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Disclaimer

The opinions expressed in this presentation 
are mine and do not necessarily reflect the 
official views of the U.S. Food and Drug 
Administration (FDA)
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Utilization of Computer Modeling

• Hypotheses Development & Testing

• Design of Medical Products

• Personalized Medicine

• In-Silico Clinical Trials

• Regulatory Submissions & Evaluation
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FDA & Computer Modeling

• Examples 
– marketed devices
– clinical research
– internal use

• Partnerships

• Other
– Standards
– Guidances
– MDDT
– Evaluation 
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HeartFlow® FFRCT

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

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

Ramanathan et al., Nature Med., 2004
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Clinical Research

pre-procedure 
ablation targeting

risk stratification
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Examples of FDA Partnerships

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

• European Joint Initiatives/Global Collaborations

• Medical Device Innovation Consortium (MDIC)

• Interagency Modeling and Analysis Group (IMAG)

• Health and Environmental Science Institute (HESI)

• Avicenna Alliance
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FDA Modeling

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

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. 
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FDA Modeling

https://www.fda.gov/medicaldevices/scienceandresearch/researchprograms/ucm477418.htm
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Comprehensive in vitro 
Proarrhythmia Assay (CiPA)

slide courtesy off David Strauss, FDA

4. Evaluation of  
Unanticipated Effects 

in Clinical Phase 1 
Studies

1. High Throughput 
Assessment of 

Effects on Multiple 
Ionic Currents

2. In silico 
Reconstruction of 

Human Ventricular 
Cardiomyocyte 

Electrophysiology

3. In vitro Effects          
on Human Stem-Cell 
Derived Ventricular 

Cardiomyocytes

Goal: Develop a new in vitro paradigm for cardiac safety evaluation of new drugs 
that  provides a more accurate and comprehensive mechanistic-based assessment 
of proarrhythmic potential
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”The development and use of standards have 
been integral to the execution of the mission 
of FDA since its establishment. Standard-
setting activities include matters such as the 
development of performance characteristics, 
testing methodology, manufacturing practices, 
product standards, scientific protocols, 
compliance criteria, ingredient specifications, 
labeling, or other technical or policy criteria.”

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

Standards
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“Guidance documents represent FDA's 
current thinking on a topic. They do not 
create or confer any rights for or on any 
person and do not operate to bind FDA 
or the public. You can use an alternative 
approach if the approach satisfies the 
requirements of the applicable statutes 
and regulations“

http://www.fda.gov/forindustry/fdabasicsforindustry/ucm234622.htm 

Guidances



14http://www.fda.gov/ucm/groups/fdagov-public/@fdagov-meddev-gen/documents/document/ucm381813.pdf



15http://www.fda.gov/downloads/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/UCM374432.pdf

Medical Device Development Tools
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Evaluation of Computer Modeling at FDA

“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
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Evaluation of Computer Models
• Verification
• Validation
• Uncertainty Quantification

(VVUQ)
• Calibration
• Parameter Sensitivity Analysis
• Implementation (numerical solvers)
• Emulators
• Optimal Experimental Design
• Credibility/Applicability
• Risk Assessment
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Evaluation of Computer Models

increasing 
level of 

evidence 
required

consequence of decision

depends on the context of use (COU)!
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Verification:
Does the computational model accurately solve the 
underlying mathematical model?

Validation:
How well does the computational model approximate 
‘reality’?

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

Parameters

Parameters

examples of are provided for each
in the following slides

Verification, Validation and Uncertainty 
Quantification (VVUQ)
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Modeling of Cardiac Electrophysiology

Pathmanathan & Gray. Ensuring reliability of safety-critical clinical applications of computational cardiac models. Front. Physiol. 2013
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http://tinyurl.com/VFsimspecial thanks to Brian Fitzgerald et al. at FDA HPC
Pathmanathan & Gray RA. Filament Dynamics during Simulated Ventricular Fibrillation in a High-Resolution Rabbit Heart. 

BioMed Research Int. 2015

Modeling of Cardiac Electrophysiology
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First tool for strongly verifying ‘bidomain’ solvers –
can be used by anyone to demonstrate correctness of their solvers

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

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

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

Verification test problems for cardiac mechanics solvers
used to verify two independently
written solvers, and can be applied 
to other solvers

Verification of Electromechanical Computer Simulations
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Existing models do not represent the action potential upstroke during propagation! 

