modulation therapies. For models to be included as a vital component of the decision process in
safety-critical applications, rigorous assessment of model credibility will be required. This White
Paper describes one aspect of this process by identifying and classifying sources of variability and
uncertainty in models as well as their implications for the application and development of cardiac
models. We stress the need to understand and quantify the sources of variability and uncertainty
in model inputs, and the impact of model structure and complexity and their consequences for
predictive model outputs. We propose that the future of the Cardiac Physiome should include a
probabilistic approach to quantify the relationship of variability and uncertainty of model inputs
and outputs.

How does uncertainty affect model results?

http://onlinelibrary.wiley.com/doi/10.1113/JP271671/full




Uncertainty Quantification

5 &
ular Blology

Progress in Biophysics and Molecular Biology

journal homepage: www.elsevier.com/locate/pbiomolbio

Uncertainty quantification of fast sodium current steady-state @Emmk
Inactivation for multi-scale models of cardiac electrophysiology

Pras Pathmanathan **, Matthew S. Shotwell °, David J. Gavaghan ©,
Jonathan M. Cordeiro ¢, Richard A. Gray *

2. Food and Drug Adminis tration, 10903 New Hampsbire Avenue (W0 62), Silver Spring MD 20993, UsA

b Department of Blostatistics, Vanderbilt University Medical Center, 2525 West End, Ste. 11000, Nashville, TN 37203, USA
© Department of Computer Sdence, University of Oxford Parks Road, Oxford OX1 300, UK

9 Masonic Medical Research Laboratory, 2150 Bleedker St, Utica, NY 1350, LEA

ARTICLE INFO ABSTRACT

Article history: Perhaps the most mature area of multi-scale systems biology is the modelling of the heart. Current
Available online 7 February 2015 models are grmounded in over fifty vears of research in the development of biophysically detailed models
of the electrophysiology (EP) of cardiac cells, but one aspect which is inadequately addressed is the

] “To our knowledge this article is the first to quantify population variability in
Popu

vn| Membrane dynamics in this manner, and the first to perform formal UQ for a
component of a cardiac model.”

e OI0LY 10 d55ess VOIAEE Clamp datd Advaitages of this approach OvVer 4 Mmore odl mal popu-
lation-averaged' approach are highlighted. The method was used to characterise variability amongst cells

icalatad fram canima anmi and andoecardinm and thic variahiline weae than neonaea tad frmarard! throaourh




Uncertainty Quantification

Single-cell level: significant variability 350

including model failure

9
300
] 0.4 'il 9 8 E
S 03 =". E
. o ope E }‘= ; 7 §
experimental variability 5 02 i ] 250 &
(ion-channel level) S o1
E experiment B
o _ “propagate” UQi °| "3 ointic ] 200
2] =01
g < through the W mcsveaypny
g °] model
R
s iry region AP ‘Failure region’ AP

Tissue level:
almost no variability

-120 -100 -80 -60 -40

Voltage (mV)

NOT parameter sensitivity!

A

“Emergent Robustness”

Pathmanathan et al., Uncertainty quantification of fast sodium current steady-state inactivation for multi-scale models of cardiac electrophysiology,

Progress in Biophysics and Molecular Biology, 2015.



Uncertainty Quantification

steady state inactivation of sodium current (INa)
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Pathmanathan et al., Uncertainty quantification of fast sodium current steady-state inactivation for multi-scale models of cardiac electrophysiology,

Progress in Biophysics and Molecular Biology, 2015.



Model Validation Paradox

1 Models developed to make predictions reality of
where no experimental data can or interest
will be obtained -
predictive
Models only approximate a portion of domain
entire reality of interest
Similard idati ) | validation
imilarly, validation testing only domain

replicates portions of the reality of
interest
Model use is desired beyond the validation computation
domain of validation where no testing model

validation exists (extrapolation)

http://www.tda.gov/downloads/MedicalDevices/NewskEvents/WorkshopsConterences/UCM358733.pdt

Carl F Popelar, Southwest Research Institute San Antonio, TX (210) 522-4213, carl.popelar@swri.org




Evaluation of Credibility of Computer

 The context of use of mo

usually involves the clinic

e The inability to perform {
acceptance and reliabilit

Pras Pathmanathan’
Office of Science and Engineering
Labaratories (OSEL),

Center for Devices and Radiological
Health (CDRH),

U.S. Food and Drug Administration (FDA),
Silver Spring, MD 20993

e-mail: pras.pathmanathan@fda hhs. gov

Richard A. Gray

Office of Science and Engineering
Laboratories (0OSEL),

Center for Devices and Radiological
Health (CDRH),

U.S. Food and Drug Administration (FDA),
Silver Spring, MD 20993

Vicente J. Romero
Sandia National Laboratories
Albuquerque, NM 87185

Tina M. Morrison

Office of Science and Engineering
Laboratories (OSEL),

Center for Devices and Radiological
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Applicability Analysis
of Validation Evidence
for Biomedical

Computational Models

Computational modeling has the potential to revolutionize medicine
formed engineering. However, despite decades of work, there has only
gress to successfully translate modeling research to patient care. Or
which often occurs with biomedical computational models is an inabili
dation in a setting that closely resembles how the model will be used.

biomedical model that makes in vive clinically relevant predictions, d|
predictions may be impossible for ethical, technological, or financial

able limitations inherent to the validation process lead to challenges|
credibility of biomedical model predictions. Therefore, when evaluating
els, it is critical to rigorously assess applicability, that is, the relevand
tional model, and its validation evidence to the proposed context of use
there are no well-established methods for assessing applicability. H
novel framework for performing applicability analysis and demonstr
medical device computational model. The framework provides a systei
method for breaking down the broad question of applicalility into a
questions, which may be addressed using supporting evidence and su

tise. The framework can be used for model justification, model assessmeé
planning. While motivated by biomedical models, it is relevant to a brc
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plines and underlying physics. The proposed applicability framework

Siid

come some of the barriers inherent to validation of, and aid clinical implementation of,

biomedical models. [DOL: 10.1115/1.4037671]
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Applicability Framework for Biomedical'MIGTE€

Our approach to assess the applicability of the model for the COU involves
considering differences listed in AR and the modifications listed in AM.

Step 1: Describe the Aim of the Computational Modeling.

Step 2: Describe the Reality and Model Elements of the COU.

Step 3: Describe the Sources of Validation Evidence.

Step 4: Describe the Reality and Model Elements of the Primary Validation Evidence.

Step 5: Describe the Aspects of the Computational Model that are the Identical in M-VAL and
M-COU.

Step 6: Describe the Aspects of the Computational Model that are Different Between M-VAL
and M-COU.

Step 7: Describe the Relevant Differences Between R-VAL and R-COU.

DESCRIPTIVE STEPS



Applicability Framework for Biomedical'Mode

Our approach to assess the applicability of the model for the COU involves
considering differences listed in AR and the modifications listed in AM.

Step 8: Is It Appropriate to Use the Model Aspects Listed in Step 5 to Make
Predictions About R-COU? Provide Rationale, Evidence, or Discussion.

Step 9: Do the Modifications to the Computational Model (Listed in Step 6) Result in
Trustworthy Predictions for the COU? Provide Rationale, Evidence or Discussion.

Step 10: Provide Rationale for Trustworthiness If the COU QOIls Differ From
Validation QOils.

Step 11: Consider the Overall Computational Model M-COU, in the Context of
Differences Between R-VAL and R-COU.

Step 12: Assess the Overall Applicability of the Computational Model for the COU.

ASSESSMENT STEPS



Credibility Evidence (examples

Pathmanathan and Gray

Validation of Cardiac Electrophysiclogical Models

TABLE 1 | Different types of evidence relevant to the credibility of a cardiac EP model, with ion channel, cell, and organ-level examples.

Category Type of credibility Examples
evidence
lon channel Cell model Organ-level model
Category 1 Bvidence regarding validity Successes of Hodgkin-Huxley Evidence supporting the formulation The successes of the bidomain
of model assumptions or formulation for modeling ion of cell membrane as a parallel equations, in particular predictions
supporting the model channels—see section lon channel resistor-capacitor electric circuit made that were later experimentally
formulation models observed—see section Organ-level
modeals
Evidence regarding Evidence supporting accuracy of Raticnale behind standard choice of Evidence on fidelity of geometry used
accuracy/fidelity of model steady-state inactivation membrane capacitance equal to 1 and on fidelity of fiber/sheet
parameters/inputs parameters—see section lon Channel uF/om? specification—discussed in section
Models Organ-Level Models.