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

VALIDATION
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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. 

Validation of Electrophysiological Computer Models

Model Development
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Uncertainty Quantification

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

How does uncertainty affect model results?
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“To our knowledge this article is the first to quantify population variability in 
membrane dynamics in this manner, and the first to perform formal UQ for a 
component of a cardiac model.”

Uncertainty Quantification
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‘Emergent robustness’?

experimental variability
(ion-channel level)

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 QUATIFICATION

Single-cell level: significant variability 
including model failure

Tissue level: 
almost no variability

“Emergent Robustness”

Uncertainty Quantification

“propagate” UQ 
through the 

model

NOT parameter sensitivity!
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V0

K

Uncertainty Quantification

steady state inactivation of sodium current (INa) 

Uncertainty Quantification

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.

AVERAGE model parameter 
K is NOT consistent with the 

INDIVIDUAL cell data!
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http://www.fda.gov/downloads/MedicalDevices/NewsEvents/WorkshopsConferences/UCM358733.pdf

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

Model Validation Paradox
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Evaluation of Credibility of Computer Models

Pathmanathan et al., Applicability Analysis of Validation Evidence for Biomedical Computational Models, JVVUQ, 2017.

• The context of use of modelling and simulation for medical products 
usually involves the clinical setting and/or patients

• The inability to perform direct validation hinders the broader 
acceptance and reliability of computational modeling.

framework
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Applicability Framework for Biomedical Models
Our approach to assess the applicability of the model for the COU involves 
considering differences listed in ΔR and the modifications listed in ΔM.

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
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Applicability Framework for Biomedical Models
Our approach to assess the applicability of the model for the COU involves 
considering differences listed in ΔR and the modifications listed in ΔM.

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 QOIs Differ From 
Validation QOIs.

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
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Credibility Evidence (examples)

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

• clinical utilization involves addressing two very complex 
approaches

– individualized therapy
– computer modeling

• some evaluation of patient-specific modeling is unique

• 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

Gray & Pathmanathan, Patient-Specific Cardiovascular Computational Modeling: Diversity of Personalization and Challenges, JCTR, 2018
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Summary
• 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.

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

• Model evaluation is dependent upon the context of use (COU). 

• Global validation (e.g., ECGs, PV loops) for some COU’s will not be adequate.

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

• 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. 



Thank you!

Richard A. Gray, Ph.D.                                    contact information 
Division of Biomedical Physics 10903 New Hampshire Avenue 
Office of Science and Engineering Laboratories     WO62-Room 1114 
Center for Devices and Radiological Health              Silver Spring, MD  20993-0002   
Food and Drug Administration                            Phone: (301) 796-2486 
e-mail:  Richard.Gray@fda.hhs.gov                           Fax:     (301) 796-9927 
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Model Identifiability

Shotwell & Gray, Front. J Agric Biol Environ Stat. 2016 



37

FDA Scientific Priority Areas 

www.fda.gov

• 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.
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State-of-the-Art Scientific Modelling

• How well can models reproduce the phenomenon 
of interest?

– Cardiac Examples
• fibrillation
• defibrillation



39Pathmanathan P, Gray RA. Filament Dynamics during Simulated Ventricular Fibrillation in a High-Resolution Rabbit Heart. BioMed Research 
International, 2015: 720575
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Validation of Fibrillation Simulations

Park S, Gray RA. Optical Mapping of Ventricular Fibrillation Dynamics. In: Adv Exp Med Biol. Springer, Ltd,  2015.

simulation results

RA
BB

IT
SW

IN
E

cytochalasin D diacetyl monoxime

experimental results
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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)

Uncertainty Quantification: Multiple Currents

Uncertainty quantification with physiological computational models
Pras Pathmanathan, DBP meeting, June 2017
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• We only have any information regarding correlation between parameters from 
the same currents.

Impact of correlation between parameters

Uncertainty quantification with physiological computational models
Pras Pathmanathan, DBP meeting, June 2017

accounting for correlation among parameters may be important
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