Category 2 Calibration results Results showing agreement between Results showing agreement between Results showing activation patterns
ion channel model and experimentally  the model action potential and match experiment if fast sodium
recorded current-voltage relationship experimental recordings when current maximal conductance (which
when ion channel parameters are maximal conductances are tuned to controls conduction velocity) chosen
calibrated using this data achieve the match to maximize agreement

Category 3 Reproduced (emergent) Simulation results demonstrating that Simulation results demonstrating that Simulation results demonstrating that

phenomena

General validation results

COU-driven validation
results

a rapid sodium current modsal can
exhibit damped oscillations

Comparison of a general-purpose ion
channel model predictions to new
voltage-clamp data not used in the
construction of the model.

Evaluation of a hERG model to predict
pharmaceutical pro-arrhythmic risk

a cell medel reproduces action
potential spike and dome morphology

Comparizons of model results with
expermental data for a novel
general-purpose cell model, e.g., all
such results in O'Hara et al. (2011)
Discussed in detail in section Cell
Maodels

Evaluation of a cell model-based
biomarker to predict pharmaceutical
pro-arthythmic risk (e.g., CiPA,
discussed in section Cell Models)

ECG predicted by a heart and torso
model exhibits realistic-looking QRS
complex and T wave

Excitation patterns of general purpose
bi-ventricular model compared to
experimental/clinical data.

ECG of general-purpose heart and
torso model compared to
experimental/clinical data.

MNumber of phase singularities during
ventricular fibrilation (VF) compared
to clinical data, when the model will
be used to understand mechanisms
behind VF—see section Organ-Level
Models.

Clinical evaluation of a whole-heart
model which uses patient-specific
information to predict optimal ablation
targets to terminate arrhythmias—see
section Organ-Level Models

Pathmanathan & Gray, Validation and Trustworthiness of Multiscale Models of Cardiac Electrophysiology. Front. Physiol. 2018




Patient-Specific Modeling
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Abstract

Patient-specific computer models have been developed representing a variety of aspects of the cardiovascular system spanning
the disciplines of electrophysiology, electromechanics, solid mechanics, and fluid dynamics. These physiological mechanistic
models predict macroscopic phenomena such as electrical impulse propagation and contraction throughout the entire heart as
well as flow and pressure dynamics occurring in the ventricular chambers, aorta, and coronary arteries during each heartbeat.
Such models have been used to sdy a variety of clinical scenarios including aortic aneurysms, coronary stenosis, cardiac
vahvular disease, left ventricular assist devices, cardiac resynchronization therapy, ablation therapy, and sk stratification.
After decades of rescarch, these models are beginning to be incorporated into clinical practice directly via marketed devices
and indirectly by improving our understanding of the underlying mechanisms of health and disease within a clinical context.

Fig. 2 Precision medicine.
Randomized controlled trials are
the traditional approach for
evaluating new medical thempies
in which clinical advice is based
on the predicted response of an
“average” patient (black).
Precision medicine offers an
alternative approach in which it is
envisioned that clinical advice is .
based on the predicted response population

of an “individual” patient; the /

responses of two difierent patients
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e clinical utilization involves addressing two very complex

approaches
— individualized therapy
— computer modeling

* some evaluation of patient-specific modeling is unique

e we argue for the need for model transparency and
robust evaluation frameworks that consider the risk to
the patient and limitations in acquiring clinical data

Fig. 3 Patient-specific modeling
waorkflow involves collecting and
processing data from an
individual patient and
incomorating that data into a
mathematical model represented
digitally in a computer. The
model incorporates the governing
equations and parameters as well
as mathematical representations.
of the patient’s geometry and
boundary and initial conditions.
Data collected from the patient
can also be used for model
validation (see the “Challenges™
section for a discussion). Note
that data used for model
validation should be distinct to
data used for model development
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Gray & Pathmanathan, Patient-Specific Cardiovascular Computational Modeling: Diversity of Personalization and Challenges, JCTR, 2018




Summary

e Existing VVUQ methods are not often applicable for mechanistic physiological
computer models in medicine because of a variety of reasons, e.g.:
— biological variability
— limitations of human experimentation
— complexity of models that are multi-scale in time and space.

e Research of VVUQ for mechanistic physiological computer models in medicine is in its
infancy.

 Model evaluation is dependent upon the context of use (COU).
e Global validation (e.g., ECGs, PV loops) for some COU’s will not be adequate.

e Credibility (Applicability) evaluation of models for clinical use is of paramount
importance for high-risk COU'’s.

e Patient-Specific models involve two very complex approaches (individualized therapy
and computer modeling), and the appropriate implementation(s) and evaluation(s) of
these approaches remain largely unknown and a matter of ongoing discussion.
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Estimability Analysis and Optimal Design in

Dynamic Multi-scale Models of Cardiac
Electrophysiology

Matthew S. SHOTWELL and Richard A. GRAY

We present an applied approach to optimal experimental design and estimability analy-
sis for mechanistic models of cardiac electrophysiology, by extending and improving on
existing computational and graphical methods. These models are “multi-scale’ in the
sense that the modeled phenomena occur over multiple spatio-temporal scales (c.g.,
single ccll vs. whole heart). As a consequence, empirical obscrvations of multi-scale
phenomena often require multiple distinct experimental procedures. We discuss the use
of conventional optimal design criteria (e.g.. D-optimality) in combining experimen-
tal observations across multiple scales and multiple experimental modalities. In addi-
tion, we present an improved ‘seasitivity plot’—a graphical assessment of parameter
estimability—that overcomes a well-known limitation in this context. These technigues
are demonstrated using a working Hodgkin-Huxley cell model and three simulated exper-
imental procedures: single-cell stimulation, action potential propagation, and voltage
clamp. In light of these assessments, we discuss two model modifications that improve
parameter estimability, and show that the choice of optimality criterion has a profound
cffect on the contribution of cach experiment.

Supplementary materials accompanying this paper appear on-line.

Key Words: Cardiac cell model: Identifiability: Sensitivity plot: Voltage clamp.
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FDA Scientific Priority Areas

Modernize Toxicology to Enhance Product Safety

Stimulate Innovation in Clinical Evaluations and Personalized Medicine to Improve
Product Development and Patient Outcomes

Harness Diverse Data through Information Sciences to Improve Health Outcomes

CDRH Science Priorities

Leverage “Big Data” for regulatory decision making

Modernize biocompatibility and biological risk evaluation of device materials
Develop methods and tools to improve and streamline clinical trial design

Develop computational modeling technologies to support regulatory decision making

Enhance the performance of Digital Health and strengthen medical device
cybersecurity

Leverage precision medicine and biomarkers for predicting medical device
performance, disease diagnosis, and progression.



State-of-the-Art Scientific Modelling

e How well can models reproduce the phenomenon
of interest?

— Cardiac Examples
e fibrillation
 defibrillation




Filament Dynamics during Simulated Ventricular
Fibrillation in a High-Resolution Rabbit Heart

Pras Pathmanathan and Richard A. Gray

U.S. Food and Drug Administration, 10903 New Hampshire Avenue (WO 62), Silver Spring, MD 20993, USA
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Pathmanathan P, Gray RA. Filament Dynamics during Simulated Ventricular Fibrillation in a High-Resolution Rabbit Heart. BioMed Research

International, 2015: 720575



RABBIT

SWINE

Validation of Fibrillation Simulations
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A high-resolution computational model of the deforming
human heart
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Uncertainty Quantification: Multiple Currents

The ‘average cell’ is not well-represented by averaged data

Aim: fit all parameters
possible (avoid ad-hoc
methods)

Some correlation observed

Green: ‘average cell’

Red: result of using averaged
data (I-V curves)

L, inactivation parameters

w” -50

0.04

% 0.03

XY

5 0.02
0.01

-60 -50 40 O 2 4 0 0.02  0.04
E k offset

Uncertainty quantitication with physiological computational models

Pras Pathmanathan, DBP meeting, June 2017




Impact of correlation between parameters

Voltage (mV)

We only have any information regarding correlation between parameters from

the same currents.

60

20 -

20 N
40 b
,60 L
,80 L

-100 -

40 +

ooo

R - E i " J A B d
5 S O .. b il B o S Vo
. " . ¥ ..t et Lt " b N
= e o 3 == o
., 3 . Lo PR s e
e S . e | G ool Ky
2 1% ML A * . - :
P -l - D B 5 g B O - "
— T = ——T—
s . o il Lol | . X
(= | A0 . .. P L [: .
o ; ; . | +* Al MK K

&) -"5 e =N
N OB OO CDIIWODOD HNW

1 -100 -5@ 12 160 0.2

o ~ 3 - 3,
3 N - P
X ;] vl g

accounting for correlation among parameters may be important

Uncertainty quantitication with physiological computational models

Pras Pathmanathan, DBP meeting, June 2017
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